IN THE RAT

WEI-YANG LU













OESOPHAGEAL PREMOTOR MECHANISMS IN THE RAT

By

© Wei-Yang Lu, M.D., M. Sc.

A thesis submitted to the School of Graduate Studics
in partial fulfilment of the requirements for

the degree of Doctor of Philosophy
Faculty of Medicine
Memorial University of’ Newfoundtand

July 1996

St. John's Newfoundland



gpeue)

0-ST9LI-219-0 NESI

‘uojesione
uos sues spnpoidas juswiasne
no spwudwi  8a9  juaAlop
au  10-91[90 ep  Ss[anuEISqNS

SHeNXa S3p 1U 3SY} B] IN oS}
es obgjoid inb unsine,p joip
np gjaudoud e) sasesuod inajne,]

'segssalgjul seuuosied
sep uomsodsip e] B asay}
a)390 op sausejdwaxe sop aupaw
anod jos 89 anb awuoj enbjenb
snos }2 asmuew onbjenb op
as3y} es ap soidoo sap aipusa
no ssnquisip ‘19394d ‘asnpoidas
op epeue) np  sjeuoneu
anbayjonqig e} e juepswsad
QAISN[OX® UOU @ 9|qBO0AdM]
90UB9]] UN 9pI0dOE B INANE,T

onampaoN a0

ouasgprnen an o

-uoissiuuad 1ay/siy
noyym paonposdas  asimiayjo
1o pajutid aq Aew Ji wouy sjoBIIXD
|ejuelsqnNs dou sisaly} ay} JayysN
*sisay} Jey/siy ur ybuhdoo ayy
Jo diysisumo suiejas soyine ayj

*suosiad
pajsalajul 0} a|qejieA. SISOy} Siu}
Bunjew “ewloy 1o wioy Aue uj
pue sueaw Aue Aq sisay) s8y/siy
jo soidod jes 1o anquisip
‘ueo] ‘esonposdas 0} epeued
Jo Aseiqn jeuoneN ayy Buimojje
90UBDI| DAISN]OXD-UOU J|GRIOADAL
ue pajuelb sey Joyine ayj

N0

109415 UOIBUNDIA G6E

i yNOVI
(0ueIu0) EMEIO ouewg el
uolBuloM 911 ‘56 i

sanbiydeiBoiqiq SaoInes Sap  Youesg seoiniag olydeibolgig

1o suojsinboe Sap LoldaIa

EBpeuE) NP
ajeuoneu anbayioigig

PUe SUOSINDOY

epeue) JO
weareworn |



ABSTRACT

The i ization and i i of

premotor neurons in the subnucleus centralis of the nucleus tractus solitarii (NTS,) were
investigated in vivo in the anaesthetized rat and in vitro in a ral brainstem slice

preparation.

Results from neurophysiological and pharmacological investigations indica

the striated muscle of the oesophagus shows scgmentally organized reflex responses

whereas the

local distension, i.e. the proximal portion produces monophasi

peristalsis,
distal portion generates rhythmic peristaltic motility. The afferent limbs of these loops

synapse in the NTS.. Or ically organized projecti from the NTS,. to the

compact formation of the nucleus ambiguus (AMB,) represent the chief internun
pathway connecting oesophageal reflex interncurons (or premotor ncurons) with
motoneurons of the efferent limb.

Neurons in the NTS, receive both excitatory amino acid (EAA)ergic and
cholinergic inputs. However, vagal afferents from the oesophagus employ an EAA rather
than acetylcholine to convey excitatory input to ipsilateral NTS. premotor ncurons.
Cholinergic input to the NTS,. arises from propriobulbar sources and serves o facilitate
oesophageal stage coupling, to promote aboral propagation of peristalsis and to generate

slow esophagomotor rhythms.



Results from in vitro experiments reveal that activation of muscarinic
cholinoceptors (MAChRs) in the NTS,. region evokes rhythmic synaptic activity in single
oesophageal motoneurons in the AMB,., demonstrating that the interneuronal network in
the N'T'S,. can generate rhythmic esophagomotor activity in the absence of phasic sensory
input.

When stimulated via N-methyl-D-aspartate (NMDA) receptors and/or mAChRs
in the presence of tetrodotoxin (TTX), single neurons of the NTS,. region generate two
distinet rhythmic oscillations that mirror two types of in vivo peristaltic rhythm. These

observations support (he idea that the oesophageal premotor neurons possess conditional

ascillator properti

In summary, the present investigations provide strong evidence that the premotor
neuronal circuits in the NTS,. function as esophagomotor pattern generators. Subject to
regulation by EAAergic and cholinergic inputs, these premotor circuits generate

y and/or inatively ized patterns.
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Chapter 1

INTRODUCTION

Swallowing serves such vital functions as the intake of nutrients and the protection
of the upper airway. Based on its temporal sequence, swallowing has been described as
having three phases, viz. the buccal (linguo-palatal), pharyngeal and oesophageal phase.
In fact, the buccal and pharyngeal phases are often considered as one stage. Thus
swallowing can be divided into the buccopharyngeal stage and the oesophageal stage
(Doty,1968; Jean,1990). Though coupled during normal deglutition, the two stages may
operate independently of each other, e.g. when oesophageal peristalsis is initiated by

of the Therefore, motility can be presumed to be

controlled by a distinet ncural network. Within the last fifteen years, substantial progress

has been made in idating the brai networks ing ing and
ocsophageal motility. These advances have been reviewed in depth (Bieger, 1991, 1993;
Carpenter, 1989: Christensen, 1984, 1987; Cunningham & Sawchenko, 1990; Diamant and
El-Sharkawy,1977; Diamant, 1989a,b; Gidda, 1985; Goyal & Cobb, 1981; Goyal and
Crist, 1989; Hendrix, 1980; Jean, 1984, 1990; Miller,1982, 1986, 1987; Miller et al.,
1996; Roman, 1982, 1986; Roman & Gornella, 1981, 1987). The mammalian oesophagus
can be functionally divided into three portions comprising the upper oesophageal
sphineter (UES), oesophageal body and lower oesophageal sphincter (LES) (Diamant,
1989a,b: Christensen, [987). In keeping with the main thrust of this dissertation,

however, the following overview will address neural systems controlling peristaltic



motility in the oesophageal body.

1.1 Esophagomotor Substrates
1.1.1 Oesophageal Musculature

The mammalian ocsophageal body begins at the inferior border of the

cricopharyngeus muscle and possese 5 two main muscle layers: the tunica muscula
propria (TMP) and the tunica muscularis mucosac (TMM). The TMP consists of twao
layers. Muscle fibres of the outer layer are arranged predominantly in the longitudinal
axis, whereas those of the inner layer mainly have a circular orientation (Kauffmann et
al.,1968). The arrangement in the rat is different from that of the human in that the
muscle fibres of both TMP layers have a spiral orientation, with the outer layer running
clockwise and the inner layer counter-fockwise (Gruber, 1978 Marsh & Bicger 1986).
The TMP contains both striated and smooth muscle. The proportion of these two muscle
types varies markedly among specics. In the dog. sheep and rat, nearly the entire TMP
is made up of striated muscle (Bieger,1993; Diamant,198%,b: Miller,1982; Roman,
1982).1n the human, cat and opossum, only the proximal scgment of the ocsophagus
consists of striated muscle, whereas the distal segment gives way to smooth muscle at
different levels (Diamant,198%,b; Miller,1982; Roman,|982). During primary

peristalsis, a ring of contraction moves in an uninterrupted sequence from the striated to

the smooth muscle portion of the TMP. Lying between the TMP and the muc

. the
TMM of the rat oesophagus consists of bundles of obliquely oriented smooth muscle
fibres throughout the length of the oesophagus. The rat TMM is thus capable of

2



. 1.1 Schematic diagram showing oesophageal innervation. The shaded areas
enclosed by dotied lines represent neural structures, including the medulla oblongata,
spinal cord, peripheral extrinsic ganglia. Oesophageal musculature and myenteric plexus
are shown in the open box (bottom-right). Abbreviations: AMB,., compact formation of
the nucleus ambiguus: DI, dorsal horn of spinal cord; DMV, dorsal motor nucleus of
the vagus: DRGs, dorsal root ganglia: 8-AR, B-adrenoceptor: mAChRs, muscarinic
cholinoceptors:  nAChRs, nicotinic  cholinoceptors; NANC, non-adrenergic non-
cholinergic fibers; NG, nodose ganglion; NTS,., subnucleus centralis of the nucleus
tractus solitarii; Symp.G, sympathetic ganglion; TMM, tunica muscularis mucosae;
TMP, tunica muscularis propria; Xth, vagus nerve. (After: Bieger,1993; Cunningham

& Sawchenko, 1990; Christensen, 1987: Diamant, 1989a).
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1 and transverse tension (Bieger & Triggle,1985). However, the

contribution of the ocsophageal TMM to bolus transport remains unclear (Bieger, 1991).

1.1.2 Ocsophageal Innervation
As shown in Fig. 1.1, the ocsophagus is ini~rvated by an intrinsic plexus and by

extrinsic vagal and sympathetic nerves. Beside processing and conducting sensory

information, the aesophageal innervation provides the peripheral mechanisms  for

excitation and/or inhibition of the TMP and TMM that underlie peristalsis.

1.1.2.1 Intrinsic Innervation

Lying between the two layers of the TMP, the myenteric nerve plexus is found
in both the siriated and smooth muscle regions of the oesophagus. The submucosal plexus
surrounds the smooth muscle of the TMM (Christensen, 1978).

In the striated muscle of the oesophagus, the myenteric plexus is believed (o serve
mainly a sensory role (Christensen, 1987; Diamant, 1989a.b). Interestingly, a nitrergic
innervation of motor endplates from the myenteric neurons has been reported in the rat
acsophagus (Neuhuber et al.,1994; Worl et al.,1994). Thus, peripheral mechanisms
controlling peristalsis in the striated muscle of the oesophagus may be more complex than
hitherto assumed.

In the smooth muscle of the oesophagus, the intramural plexus contains at least
two types of eftector neurons: one capable of mediating cholinergic excitation of the

smooth mus

le predominantly through mAChRs, and the other mediating nonadrencrgic,

5



noncholinergic (NANC) inhibition of the smooth muscle (Diamant, 198%: Miller ctal.,
1996). The transmitter released by the later type of neurons is uncertain. Nitrie oxide
synthase (NOS) (Anand & Paterson, 1994: Christinck et al. . 1991: Murray ctal, 1991) has
been found in neurons in the myenteric plexus. Evidence accumulated in recent years

suggests that intramural nitrergic ncurons may be involved in the NANC inhibitory

transmission in the oesophageal body and sphincier (Allescher et al., 1992: Bayguinov

Sanders.1993; Paterson & Indrakrishnan,1995: Tottrup et al.,1991).

1.1.2.2 Extrinsic Innervation

i. Vagal innervation

a. Afferents. Vagal afferent fibres of the oesophagus arise from primary sensory
neurons located in the nodose ganglion (Altschuler et al.,1989; Neuhuber, 1987).
Travelling in the cervical vagal trunk and superior laryngeal nerve (SLN), they project
mainly to the myenteric ganglionic plexus of the striated and smooth muscle segments
of the oesophagus (Christensen, 1978: Neuhuber, 1987). These abundant peripheral axonal
terminals, perhaps associated with ganglion cells and other structures in (he myenieric

plexus, are considered to function as S Tesponsive 1o I

distension and contraction (Neuhuber,1987; Christensen. 1984). The properties of these
tension receptors have been described in electrophysiological studies (Falempin et
al.,1978; Falempin & Rousseau,1984; Mei,1970; Mei ct al.,1974). “Tonic activity is
recorded from some oesophageal vagal afferent fibres at rest (Andrew,1956; Mei, 1970;
Falempin et al.,1978), suggesting a role for tonic information flow from the periphery
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in esophagomotor regulation. Based on the characteristics of the response to oesophageal
distension, two types of oesophageal vagal afferent fibres have been identified in the

opossum (Sengupta et al.,1989). Available data from studies on the sheep suggests that

information coding the response to di ion of the wall and

contraction are conveyed by two different fibres (Falempin & Rousseau, 1984; Sengupta
et al., 1989). These vagal afferents play important roles in the regulation of
esophagomotor function. Afferent fibres arising, at least in part, from muscle spindles
have also been described in striated muscle of the dog oesophagus (Asaad et al., 1983).
However, whether afferent fibres from muscle spindles exist in the oesophagus of other
species and how such afferents participate in esophagomotor regulation remains
unknown,

b. Brainstem pathways. In the last ten years, brainstem esophagomotor pathways
have been delineated in finer detail, particularly in the rat. The central axons of
oesophageal primary sensory neurons in the nodose ganglion project to a circumscribed
region in the medulla oblongata, known as the NTS (Altschuler et al., 1989). It should
be noted that some investigators (Ruggiero et al., 1990) have imputed other functions to
the NTS, as part of the medial NTS, specifically in relation to baroreceptor and
respiratory reflex regulation, The oesophageal afferents within the NTS,. have a crude
organotopic  distribution, in that fibres arising from more proximal levels of the
acsophagus terminate at more rostral levels of the subnucleus (Altschuler et al., 1989).
Preliminary anterograde tracing studies suggest that the central projection from the
nodose ganglion (o the NTS,. is uncrossed (Bieger, unpublished observation). As yet, the
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vagal afferents to the NTS. have not been characterized immunohistochemically.

Therefore. clues as to the transmitter(s) utilized by these fibres are still tentative (Bieger,
1993).
Except for afferent inputs from the ocsophagus, a paucity of inputs from other

brain regions to the NTS. has been noted in anatomical studics (Cunningham &

Sawchenko, 1990). However, the dendro-architecture of NTS,. neurons is not sufticiently

known.. For instance, unpublished work in this laboratory has revealed that nicotinamide

adenine di i (NADPH) di positive NTS,. neurons send their

dendritic processes dorso-faterally into adjacent solitary subnuclei, such as the
intermediate subnucleus (NTS,,) which is thought to contain interneurons controlling ihe
buccopharyngeal stage of swallowing.

Knowledge about the projection of NTS,. interncurons is only available f:om
studies performed on the rat. The efferent projections of NTS,. ncurons form loose
bundles traversing the parvicellular reticular formation, to make monosynaptic contact

with the rostral subdivision of the nucleus ambiguus (or ventral vagal complex),

P ing the AMB,. (Cunni & S 1989, Cunni etal., 19915
Hashim, 1989). The majority of NTS,. cfferent fibres converge onto the caudal pole of
the AMB,., then branch out into a dense neuropil that caudorostrally outlines the compact
formation (Bieger, 1993). The AMB,. consists of vagal motoncurons that innervate
oesophageal striated muscle (Bieger & Hopkins, 1987; Barrett ct al., 1994). By virtue
of their connectivity, the cells of the NTS,. thus fit the description of oesophageal second-
order sensory neurons or ocsophageal premotor neurons.
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Output to the AMB,. from cach NTS,. appears to be exclusively ipsilateral
(Cunningham & Sawchenko, 1989), although cells in a medial subdivision of the NTS,.
project to the contralateral NTS,. region (Hashim, 1989). In unilaterally vagotomized
animals, activation of the NTS,. contra- but not ipsilaterally produces oesophageal
peristalsis (Wang, 1992), suggesting the presence of two neuroanatomically defined
medullary ocsophagomotor pathways, one in each half of the brainstem.

‘There is no clear evidence that rat NTS,. interneurons send efferent processes to
other medullary structures (Hashim 1989; Cunningham & Sawchenko 1989). However,
preliminary studics with NADPH-diaphorase staining (unpublished observations) reveal
that some dendrites of preganglionic neurons in the dorsal motor nucleus of the vagus (or
dorsal vagal complex, DMV) intrude into the NTS. and vice versa. Conceivably the
DMV preganglionic neurons receive afferent inputs from the NTS,. or directly from

oesophageal primary afferent fibres.

A ical studies related i y to brainstem ivity between dorsal
(NTS) ocsophageal interneurons and ventral (AMB) oesophageal motoneurons are lacking
in non-rodent species. Interneurons and motoneurons involved in swallowing function in
both sides of the brainstem are presently viewed by some investigators as a "swallowing
center” (Diamant, 1989, b; Jean, 1990; Roman, 1982). In this model of the "center",
a dorsal coordinating structure in the NTS initiates and organizes the entire swallowing

sequence, and the ventral coordinating structure in the reticular formation serves to

"switch" the ing to the various ing However,
in the rat, efferents from functionally identified deglutitive NTS loci can be traced to
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virtually all motor nuclei known to contain motoncurons active in swallowing (Hashim,
1989). The direct pathway between NTS.. ocsophageal interncurons and AMB,.
oesophageal motoneurons is remarkable for its massiveness and the density of its terminal
axons, and more to the point, it is not evident that NTS,. efferents project to the ventral

medullary reticular formation (Cunningham & Sawchenko, 1989). Therefor least in

the rat, the existence of "switching" interneurons within the ventral reticular formation
remains uncertain.

c. Efferents. The vagal motor inncrvation differs according to the type of muscle
supplied. In the striated muscle of the oesophagus, efferent fibres originate from
motoneurons in the AMB... The projection of these motoncurons shows a crude
rostrocaudal organotopy (Bieger & Hopkins, 1987). Axons of AMB,. neurons exit through
the vagal trunk and two of its major branches, the SLN and the recurrent nerve (Bicger
& Hopkins,1987). Their terminals end on striated muscle cells, forming nicotinic
cholinergic synapses analogous to the endplates of skeletal muscle fibres (Diamant, 1989a;
Miller,1982; Roman,1982; Marsh & Bieger, 1986). Smooth muscle of the oesophagus,
like that elsewhere in the digestive tract, is innervated by a vago-parasympathetic
visceromotor pathway. Most likely the preganglionic cell bodics lic within the DMV
(Collman et al.,1993). The axons of these DMV preganglionic neurons, travelling also
in the vagal trunk, are relayed by parasympathetic postganglionic neurons located in
intramural plexus (Diamant, 1989a). As discussed above, the muscarinic cholinergic and
NANC neurons in the intramural plexus in turn send their postganglionic fibres o the

oesophageal smooth muscle. By virtue of its innervation by intrinsic and extrin
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the oesophageal smooth muscle is subject to integrated central and peripheral control.

ii. Spinal innervation

«a. Afferents. Some neurons in the lower cervical and upper thoracic dorsal root
ganglia send their peripheral axons to the oesophagus (Hazarika et al. 1964; Hudson &
Cummings 1985). Centrally, these oesophageal afferents project to the dorsal horn.
Ocsophageal distension cvokes unit discharges in the paravertebral sympathetic chain
alferents of the opossum (Sengupta et al.,1990) and neuronal activity in the dorsal horn
of rat spinal cord (Euchner-Wamser et al.,1993). The fibres of spinal afferents to the
oesophagus contain substance P (SP) and calcitonin gene-related peptirle (CGRP) and
freely terminate in the submucosal and muscular layers of the oesophagus (Uddman et

al.,1995). ‘There is no physiological evidence to suggest that the spinal afferents are

capable of i y iati motility. A ding to the
view, this non-vagal afferent pathway is involved in nociception of the oesophagus

Se ct al.,1990; Euchner-W: etal.,1993).

b. Efferents.  Spinal cfferent fibers to the oesophagus are derived from
postganglionic noradrenergic neurons in the cervical and thoracic paravertebral
sympathetic ganglia, which are innervated by sympathetic preganglionic neurons in the
thoracic spinal cord (Hudson and Cummings, 1985; Neil et al.,1980; Neuhuber et
al., 1986 ). These noradrenergic fibres also contain neuropeptide Y (NPY) (Uddman et
al., 1995) and innervate blood vessels, myenteric ganglia and muscular layers of the

ocsophagus at all segments. Under iologi iti ine (NE) appears

to inhibit contractions of smooth muscle of the ocsophagus, most probably via -



receptors (Lyrends & Abrahamsson,1986).

1.2 Esophagomotor Patterns
The motor functions of the oesophagus are better understood than those of any

other part of the mammalian alimentary tract because this region is more cessible (0

in vivo study (Christensen, 1987). Major aspecis of the motility patterns of the
oesophagus have been studied in humans (Andreollo ct al.,1987; Baylis ct al.,1955;
Creamer & Schlegel, 1957 Dodds et al..1981: Fleshler et al.. 1959 Hollis &
Castell, 1976; Paterson et al.,1991; Ren et al.,1993, 1995) and largely confirmed in
experimental animals, such as the baboon (Roman & Ticffenbach, 1972), rhesus monkey
(anssens, 1978), dog (Camp,1935; Harris et al..1960; Janssens et al., 1974; Longhi &
Jordan, 1971; Meltzer,1907: Sellers & Titchen, 1959; Valdez & SalapateK, 1993), sheep
(Falempin & Rousseau,1984; Jean, 1972a,b), cat (Blank ct al.,1989; Greenwood et
al.,1992; Mayrand etal., 1994; Miller,1972a; Mittal ¢t al.,1990; Reynolds et al., 1985:),
opossum (Christensen, 1970; Christensen & Lund,1969; Dodds et al.,1978; Gidda ct
al.,1981; Gidda & Buyniski, 1986; Gilbert and Dodds, 1986; Lund & Christensen, 1969;
Paterson et al.,1988, 1991), rabbit (cited from Meltzer,1907; Sumi,1964) and rat
(Bieger, 1984; Hashim & Bieger, 1989: Wang and Bicger, 1991; Wang ctal., 1991a,b c).
In anaesthetized animals, rhythmic or tonic contractions have not been recorded under
resting conditions (Christensen 1987; Diamant 1989a), although spontancous contractions
reportedly occur in the distal oesophagus of patients with brain injury (Sinclair & Suter,
1987). The basic pattern of oesophageal movement is characterized by an orderly
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propulsive contraction that passes from the upper oesophageal sphincter through the
entire oesophageal body (Diamant & El-Sharkawy,1977). The pattern is generally

described as peristalsis. Ocsophageal peristalsis has three principal modes of initiation.

I Primary Peristalsis

When preceded by a voluntary or reflex swallow, the ensuing oesophageal
contraction is called primary peristalsis (Meltzer, 1907). During repetitive swallowing,
primary peristalsis does not necessarily follow buccopharyngeal deglutition in a one to
one ratio. When repetitive swallowing is elicited in quick succession and a previous
primary peristaltic wave progresses through the striated muscle oesophagus, a second
swallow causes rapid and complete inhibition of the ongoing peristalsis that progresses
no further (Hellemans et al.,1974). This phenomenon is known as "deglutitive inhibition
of the ocsophagus”, resulting from cessation of excitatory discharges from the central
program (Diamant & El-Sharkawy, 1977). Once the previous peristalsis has reached the

smooth muscle ocsophagus, it can proceed distally for at least 3 seconds after a second

swallow, its i iminishing progressively until it di: The
of the contraction in the smooth muscle portion of the oesophagus may result from an
absence of excitatory vagal efferent activity and activation of NANC inhibitory neurons

(Diamant & El-Sharkawy, 1977).

1.2.2 Secondary Peristalsis
The presence of a bolus within the orsophageal lumen can also evoke propulsive
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activity in the oesophageal body that closely resembles that initiated by swallowing.
Meltzer (1907) termed bolus-cvoked oesophageal activity secondary peristalsis. Under
physiological conditions, secondary (reflex) peristalsis occurs when gastric contents
reflux into the oesophagus, or a bolus of food remains in the oesophagus alter primary
peristalsis. If the contents are not completely propelled into the stomach by a single
reflex peristaltic oesophageal contraction, rhythmic peristalsis s gencrated.
Experimentally, an inflated freely-moving balloon can be propelled distally through the

striated and smooth muscle segments of the oesophagus (Me!

r,1907: Roman, 1982
Sellers & Titchen, 1959). When the balloon remains stationary in a portion of the

oesophagus, distension evokes rhythmic peristaltic contractions in humans (Baylis ct al.,

1955), dogs (Sellers & Titchen, 1959) and sheep (Falempin & Rousseau, 1984). Upon

deflation of the stationary balloon, the produces a p

below the point of stretch (Blank et al., 1989; Crcamer & Schlegel, 1957;

Christensen, 1970; Fleshler et al., 1959; Paterson, 1991). This so-called "off-response”

has been commonly referred to as secondary peristalsis by some investigators (Blank ct

al.,1989, Paterson, 1991), although its function has not been fully clucidated.

1.2.3 Tertiary Peristalsis

The smooth muscle portion of the opossum (Christensen & Lund, 1969; Paterson
& Indrakrishnan, 1995) and cat (Diamant, 1974) ocsophagus can generate a propulsive
contraction in vitro in response to simply pinching the muscle, inflzting the ocsophagus
with a balloon or elcctrical field stimulation of the intramural plexus. This type of
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ocsophageal motion is called "tertiary peris is” (Roman & Ti
1972). When distension remains localized to a smooth muscle portion of the opossum
ocsophagus, three types of responses are generally recorded: The "on" response, a brief

contraction above the point of distension, occurs following inflation of the distending

balloon. The "off " response, isting of either a si or propag:

of the oesophagus below the point of stretch, occurs after deflation of the balloon. The
low-amplitude "duration” response, recorded at the lower segment, is sustained for the
duration of the distension (Christensen and Lund, 1969, Christensen, 1970). These three
types of responsc have also been observed in the cat (Roman & Tieffenbach, 1972). The
on-and off-responses involve circular muscle whereas the duration-response involves the
longitudinal muscle and the muscularis mucosae (Roman, 1982). The on-response
depends on vagal pathways and mACh transmission (Diamant & El-Sharkawy, 1977:
Paterson, 1991). The off-response mechanism has been explained as a rebound response
(Diamant & El-Sharkawy, 1977) that follows a hyperpolarization of the smooth muscle
through activation of intramural nitric oxidergic inhibitory neurons (Anand & Paterson,
1994; Christinck et al., 1991; Murray et al.,1991; Tettrup et al.,1991; Yamato et
al.,1992). These complex motor responses presuppose the existence of integrated control

mechanisms involving both extrinsic and intrinsic neural systems.

1.3 Net

physiological Correlates
1.3.1 Mechanisms of Central Control
Inthe striated muscle oesophagus, both primary and secondary peristalsis are fully
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on brai i as both are abolished by bilateral vagotomy
(Cannon. 1907: Higgs & Ellis, 1965: Hwang et al., 1947: Roman, 1966 Ueda etal.. [972)
or reversible cooling of the vagal trunks (Reynolds et al.,1985). However, the question
of control mechanisms directing and modulating peristalsis in the smooth muscle segment
of the oesophagus has gencrated considerable debate (Diamant,1989a.,b). On the one

hand, output from the central program causes different efferent motor fibres to fire

sequentially during both primary and sccondary peris in the smooth as well as the
striated muscle oesophagus (Roman & Tieffenbach, 1972). On the other hand, the smooth
muscle oesophagus can generate propulsive response in vitro to balloon inllation or

clectrical field stimulation (see section 1.2.3). Regarding the control of peristalsis in the

smooth muscle, two hypotheses have been proposed (Diamant, 1989a,b). The first holds
that a central mechanism programmes peristalsis and an intramural mechanism modulates

the activity (Diamant, 198%a,b). The sccond hypothesis proposes that the central

mechanism triggers the intramural mechanism, which then is primarily responsible for

coordinating the peristalsis (Christensen, 1987). Studics to date

which hypothesis explains control of peristalsis in the smooth muscle oesophagus, but

strong arguments can be made for a primary involvement of the central level in

. For instance, the oft

controlling smooth muscle peristalsi response is observed in both
striated and smooth muscle portions of the cat ocsophagus (Blank ct al., 1989). In both
baboon and opossum, vagal efferent fibres discharge with a timing that corresponds to

the peristaltic contractions in both striated and smooth muscle segments (Roman &

Tieffenbach, 1972). In the cat, neither primary nor secondary peri is occurs in the
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smooth muscle oesophagus when the vagi are temporarily blocked in the neck’(ﬁc;nmds
ctal., 1985). Since oesophageal peristalsis is a coordinated motor sequence throughout
the ocsophagus in normal swallowing, some investigators support the first hypothesis
giving primacy to central control (Diamant, 1989a,b; Jean, 1990; Roman, 1982).
Likewise, two contrary hypotheses have been proposed to account for how the
central nervous system controls the complete motor sequence of the pharyngeal and
ocesophageal phases of swallowing. Debate w.rose over the question of how much sensory
input is needed for each successive stage of swallowing. Pioneered by Mosso (1876), the
"centralist" view held that, once initiated, a swallow would progress through all its stages
without the need of new afferent stimuli. Later, Meltzer (1899, 1907) postulated that
swallowing-induced (primary) peristalsis is "practically a single reflex” but that bolus-
initiated (secondary) peristalsis employs a mechanism that consists of a “chain of
reflexes”, each movement stimulates peripheral receptors whose afferent impulses trigger

the next This i izes the idea that sequential peripheral

sensory input triggers and maintains patterned esophagomotor output. The debate between
these hypotheses remains alive in contemporary research (Miller et al.,1996). Doty
(1967, 1968, 1976) revived the concept of the swallowing center as a group of specific
neurons whose coordinated action produces a stercotyped swallowing response. Roman
(1982) called the central organizing system which programs deglutition a "central chain
of neurons”. In the contemporary literature (Miller, 1982), the swallowing center has been

referred o as a "central patiern generator (CPG)”.



1.3.2 Basic Mechanisms of Central Pattern Generation
A motor program is defined as " a set of muscle commands which are structured

before a movement begins and which can be sent to the muscle with the correet timing,

50 that the entire sequence is carricd out in the absence of peripheral feedback™ (Pearson,
1993). The neuronal network in which a motor program originates is termed “central

pattern generator (CPG)". In recent years, the most extensive

of the organization
of CPGs has been carried out in rhythmic motor systems (Pearson, 1993). The operation
of a CPG depends on the cellular, synaptic and network properties that constitute the
building blocks of the CPG (Getting,1989). The mechanisms for pattern generation are

diverse. CPGs can be formed from multiple functional neuronal circuits, i.c. a CPG can

be divided into several small functional units. For instance, the isolated spinal cord can
be divided into several smaller parts down to around (hree segments |"segmental
circuitry" (Grillner et al., 1991)], each of which can produce fictive locomotor activity

with intersegmental propulsion (Grillner ctal., 1988). According to this concept, a pattern

generating network is flexibly organized such that it can gencrate multiple motor patterns
in the same set of muscle groups to allow unctioning in different motor tasks (Getting,
1989; Pearson, 1993).

Although a motor program can be generated in an isolated CPG network without
afferent input, no instance has been found in which the movement and the associated

motor patterns are identical to those normally observed (Pearson,1993), indicating the

importance of afferent input for pattern modulation. As reviewed by Pearson (1993), a

CPG s believed to receive three different sources of input, including: () high level
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commands; (b) peripheral sensory inputs: and (¢) neuromodulatory input. The signal

from the high level command system initiates the motor activity, but does not provide

detailed information on the movement. Peripheral sensory feedforward and feedback
inputs also trigger the CPG network and regulate the ongoing motor pattern by (1)
establishing details of the temporal order, (2) controlling transitions from one phase of
a movement to another in rhythmic activity and (3) reinforcing the motor output.
Nearomodulatory systems (Harris-Warrick,1991) modify the output from the CPG in

two ways: (1) modulating the intrinsic properties of voltage-gated ionic conductances in

certain neurons, thus facilitati pressing ongoing motor acts. or initiating

patierned  motor activity; (2)  presynaptically  regulati i release or
postsynaptically modulating receptor-gated ion channel complexes to change the efficacy
ol synaptic activity in the circuit, so as to re-organize or switch the functional

connectivity of the CPG from one mode to another. Thus, neuromodulators play a key

role in motor pattern ion by ishing the i ion of a neuronal circuit
for a specilic behavioral patiern.

Certain neurons in a CPG network may play a key role in the motor pattern
generation, For example. some neurons can generate rhythmic bursts of action potentials
in the absence of phasic synaptic input. These oscillatory properties are determined by

av ion of ionic Oscillatory neurons often display

bistable propertics, or "plateau potentials”. These neurons have two fairly stable

potentials: a depolarized plateau state with tonic spikes and a hyperpolarized state with
little or no activity (Llinds, 1988). Many bursting neurons respond to hyperpolarization
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with a rebound excitation that can trigger action potentials. This process, called

postinhibitory rebound (PIR), has been invoked as an important mechanism in the
generation of rhythmic motor patterns. PIR may result from activation of a low threshold

Ca’* conductance (Jahnsen & Llinds

1984a.b) or activation of a hyperpolarization-

activated inward cation current (Johnson & Getting, 1991) variously known as I, /o, 1

or I, (Hille,1992). I, and I-mediatcd PIR arc by i second

messenger systems (Hille, 1992). The PIR is also influenced by the transient K' current,

1,. which can delay or "merge" the PIR (Dekin, 1993). Terminating a burst, the Ca*'-

activated K* current (., or I,,,), which generates a slow afterhyperpolarizing potential

(AHP), plays an important role in regulating bursting-rhythms. The firing pattern of a
cell can be profoundly affected by the slow AHPs. Inhibition of the slow AP results in
prolonged bursting (Hille,1992). Many bursting neurons are “conditional oscillators”,

i.e., they only burst in the presence of neuromodulatory substance. In such cases,

modulatory neurons and related y have p infuence on the

properties f the ionic conductances in these neurons (Harris-Warrick,1991).

Central inergi ission plays y effec

in many functional

control systems. Most reported central cholinergic effccts are me iated by mAChRs

(Caulfield, 1993). Muscarinic actions are frequently described as "slow™ in compa

ison
with nicotinic ones, because they result from modulation of ion fluxes via guanine

nucleotide binding proteins (G-proteins) and the formation of second messengers

(Caulfield, 1993). By pre- or postsynaptically up- or d i ltage-gated K
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or Ca*' channels (Caulfield, 1993) or receptor-gated ion channels (Markram & Segal,

19904, 1990b), hence modulating cellular or synaptic properties, mAChRs mediate
diverse functional responses in the central nervous systems (CNS) (Caulfield, 1993a, b).

For example, mAChR activation sup many K* including the 7,

(Halliwell & Adams, 1982), Ixy,.., (Madison et al., 1987), Iy, (Benardo & Prince, 1982;
Cole & Nicoll, 1984) and selectively enhances NMDA receptor-mediated synaptic
responses (Markram & Segal, 1990a) in hippocampal neurons. Inhibitory muscarinic

arc also observed in the CNS (Egan & North, 1986; McCormick & Prince,

cff
1986). It appears that these are due to activation of a K* conductance (McCormick &
Prince, 1986).

‘The apparent multiplicity of muscarinic effect in the CNS is not surprising in view
ol the diversity of mAChR subtypes. So far, five subtypes of mAChRs have been
identified. There is general agreement that excitatory muscarinic actions are mediated by
the M,, M, and M, receptor subtypes coupled via a pertussis toxin (PTX) insensitive G-
protein (o activation of phospholipase C (Hulme et al.,1990: Caulfield, 1993). By
contrast, hyperpolarizing responses in single neurons are mediated by M, and M,
receptors via inhibiting adenylyl cyclase and opening of K* channels (Hulme et al., 1990;
Caulfield, 1993). It should be appreciated, however, that the hyperpolarization may
switch a neuron from one functional state to another. For instance, a mAChR-mediated
1|y[)crpo]:|riz:|(i(,;ll in thalamic reticular neurons has been proposed to de-inactivate a low-
threshold  Ca**-conductance which results in bursting discharge of the neuron

(McCormick and Prince, 1986).



EAAs, mainly glutamate, are thought to mediate synaptic transmission at most fast
excitatory synapses in the CNS (Cotman & Iversen,1987; Headley et al.,1987; Headley
& Grillner,1990; Jahr & Stevens,1987; Larson-Prior et al.,1990; ) via activation of
different subtypes of ionotropic glutamate receptors (iGluRs), including AMPA/kainate
and NMDA subtypes. Glutamate also activates receptors associated with G-protein, the
metabotropic glutamate receptors (mGluRs). Glutamate neurotransmission in different
synapses is mediated through distinct receptors. The AMPA /kainate receptors evoke fast,
voltage-independent synaptic responses and in turn promote the activation of voltage-
dependent NMDA receptors. The mGIuR subtypes exert long-lasting actions through the
activation and inhibition of intracellular signals (Nakanishi, 1992).

By virtue of its voltage-dependence (Konnerth et al.,1990; MacDonald et al.,
1982; MacDonald & Nowak,1990; Mayer et al.,1984), the NMDA receptor-channel
complex mediates rhythmic plateau potentials in many mammalian CNS neurons,
including interneurons and motor neurons in the spinal cord (Hochman et al.,1994a,
1994b), trigeminal motoneurons (Kim & Chandler,1995), nucleus basalis neurons
(Khateb et al.,1995), supraoptic nucleus neurons (Hu & Bourque,1992) and neurons in
the intermediate and ventral NTS (Tell & Jean, 1991a,b, 1993). These conditional
pacemaker oscillations depend importantly on the voltage-dependence and the high
permeability to Ca’* of the NMDAR. The properties of the NMDA receptor-channel
complex have been well studied (Ascher & Nowak, 1987; D’Angelo et al.,1990;
Forsythe & Westbrook, 1988; Fox et al.,1990; Greengard et al.,1991; Jahr and Stevens,
1990; Johnson & Ascher, 1987; Kessler et al.,1989; Lerma,1992; Lerma et al.,1990;
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Mayer et al.,1984; Mayer & Westbrook,1987; McLarnon & Curry,1990; Sah et
al.,1989; Stone & Burton,1988; Thomson et al., 1989, 1990a,b). When the NMDAR-
gated channel is opened by agonist-binding to the receptor, depolarization resulting from
any mechanism relieves the Mg?* blockade thereby further increasing the entry of Na*
and Ca**. Ca®* influx through the NMDAR-gated channels and voltage-gated Ca**
channels activates /i, that repolarizes the membrane and restores blockade of the
channel by Mg?*. If the NMDA receptor-channel complex remains activated, the
membrane will again depolarize, thereby repeating the cycle of pacemaker-like oscillation
(Grillner & Wallén, 1985b). The properties of the NMDA receptor-channel complex can

be modulated by second-messenger systems (Wroblewski & Danysz, 1989).

1.3.3 Organization of "Swallowing Center"

It has long been realized that swallowing involves central control mechanisms
(Mosso, 1876, Meltzer, 1907). Studies employing brain transections and lesions (Doty
et al.,1967) showed that structures responsible for generating the basic motor activity of
swallowing lie within the rhombencephalon, especially within the medulla oblongata.
Based on the results from lesion experiments on the dog and cat, Doty et al. (1967)
localized the "swallowing center” to a region of the pontine and medullary reticular
formation extending from the rostral pole of the inferior olive to the posterior pole of the
facial motor nucleus.

Studies employing extracellular recording in sheep and rats have provided more
information about the medullary structures related to deglutition (Jean, 1972a; Jean, Car
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& Roman, 1975; Kessler & Jean, 1985). These electrophysiological studies implicate the
NTS as the principal neural substrate involved in the organization of swallowing.
Electrical stimulation of the NTS and the adjacent ventrally situated reticular region
evokes swallowing (Miller, 1972a,b; Kessler & Jean, 1985), whereas lesions of the
medial part of the NTS selectively impair the oesophageal stage of swallowing evoked
by electrical stimulation of the SLN (Jean, 1972a,b). Electrical stimulation of the SLN
evokes single unit discharges in the NTS (Jean, 1972b; Kessler & Jean, 1985; Sessle &
Henry, 1989). Sumi (1964) showed that neurons in the rostral NTS of the anaesthetized
rabbit discharge to light touch of the pharyngolaryngeal mucosa or to pressure on a tooth.
Furthermore, Jean (1972b) has recorded swallowing-related single neuronal discharges
from the medulla oblongata in anaesthetized sheep by stimulation of the SLN and divided
these neurons into a dorsal and a ventral group. The former lies in the NTS and adjacent
reticular formation, whereas the latter resides in the reticular formation near the AMB.
According to the time course of discharges prior to or subsequent to the onset of evoked
pharyngeal activity, these neurons were classified into "early", "late" and "very late" -
discharging neurons, implying that these neurons are related to functional control of
different stages of swallowing (Jean, 1972b). This scheme has been corroborated in the
rat (Kessler and Jean, 1985). Based on these experimental results, Jean (1990) proposed
that the dorsal group of swallowing neurons executes overall deglutitive programming,
whereas the ventral group performs a "switching" function by receiving input from the
dorsal group and distributing output to individual motor nuclei. Roughly consistent with

the anatomical findings, these neurophysiological studies have functionally given a
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general view of the distribution of swallowing-related neurons in the medulla oblongata.
However, it should be noted that SLN stimulation-evoked swallowing-related neuronal
activity may be involved as well in the coordination of the swallowing synergy with other
brainstem functions, because SLN stimulation elicits a complex response related to
respiration, the cardiovascular system and swallowing (Sumi, 1963; Weerasuriya et al.,
1980). Similarly, swallowing-loci determined by electrical stimulation or extracellular
recording may not represent the medullary region where the cell bodies of swallowing
neurons are located, because fibres of passage related to swallowing may well be
stimulated or activity recorded from them. Nevertheless, repetitive swallowing is induced

by microinjection of gl and gl gonists into the intermediate NTS (NTS,,)

(Bieger, 1984; Hashim & Bieger, 1989; Hashim et al. 1989; Kessler et al., 1990; Wang
1992, Wang & Bieger 1991). Furthermore, NMDA receptor-mediated rhythmic bursting
activity has been recorded in single neurons in the NTS;, region in vitro, suggesting a

CPG mechanisms.

1.3.4 Esophagomotor Pattern Generator

Two functionally distinct CPGs have been postulated to control the pharyngeal
and oesophageal phases of swallowing (Miller, 1982). However, evidence accumulated
in recent years favours the CPG hypothesis mainly for the buccopharyngeal phase. The
issue as to whether the coupled activity of the oesophageal stage is governed by a distinct
CPG remains under debate.

The original studies by Mosso (1876) showed that oesophageal transection in dogs
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did not completely prevent the progress of the primary peristaltic contraction. Thi
been substantiated by studies on the dog and rhesus monkey oesophagus by Janssens et
al. (1976, 1978). They showed that neither oesophageal transcction nor deviation of a
bolus completely eliminated the peristaltic activity below the section. However, Longhi
and Jordan (1971). demonstrated in the dog that the presence of a bolus in the

oesophagus is necessary for maintenance of primary peristals

. Deviation of the bolus
abolished all peristaltic movement below the level of the bolus deviation. By suturing the
central end of the proximally severed vagus to the accessory nerve, Roman (1966)
demonstrated that motor activity could be sequentially recorded from the reinnervated
sternomastoid muscle during evoked primary oesophageal peristalsis. FHowever, given
that the contralateral vagus still carries sensory input from the oesophagus to the medulla
oblongata, this model fails to provide irrefutable evidence for the existence of an
oesophageal CPG.

Swallowing-related "late" or "very late" discharges of N'TS interncurons, which

are also sensitive to oesophageal distension (Jlean, 1972b), per

t and the latency of onset

remains unchanged after climination of sensory feedback from striated muscle by motor
paralysis (Jean, 1972b, Kessler & Jean, 1985). In this study, however, swallowing-
related neuronal activity was elicited by electrical stimulation of the SLN. The same

nerve probably contains sensory fibres supplying the upper ocsophagus. Nevertheless,

s after

in baboons, evoked primary peristalsis in the smooth muscle oesophagus persi
the striated muscle of the cervical oesophagus is paralysed with curare (Roman &
Tieffenbach, 1972). More to the point, in patients with poliomyelitis, in whom the
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pharyngeal components were virtually absent, the oesophageal phase remained active

during atempted swallows (Sanchez et al., 1953). These observations generally suggest

that primary peris is a centrally programmed molor event that once initiated may
run its full sequence. Roman (1982) has claimed that the interneurons and motoneurons
involved in both primary and secondary peristalsis are the same. During primary
peristalsis the central chain of the deglutitive interneurons is excited from the start,
whereas during secondary peristalsis the excitation starts at an internal link in the chain.

As discussed above, since the component stages of swallowing are known to
function independently, the internuncial neuron pool or neuronal network for swallowing
must cither be capable of organising itself into different subcircuit configurations, or
comprise anatomically distinct regions whose synaptic interconncctions allow them to
operale as independent substage synergies (Bieger, 1 984; 1991). The available anatomical
evidence in the rat (Alischuler et al.,1989; Bieger & Hopkins, 1987; Barrett et al.,1994)
seems to favour the second viewpoint, in that the oesophagus striated muscle appears to
be controlled by distinct medullary neural substrates, specifically the NTS,.-AMB,.
pathway. To date neurophysiological aspects related to this esophagomotor pathway have
not been reported in the literawre, though neurotransmission mechanisms in the pathway
have been well studied by neuropharmacological approaches (Bieger, 1984; Hashim &
Bicger, 1989, Hashim et al. 1989; Wang & Bieger, 1991; Wang et al., 1991a,b,c; Wang
1992; Zhang ct al.,[993).

Peripheral fecdback is thought to be important to "finely tune” the coordinated

esophagomotor pattern, although a medullary CPG network is able to program the motor
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sequence in the absence of the peripheral inputs (Miller, 1982). For example, the number

of peristaltic ions p ing through the decreases with deflecti

of the bolus (Tieffenbach & Roman,1972; Janssens, 1978), suggesting that continous
sensory feedback modifies the duration and inensity of motor output and may even
maintain the excitability of the "center" or CPG (Miller,1983). Roman (1982) has

proposed that excitation of the central neuronal chain is weaker during secondary than

during primary peristalsis. If central excitation is not i y reinfc by afferent

feedback during secondary peristalsis, it will not proceed to the end of the cha

‘Whereas many investigators agree that oesophageal peris L at least in the

striated muscle, is centrally programmed, the requirement for peripheral input from the

oesophagus remains an issue under active investigation. Since neither the oesophageal

sensory portion of the NTS nor the ocsophageal motor portion of the AMB appears 10
receive particularly prominent input from other swallowing-related parts of the medutla,
some authors have postulated that both primary and sccondary peristalsis occur in
response to oesophageal distension, with primary peristalsis being the result of passive
opening of the UES and consequent exposure of the ocsophageal lumen to atmospheric
pressure (Cunningham and Sawchenko,1990). This viewpaint is incompatible with the
CPG hypothesis since it postulates that peripheral sensory input to the brainstem is a

prerequisite for both the initiation and mai of pauerned activity.

1.4 Putative Tr i in the Brainsi E Network

To avoid electrical stimulation of fibres of passage, chemo-microstimulation, i.c.
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focal cjection of receptor agonists or antagonists in a confined deglutitive region, has
been used for the selective activation of neurons in such loci. Bieger (1984) pioneered
this pharmacological approach to map deglutitive response loci and to study the

neurotransmitter mechanisms operating in the swallowing network in the rat brainstem.

Progressively refined microinjecti i applied in these studies not only enabled
the deglutitive loci in the medulla to be mapped with increased precision, but also
allowed the exploration of putative neurotransmitters utilized at synapses in these loci
(Hashim & Bicger, 1989; Hashim etal.. 1989). Since medullary esophagomotor circuity
can now be studied in vitro (Wang et al., 1991a,b; Wang et al., 1993; Zhang et al.,
1993), it has been possible to apply specific pharmacological information obtained in vivo

to study synaptic mechanisms at the single cell level.

1.4.1 Excitatory Transmitters in the NTS.

i. Acetylcholine

Bicger (1984) demonstrated the importance of central nAChR-mediated processes
in the control of oesophageal peristalsis in the rat. Thus, surface application of mAChR
agonists 10 the NTS or micro-ejection of the agonists at intrasolitary loci overlapping with
the NTS,. give rise to rhythmic peristaltic contractions of the oesophagus unaccompanied
by phase-locked buccopharyngeal activity. This implies that activation of mAChRs in the

NTS,. leads to patterned oesophagomotor activity. Moreover, the oesophageal component

of retlex s ing is readily sup ing the intravenous adminstration of
muscarinic antagonists such as scopolamine, which is capable of crossing the blood-brain
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barrier. However, the quaternary compound, methscopolamine, is effective only ata ten-
fold higher dosage (Bieger. 1984). A dense terminal field of choline-acetyliransferase
(ChAT)-immunoreactive fibres is located in the NTS,. (Ruggicro et al., 1990). These
findings strongly suggest that ACh is a neurotransmitter in the rat N'TS;. and (hat the
cholinergic innervation of the N'TS,. makes a key contribution to oesophagomotor control.,

It is relevant to note that in other species, including cat (Blank et al. 1989) and
human (Paterson et al., 1991), oesophageal activity is also suppressed by systemic
administration of mAChR antagonists. This effect has been attributed solely to a
peripheral blockade of oesophageal smooth muscle (Blank et al., 1989: Diamant & §iI-
Sharkawy, 1977; Paterson et al.. 1991). However. a reduction in oesophageal striated
muscle activity is also noted in the cat following intravenous application of atropine
(Blank et al., 1989), a compound that is able to penetrate into the CNS, Therefore, it

seems warranted o amine the i ion of ichofinergic cffeetls on

esophagomotor function, since the effect of central mAChR blockade may have been
overlooked in these studies.

The source of the cholinergic innervation of the NTS. remains unknown.
Moderate numbers of ChAT-positive cell bodies have been reported in two principal
locations at the junction of the rostral and intermediate third of the N'T'S (Ruggicro etal.

1990): (i) the NTS,,, a region ini yngeal il s, and adjacent

portions of the medial subnucleus (the dorsal portion of the NTS.) and (ii) the ventral
NTS (NTSy); suggesting that significant numbers of cells are able to synthesize ACh in
the NTS. A group of ChAT-positive neurons in the zona intermedialis reticularis
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parvicellularis (ZIRP) have been retrogradely labeled by depositing tracer at functionally
defined ocsophageal loci in the NTS,. (Vyas etal., 1990; Wang, 1992). Therefore, the
ZIRP is another possible propriobulbar source of the cholinergic innervation of the
NTS,.. Given the paucity of the identified propriobulbar cholinergic inputs to the NTS.
and the presence of ChAT-immunoreactivity in a subset of neuronal perikarya in the
nodose ganglion of rats (Palouzier etal., 1987), rabbits, cats, dogs and sheep (Falempin
et al., 1989; Ternaux et al., 1989). the possibility that vagal afferents from the

oesophagus are cholinergic warrants study.

Given the poor selectivity of mACHhR antagonists, at present, the subtypes of
mAChRs that mediate cholinergic responses in the NTS; remain unknown.

ii. Excitatory amino acid

In addition to ACh, studies by Bieger (1984) and Hashim and Bieger (1989)
suggest that an EAA-like substance (glutamate or aspartate) is involved in cesophageal
premotor control at the level of the NTS,.. The source of the EAA innervation is yet to
be determined. Given that 1) glutamate has been identified as the main transmitter
utilized by several types ol vagal visceral sensory fibres terminating in the NTS
(Andresen & Yang, 1990; Dietrich et al., 1982; Drewe et al., 1990; Perrone, 1981;
Wang & Bradley, 1995), and 2) that the NTS. receives afferents mainly from the
periphery (Cunningham & Sawchenko, 1989, 1990), the possibility that the oesophageal
vagal afferents are glutamatergic appears plausible.

INMDA is more potent in eliciting an oesophageal response than kainate and/or
quisqualaie when directly ejected at oesophageal loci in the NTS,. (Hashim & Bieger,
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1989). Moreover, the selective NMDA receptor antagonisis 2-amino-3-phosphonovalerie
acid (AP-5) and 2-amino-7-phosphonoheptanoic acid (AP-7) consistently and reversibly
block esophagomotor responses evoked by glutamate pressure-ejected in the NTS.. A
recent study employing in situ hybridization reveals that NTS,. ocsophageal
premotoneurons express NMDART mRNA (Broussard ct al., 1994). Taken together,
these results suggest a preferential association of the NMDA receptor (NMDAR) with
oesophageal premotoneurons.

iii. Nitric oxide

Nitric oxide has been defined as a neurotransmitter in various central and
peripheral neurotransmission processes (Fazeli, 1992: Garthwaite, 1991; Rand, 1992;

Snyder, 1992). Studies with NADPH-diaphorase histochemistry have revealed dense

nitric oxide synthase (NOS)-positive neurons and neuropil ficld in the N'TS. region (Ohta
et al.,, 1993). Since NADPH diaphorasc-positive neurons are present in the nodose
ganglion {Lii et al., 1994), some investigators have postulated that the NOS-positive
neuropil in the NTS,. are partially axonal terminals from peripheral alferents (1ii et al.,

1994). An involvement of NO in oesophageal function in the premotor fevel remans 1o

be determined,

1.4.2 Excitatory Transmitters in the NTS,,

i. Excitatory amino acid

The NTS,, is coextensive with regions where early (huccopharnygeal) swallowing-
related unit discharges are cvoked by SLN stimulation (Kessler and Jean, 1985). In
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addition, pharmacological study indicates that chemostimulation of the NTS,, with
glutamate results in pharyngeal deglutition or complete swallowing (Bieger, 1984
Hashim and Bicger, 1989: Kessler etal., 1990: Kessler & Jean, 1991). This suggests that
IEAAs are transmitiers in this region. In contrast to the effect in the NTS,., kainate is
most potent at pharyngeal loci in the NTS,, (Hashim & Bieger,1989). Applied to the
surtice of the NTS. kainate produces repetitive pharyngeal contractions (Hashim and
Bicger, 1989: Wang and Bieger,1991). In addition, when applied to the NTS, small
doses of NMDA cvoke repetitive complete swallows, whereas larger doses of NMDA
produce only repetitive pharyngomotor activity, not swallows (Bieger, personal

on of NMDA near the NTS,, region produces rhythmic

communication).  Ej
pharyngomotor activity (Kessler etal..1990). NMDA-evoked rhythmic burst discharges
have been recorded extracellularly by Tell and Jean (1990a) in neurons of the NTS;, in
vitro. These authors speculate that these rhythmically bursting neurons belong to the
swallowing CPG. In further studies (Tell & Jean, 1991b, 1993), they have observed
membrane oscillations in a subset of NTS,, neurons in the presence of TTX, indicating
conditional pacemaker oscillatory properties of these neurons.

ii. Other excitatory transmitters

When applied to the surface of the NTS. several neurochemicals, such as
serotonin (5-HT) (Bieger, 1981: Bieger et al.,1972; Bieger & Neuman, 1991: Hashim
& Bieger, 1987). noradrenaline (NE) (Bieger, 1991), dopamine (Bieger,1974; Bieger et
al.. 1977), thyrotropin-releasing hormone (TRH) (Bieger, 1991) and vasopressin (Bieger,
1991) produce repetitive  swallowing, suggesting that they are putative neuro-
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mediators/modulators in NTS structures concerned with swallowing. [t has been reported
that TRH produces slow rhythmic membrane oscillations in NTS. neurons in the
presence of TTX (Dekin et al., 1985). The role of these substances in the NTS in

deglutitive control remains unclear.

1.4.3 Inhibitory Transmitters at NTS Premotor Deglutitive Loci.

i. y-uminobutyric acid (GABA)

Rhythmic oesophageal peristalsis can be induced by blockade of GABA  receptors
with bicuculline ejected in the NTS,. (Wang & Bicger, 1991). When cither applicd to the
NTS surface or pressure-gjected into the NTS,,, bicucullinc evokes repetitive complete
swallowing (Wang & Bieger, 1991). These results suggest that: (1) GABA is an inhibitory
transmitter utilized in the NTS premotor deglutitive loci; (2) there exist pharyngeal and
oesophageal CPGs that are tonically inhibited by GABAergic innervation.

ii. Other inhibitory transmitters

In contrast to the effect of small doses of 5-1T and NE, large doses inhibit reflex
swallowing when topically applied to the NTS surface or directly injected into the NTS
(Kessler & Jean, 1986, 1986b), suggesting involvement of additional receptor sublypes
mediating these deglutitive responses. In addition, an enkephalin-like substance may
function as an inhibitory transmitter in the NTS involved in the control of swallowing

(Bieger,1991). In phi d animals,

of naloxone, an antagonist at

opioid receptors, produces repetitive swallowing (Bicger, Loomis & Young, 1991).



1.4.4 Transmitters in the AMB,.
i. EAA
Bicger (1984) demonstrated that glutamate, when ejected to the AMB,. evokes a

short latency i physiological studies have

implicated an EAA as the primary i in the solitary-ambigual
pathway which acts at NMDA and AMPA -~ subtypes (Wang etal., 1991b). Thus,
EPSPs in AMB,. neurons elicited by electrical stimulation of the solitary-ambigual

pathway are imi by a bined blockade of EAA receptor subtypes

(Wang ctal., 1991b). n situ hybridization reveals that the NMDA receptor in the AMB,.
is of NMDARI subtype (Broussard et al., 1994).

ii. NO

By combining trans-synaptic retrograde tracing with pseudorabies virus injected

into the and NADPH-di: i istry treatment of brain sections,

Wiedner et al. (1995) and Gai et al. (1995) that most

premotoneurons in the NTS,. contain NOS and send their NOS positive terminals to the
AMB,. surrounding oesophageal motoneurons. Thus NO could also be involved in

and

between

. ACh

When ejected into the AMB,., ACh evokes short-latency oesophageal contractions
(Bicger, 1984; Wang etal., 1991a). Both nicotinic acetylcholine receptors (nAChRs) and
mAChRs have been demonstrated within the AMB,. (Atneric et al., 1990; Swanson etal.,
1987; Wada et al., 1988, 1989). However, the response induced by ACh in the AMB,
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both in vivo (Bieger, 1984) and in vitro (Wang et al., 1991a; Zhang et al., 1993), unlike
that evoked from the NTS,. is not rhythmic and is scopolamine-resistant (Wang et al.,
1991a; Zhang et al., 1993). Since ChAT-positive cell bodies arc absent in the vast
majority of NTS,. cells (Ruggiero et al., 1990), ACh does not appear to be a primary

transmitter from NTS,. neurons projecting to the AMB,.. but instead is likely w arise

from another source. Retrograde neuronal tracing combined with  ChAT-
immunocytochemistry reveals that the AMB,. reccives a projection from a subpopulation
of cholinergic neurons in the ZIRP. Electrical stimulation of this region in slices evokes
fast EPSPs in AMB,. neurons that are inhibited by nAChR antagonists (Zhang ct al.,
1993). The physiological significance of this cholinergic innervation of oesophageal
motoneurons remains unclear.

iv. Somatostatin (SST) and Enkephalin (ENK)

Two peptides, SST and ENK, have been identified in two subpopulations of NTS,

neurons projecting to the AMB,. (Cunni &S ko, 1989; Cunni ctal.,

1991). It is not known whether these peptides are associated with the main EAA

transmitter in this pathway. SST inhibits incrgic, while facilitati g

responses at the AMB,. oesophageal motoneurons (Wang et al., 1991c, 1993).

1.5 Rescarch Plan
1.5.1 Rationale

of brainst

Over the past ten years, I 13

oesophageal peristalsis has advanced significantly, owing largely to studies in the rat.
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Like other rodents, the rat employs mainly striated muscle for oesophageal bolus
propulsion and thus scems ideally suited for the study of brainstem esophagomotor
mechanisms, because the complexities inherent in intramural neural mechanisms

| smooth are cil . Neurons in the rat NTS..

receive the majority, if not all, of the vagal afferents from the oesophagus and directly

project to of the AMB,, ioning as second order sensory
and premotor neurons. Thercfore, an esophagomotor pattern generator network is
proposed to reside, at least partially, within the NTS,..

ACh and EAA have been defined as major transmitter candidates in this
interneuronal pool of the medullary circuit. At NTS,. interneurons, mAChRs, interacting
with EAA receptors, are likely to play a key role in oesophagomotor pattern control.
Ilowever, various aspects concerning the mode of operation of the NTS cholinergic
mechanisms are as yet unclear, specifically as these relate to the following points:

First, blockade of mAChRs in the rat NTS, eliminates primary oesophageal
peristalsis, while activation of these receptors results in oesophageal peristalsis without
pharyngomotor output, resembling secondary peristalsis inappearance. To date, however,
secondary (reflex) oesophageal peristalsis in the rat has not been characterized,

ally with regard to the role of NTS mAChRs.

Second, while the NTS,. contains a dense ChAT-immunoreactive terminal field,
the transmitter of oesophageal afferents to the NTS.. remains unknown. Given the paucity

of identificd propriobulbar inputs to the NTS. (Cunningham & Sawchenko, 1990) and the

e ion of ChAT-i ivity in nodose ionic perikarya in rats
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(Palouzier et al., 1987) and rabbits (Ternaux et al.,1989). the visceral afferents (rom the
oesophagus could be cholinergic. On the other hand, ChAT-positive neurons have been
found in the NTS (Ruggiero et al..1990) and another possible propriobulbar source of
cholinergic input to the NTS has also been noted (Wang, 1992).

cleus centralis

Third, the peristalsis cvoked by activation of st

mACHhRs is characterized by its r icity. As the i CPG lacks
unequivocal support, and in fact is questioned by some authors (Cumningham &
Sawchenko, 1990), the issue of whether esophagomotor rhythmic activity is centrally
generated or requires phasic peripheral afferent feedback needs to be resolved.
Fourth, nothing is known about the mechanisms by which cholinergic and non-

cholinergic transmitter systems in the NTS,. interact in csophagomotor patiern gencration.

These considerations prompt the following questions:

1. Is the cholinergic link in the NTS, involved in secondary (reflex)
oesophageal peristalsis and if so, how?

2. Does the cholinergic link represent vagal afferent or propriobulbar input?

3. Does the inergic link enable

output to be
generated without peripheral sensory feedback?
4. Do cholinergic and EAA inputs interact in the NTS,. in esophagomotor

rhythmogenesis and if so, how?
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1.5.2  Hypotheses
Based on anatomical and pharmacological data obtained in the rat, the following

working hypotheses are proposed:

i. By facilitating the excitability of the second order sensory neurons, the
cholinergic link in the NTS,. is involved in, but may not be absolutely required
for, the gencration of secondary (reflex) peristalsis.

ii. As a corollary to hypothese (i), vagal affcrent input from the oesophagus to
the NTS,. employs an EAA, but not ACh, as transmitter.

iii.Commands from the deglutitive premotor neurons trigger the oesophageal
premotor neurons through a central link to initiate primary oesophageal

peristalsis. The cholinergic input to the NTS,. represents a component of this

link which operates to (a) pharyng g pling and
(b) enable oesophageal premotor neurons to generate rhythmic oesophageal
peristalsis without peripheral sensory input.

iv. Mediating inputs from reflex afferents, iGluRs on NTS,. neurons, specifically
those of the NMDA subtype, interact with mAChRs in the process of

control and

1.5.3 Objectives
To provide experimental support for the above hypotheses, four specific objectives

will be pursued in the present swudy:



i. To characterize the reflex responses to balloon distension of the rat oesophagus

with a view to determining the roles of cholinergic and EAAergic inputs to the

NTS in the control of secondary peristalsis (Chapter 1).

| afferent fibres

ii. To i the putative i utilized by

by determining the effects of iGluR and mAChR antagonists on evoked N'T
neuronal activity (Chapter 2).

iii. To investigate in vivo and in vitro whether the patterned oesophagomotor
activity can be generated without realferent input and whether it depends on
cholinergic input to the NTS,. (Chapter 3).

iv. To study in vitro how cholinergic modulatory inputs interact with EAAergic
inputs in generating oesophageal premotor rhythm(s) on N'TS,. interneurons

(Chapter 4).
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Chapter 2
OESOPHAGEAL REFLEXES: CHOLINERGIC AND

GLUTAMATERGIC CONTROL

Sccondary or distension-evoked reflex peristalsis serves to clear residue or
refluxed gastric contents from the oesophagus into the stomach. Despite extensive studies
in humans (Baylis et al.,1955; Creamer & Schlegel, 1957; Ren et al.,1995) and other
species, including the dog (Meltzer, 1907; Sellers & Titchen, 1959), sheep (Falempin &
Rousscau, 1984), cat (Blank et al.,1989) and opossum (Christensen, 1970; Paterson,

1991), knowledge of the underlying central control mechanism is still incomplete.

A ding to the prevailing i peristalsis is governed by a
brainstem interneuronal network, most likely located in the NTS (Bieger, 1993; Jean,
1990; Roman,1982). The most detailed information about the connectivity of the
brainstem esophagomotor reflex pathway has come from neuroanatomical studies in the
rat (Altschuler et al.,1989; Barrett et al., 1994; Bieger & Hopkins,1987; Cunningham &
Sawchenko, 1989; Gai et al.,1995). In this species, neurons in the NTS,. function dually
as second-order sensory element and major internuncial link between afferent and efferent
fibers subserving oesophageal reflex peristalsis (Bieger,1993). To date, however, neither
physiological nor pharmacological aspects of reflex oesophageal peristalsis have been
investigated in the rat. Furthermore, both mAChRs (Wamsley et al.,1981) and NMDARs
(Broussard ct al.,1994) are present in the NTS,. and have been shown to mediate discrete
csophagomotor responses (Bieger,1984; Hashim & Bieger, 1989; Wang et al.,1991b).
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Accordingly, mAChRs and NMDARs in the NTS. appear to conribute 1o ru
esophagomotor control.

The present work sought (1) to characterize esophagomotor responses to fuminal

distension and (2) to examine the i of cholinergic and EAA-crgic

operating at the level of oesophageal premotor neurons in the NTS region.

2.1 Methods and Materials

Experiments were performed in 72 adult male Sprague-Dawley rats weighing
between 350 g and 450 g. After anacsthesia with intraperitoneal urethane (1.0-1.2 p/kp
body wt), a tracheal tube was inserted and the right external jugular vein cannulated for

intravenous infusion of saline and drugs. In some animals, the cervical vagi were isolated

and looped with silk thread for agotomy. Rats were maintained at a rectal
temperature between 37.5-38°C by means of radiant heat and spontancous respiratory
activity derived from tidal pressure fluctuations was continuously recorded. b-
tubocurarine (0.075 - 0.15 pmol/kg) was given by intravenous bolus while animals were

artificially ventilated with oxygen-enriched air by means of a respirator (Harvard).

Ventilation was maintained at a rate of 100 cycles.min” and a tidal volume of 2.5-3 ml.

2.1.1 Manometry and Distension Procedures
Miniature balloon-tipped catheters constructed from PE 90 polyethylene tubing

were filled with water and connccted by means of a threc-way stopcock to pres:

e

transducers. Pressure signals from each transducer were filtered (to reduce
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Fig. 2.1. Press | and diamett il i ips of the inflation balloon as
determined outside the animal, The maximal diameter of the fully inflated balloon is

about 6 mm; the maximal unstressed volume about 210 l. The balloon is filled with

water by a syringe-pump at a fixed rate of 9 ul.s'. Broken portion of line beneath
pressure traces (A-1, 2) indicates the infusion period; during the solid portion (A-1) the
infusion is stopped. At the start of infusion, a step increase in pressure is evident (A-I
and B). This represents the pressure required to overcome the resistance to flow through
the catheter into the balloon. Between 5 and 210 gl of injection, the transverse maximal
diameter at the center of the balloon expands from 2.5 mm to 6.0 mm, with a negligible
change in internal pressure (A-2 and B), indicating the high compliance of the balloon.

When the infusion volume exceeds 210 ul, a small increase in infusion volume causes

an abrupt and large increase in intra-balloon pressure (A-2 and B).
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interference from cardiac and respiratory movements) at a frequency of 0.5-3 Hz and

displayed on a polygraph (Grass, Model 7D). Balloons used for recording intraluminal

pressure had an outer-diameter of < 4 mm; balloons used for oesophageal distension had
a diameter of 6 mm and a volume of 200-215 ul when fully inflated. The balloon for

distension was filled with water (n = 68 / 72) or room air (n = 4 / 72) and connected

in parallel to a 500 pl microsyringe. O i ion was i manually
or controlled by a variable speed syringe-pump (Sage Instruments, Model 355). The

1 ionship and the di: -volume i ip of the inflation balloon

were determined before insertion into the oesophagus. As shown in Fig. 2.1, a small step
increase in pressure during the first 5 pul injection represented the force required 0 keep
water [lowing into the balloon. Between 5 and 200 pl of filling volume, the diameter of
the balloon expanded from 2.7 mm to 5.8 mm without further change in pressure,
indicating a high compliance of the balloon. The length of the catheter from the centre
of the balloon was marked in centimetres. Prior to insertion, the balloons were deflated
and thickly coated with 2% xylocaine jelly. When positioned in the upper alimentary

tract, the recording balloons were filled with 20-25 ul water and briefly equilibrated with

atmospheric pressure.

2.1.2 Experimental Procedure I: Characterization of Reflex Responses

Segmental responses. Since under physiological conditions the strongest reflex
contraction should occur just proximal to the food bolus, we first characterized the local
motor response to inflation. The inflation balloon was designed to mimic bolus
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stimulation. The inflation balloon was positioned in different segments of the cervical

(CE) thoracic (TE) and distal (DE) oesophagus (Fig. 2.2). To reduce sensory adaptation,

the inflation balloon was reduced in diameter to less than 3 mm during the interdistension
interval. For distension of the oesophagus, the balloon was filled by means of the
syringe-pump at a predetermined rate of 4.5 pl.s " or 9.0 ul.s ' When an esophagomotor
response was elicited, the pump was stopped and inflation maintained for 20 -50 seconds
before the balloon was manually deflated and the pump reset. At cach oesophageal level,
at least four consistent distension trials were performed.

The smallest inflation-volume (ul) that elicited a reproducible oesophageal

response was defined as the threshold volume (V). The Vi values were determined by

o

recording both syringe plunger displacement and duration of the pump on-cycle

examine whether the di: ion-produced contraction was propulsive, the

inflation balloon was left free to move during the distension. In addition, to record any
aboral movement of the inflated balloon, the balloon catheter was tethered 1o a tension

transducer (Fig. 2.3) in some experiments.
8

Multi-segmental responses.  To examine responses of the entire ocsopha

peal
body to local inflation, the placement of manometric catheters was arranged in two ways.
For observation of proximal and distal responses to distension of the thoracic
oesophagus, the inflation balloon was positioned in the thoracic segment (9 cm from
upper incisors). Two additional recording balloons were placed 1-2 cm distal and

proximal to the inflation balloon. For investigating proximal responses to distension of

the distal oesophagus, the inflation balloon was pasitioned in the distal ocsophagus (11
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em from upper incisors) and two proximal recording balloons were located in the cervical

and thoracic oesophagus. respectively. In most of the experiments, a recording balloon

was positioned in the pharynx (P) to monitor pharyngeal response, if any, during the

Correct itioning of the balloons was not only based on

measuring the intraluminal length of the manometric catheters but also ascertained by

al tactile ion-induced reflex ing which resulted in a propulsive

intra-trach

aesophageal contraction. In most of these experiments, Vo was first determined by a

np inflation and subsequent oesophageal distensions were manually performed with

one-step injection, “To examine the inflation volume-response  relationship, serial

vesophageal distensions were performed with volumes being increased by 5 or 10 ul

sieps.

Vagotomy. fects of uni- and bilateral vagotomy were examined in animals

breathing spontancously. The cervical vagal trunk was gently dissected free and severed

with micro-scissors. Post-vag y reflex p were tested up to 40

minutes.

Post-mortem studies At the termination of the experiment, the position of the

balloons was visually identified in 23 animals and the intraluminal length of the

manomerric catheters was re-checked after an intravenous overdose of urethane and a

thoracotomy. For male rats weighing 400 grams, the total length of oesophagus was
about 9 em. The length from the upper incisors tv the pharyngo-oesophageal junction,
tirst rib. diaphragm and cardia were about 4 cm, 7 cm, 11 cmand 13 cm, respectively.

With the centre of the inflation balloon being taken to indicate the segment distended,
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the CE. TE and DE were located 4-7 cm, 7-10 cm and 10-13 em from the upper
incisors. Considering the movement of the diaphragm with respiratory cycles. the
segment 10 1o 12 cm from the upper incisor was defined as the intracrural portion of the
oesophagus.

2.1.3 Experimental Procedures 11: Pharmacological Studies

Drug application. To investigate the role of cholinergic and EAA-crpic
mechanisms in oesophageal premotor reflex control. mAChR and NMDAR antagonists
were either given by intravenous bolus injection or topically applied (o the medulla
oblongata.

fons, the animals were mounted in # stereotaxic frame afier

For topical applic:

manometric catheters were sccured in their appropriate positions. The caudal roof of the
fourth ventricle and surrounding structures of the dorsal medulla were surgically exposed
under a dissection microscope. Cerebrospinal fluid was drained continuously with a wick.
Drug solutions were applied by means of a microliter-syringe to the extraventricular
surface of the NTS region, including an arca 0 -100 pm rostral to the cranial edge of the
area postrema and between 500 - 700 um lateral to the midlinc. For control, drugs were
applied to adjacent sites on the dorsal surface of the medulla oblongata as follows: i) the
midline at the cranial edge of the arca postrema (AP); ii) 1150 to 1250 um lateral 1o the
midline at the cranial margin of the AP; iii) 500 um rostral to the cranial margin of the
A angl 800 to 900 pm lateral to the midline. The volume applied was kept within 0,05

i order ¢ minimize drug spread beyond the targeted region.
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In some animals, drugs were pneumophoretically applied in the NTS,. or the
AMB,. by means of a three-barrel glass micro-pipette. Each barrel of the micropipete was
filled with adifferent drug solution. Drugs were pressure-ejected by means of a nitrogen-
pressured Picrospritzer pump (General Valve Corp). The volume ejected with each
pressure pulse was estimated by measuring the diameter of the ejected droplet under a
microscope equipped with a calibration eyepiece and was kept in the range of 20 -100
pl. The doses stated in the results are estimates based on detective limit of 10 pl. As
described previously (Bicger 1984; Hashim & Bieger 1989; Hashim et al. 1989; Wang
et al. 1991b), this protocol permited accurate location of swallowing substrates

ciated with both the NTS and AMB. At these loci, a glutamate pulse invariably

evoked a shorl-latency (< I s) pharyngeal or oesophageal pressure wave. Extensive
characterization of the swallowing response to stimulation loci within the NTS has

previously been carried out in this laboratory and has established that the

aryngeal and sites are ive with the NTS,, and NTS,.

respectively.

Drugs used. ¥ igmine, 1,5-bis(4-allyldi i Yhp 3
one dibromide (BW284c51), pL-muscarine, scopolamine, methscopolamine, glutamate.
()-2-amino-5-phosphonopentanoic acid (AP-5), y-D-glutamyl-glycine (y-DGG) and p-
tbocurarine were obtained from Sigma Chemical Company; 6-cyano-7-nitroquinoxaline-
2.3-dione (CNQX) from Rescarch Biochemical International (RBI); ketamine
hydrochloride from Rogar/STB Inc (London, Ont.) and dihydro-B-erythroidine (D-B-E)
was a ift from Merck Sharp & Dohme Res. Lab..
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2.1.4 Data Analysis

the interval between

To ensure reproducibility of oesophageal reflex respons
distension trials in each protocol was kept between 2-3 min, and vagotomy and drug

applications were performed after at least four consistent control responses were obtained

in each oesophageal segment. Although reversible drug effects were repeated at least
twice in each animal, only responses obtained in the first trial were used for quantitative

ure waves evoked before

analyses. The V.- and the mean amplitude of oesophageal pres

and after experimental manipulation were compared in cach group of animals. The mean

amplitude of rhythmic responses w; culated by averaging the amplitudes of pressure

waves during the first 10 seconds of inflation. Graphs were constructed using a software

package (SigmaPlot, Jandel Scientific). Data were expressed as means + standard errors

of the mean (S.E.M); the significance of differences was examined with Student's paired

t-test ata P < 0.05.

2.2 Results

2.2.1 Cha

acterization of Reflex Responses

Segmental patterns. Balloon distension applicd at successive | em intervals along
the length of the oesophagus revealed consistent differences in- responses between

cervical, thoracic and intracrural portions, as evidenced by the pattern of the response

elicited (n = 7). A representive example is depicted in . 2.2. In the upper to mid-
cervical portion, responses were variable or absent even at filling volumes of 100 1o 150
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p. 2.2 Scgmental ocsophageal responses to balloon inflation. A. Schematic diagram

and balloon in I body. Positions are indicated

of rat P
with respect to distance from the upper incisors to the centre of the balloon. B. Intra-
balloon pressure changes in different segments of oesophageal body during inflation at
pump rate of 9 ul.s" indicated by a broken line under each pressure trace. During the
interval marked by the solid line, the pump is stopped until the balloon is manually
deflated. Note the proximo-distal change in reflex responses from monophasic slow wave

(type D) to repetitive fast wave (type I1) activity. Superimposed small waves seen at levels

8-10 em are synchronous with the respiratory cycle.
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1. In the Jower cervical portion, a monophasic pressure wave was consistently seen at
inflation volumes of 60 to 80 ul in 3 out of 7 animals tested. In the upper thoracic
portion, a single monophasic pressure wave was reproducibly elicited in all cases. Atlow
thoracic levels, either single monophasic or repetitive pressure waves were observed. The
intracrural portion typically responded with robust repetitive activity. A local response
to distension was usually absent when the inflation balloon was positioned at or near the
gastrocsophageal junction (12.50r 13 cm level) (Fig. 2.2) although in one case a variable
monophasic pressure wave was obtained. Vo values varied among animals (ranged from
401070 pl; 62 + 6.5 ul: n = 14); however, ina given preparation, V., and amplitude
of the evoked pressure wave(s) remained consistent for 2-3 hours, provided that inflation
was applied at 2-3 min intervals.

‘The monophasic waves in the cervical and thoracic oesophagus, hereafter referred
to as type 1 response, showed a relatively stecp rise and a slow decay. Wave duration
ranged from 4 t0 95 (5.3 =+ 0.3 s; n = 21 trials in 7 animals). Repetitive pressure
waves in the intracrural oesophagus, hereafter designated as fype I response, had a
highly regular thythm in the range of 0.5t0 0.8 Hz (0.65 + 0.1 Hz; n = 55). Individual
waves had a mean duration of 0.89 =+ 0.09 s (n = 50 waves from 10 operations on 10
animals) and a sawtooth-like configuration characterized by a steep rising phase followed
by anabrupt relaxation. The mean amplitude of rype I waves increased with the inflation
volume (n = 14) from 3.0 + 0.32 kPaat threshold to a maximum of 6.6 + 0.5 Kpa at
75 10 80 pel.

When the inflation balloon was positioned in the thoracic oesophagus and left
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Fig. 2.3 Propulsive nature of the local oesophageal reflex clicited by inflation. A.
Diagram showing experimental setup for simultaneous recording of intra-balloon pressure
and aboral movement of catheter. B. When the tethered balloon is positioned in the
thoracic portion of the oesophagus, rapid step inflation () cvokes a monophasic pressure
wave followed by a monophasic force wave, indicating that the inflated balloon is
propelled distally. The balloon does not return to the starting position as indicated by
persistence of force after balloon deflation (4). C. When the balloon is located in the
intracrural portion, the rapid step inflation produces rhythmic force waves that follow

rhythmic pressure waves in a phase-locked manner. A iations: P, intra-ball

pressure; F,, pulling force. Superimposed rapid wave activity is of respiratory origin.
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Fig. 2.4 Coordinated oesophageal reflex response. Three intraesophageal balloons are
positioned at the depths indicated. One-step sustained inflation () of the middle balloon
evokes a high amplitude pressure wave in the distended segment coinciding with a low
amplitude pressure rise in the proximal segment and a phasic pressure drop in the distal
segment. Upon deflation (¥), a monophasic pressure wave is elicited in the distal
scgment. Rate and depth of respiration (R) remains unaltered during inflation of the

ocsophagus.
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mobile, inflation resulted in a visible aboral movement. The latter could also be recorded

as an aboral pulling force accompanying the reflex-cvoked pressure activity (Fig. 2.3).

Coordinated responses. As recorded by a 3-balloon assembly (Fig. 2.4), the
inflation-evoked monophasic (rype 1) pressure wave in the distended segment was

accompanied by a low-amplitude sustained rise in pressure recorded in the adjacent ora

segment (n = 10 / 10). In the segment aboral to the distension, intraluminal pressure

showed a small transient drop (Fig.

4:n = 2/10), asmall phasic rise (n = 5/10)
or remained unchanged (n = 3/ 10). Except for one case where the monophasic pressure
wave propagated from the inflated (thoracic) segment to the distal oesophagus (not
shown), the “inflation responses” evoked above, at and below the stimulated segment

occurred in a synchronous (non-propagated) manner. In most cases (n= 7/ 10), the

pressure wave in the oral segment outlasted that in the inflated segment. Upon rapid, but
not slow, deflation, a pressure wave invariably vscurred in the aboral segment (IFig. 2.4).
In the thoracic portion, the "deflation-response” was highly reproducible in all
preparations tested (1010 15 trials per animal, n = 10). Inthe cervical portion, however,
a "deflation-response” could not be evoked in a reproducible manner. The "deflation-
response” typically consisted of a monophasic pressure wave but occasionally showed a
rhythmic pattern.

When inflation was applied via the distal-most balloon in the intracrural portion
(11 or 12 ¢m level) of the oesophagus (Fig. 2.5), an atenuated type I response was
recorded 2 cm proximal to the inflation balloon, while the cervical ocsophagus remained
quicscent. As shown at faster-speed records (Fig. 2.5B), the thoracic led distal pressure
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. 2.5 Coordinated responses to distal oesophageal inflation. The distal balloon is

filled at a pump rate of 4.5 pl.s" indicated by the dashed line and kept inflated for a
period indicated by the solid line. A. Evoked rhythmic pressure waves are present at the
tharacic (9 cm) level and in the distended distal segment, but not at the upper thoracic
(7 cm) level, B. Trace recorded at a faster speed shows that each pressure wave in the
lower thoracic ocsophagus precedes the pressure wave in the distal segment in a phase-

locked manner, Note the different shape of the pressure waves recorded at the two levels.



Fig. 2.6 Descending inhibition of rhythmic reflex response by proximal peristalsis.
When a propulsive pressure wave in the cervical (CE) and thoracic oesophagus (T'E)
coincides with rhythmic reflex activity in the distal ocsophagus (DI) evoked by

distension (*, inflation: 4, deflation), the proximal pressure wave fails 1o propagate

distally but depresses the rhythmic reflex response. A control rhythmic response is shown
under the distal-pressure trace. Note a phase-shift of the rhythmic activity after a
descending inhibition. The distal balloon is filled with room air, thus the pressure wave

is attenuated. P, pharynx.



waves in a phase-locked manner although the pressure waves in the two portions
showed distinct wave shapes. Depth and rate of respiration were unchanged during the
type 11 response (Fig. 2.5).

“I'he distension-cvoked ocsophageal pressure waves were occasionally associated
with propulsive pressure waves in the proximal oesophagus. However, w'.2n a proximal
peristaltic pressure wave coincided with ype 1l thythmic activity in the distal oesophagus.

the proximal wave failed to propagate into the inflated scgment, and instead was

jied by an i inhibition of the coinci distal waves with resetting

of the rhythm (Fig. 2.6).

.2 Effects of Vagotomy and Curarization

Vagotorny.  After unilateral vagotomy, the type I response in the thoracic
oesophagus disappeared (Fig. 2.7A, n = 2). Unilateral vagotomy impaired the type 11
response in the distal oesophagus, as evidenced by an increase in the V., and a reduction
in both the number and amplitude of the rhythmic pressure waves (n = 7, Fig. 2.7B).

Bilateral vagotomy abolished the type 11 response (n = 7, data not shown).

Curarizati i I istensi ked pressure
waves, including the fvpe I response in the proximal oesophagus (Fig. 2.8A-1, n=4),
the type 1 response in the distal oesophagus (Fig. 2.8A-2, n = 6) and the "off response”
(Fig. 2.8B, n = 2). During paralysis, a change in pressure-volume relationship was
evident in upper portions of the oesophagus (n = 4) indicative of an increased resistance
of the ocsophageal wall to inflation.
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Fig. 2.7 Effect of acute unilateral vagotomy on the reflex ocsophageal response. Reflex
responses in the thoracic (A) and distal (B) segment before (left) and after (right)
vagotomy. A. Unilateral vagotomy abolishes the monophasic response in the thoracic

segment and increasing the inflation volume (indicated below cach pressure trace) fails

to restore the reflex. B. Rhythmic reflex activity in the distal scgment is markedly
attenuated. Broken portion of the line marks the period during which the balloon is

being inflated, solid portion represents sustained inflation at the volume indicated.
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Fig. 2.8 Inhibition of reflex oesophageal responses by curarization. A. Local reflex

responses evoked by fixed-rate inflation at the upper thoracic (A-1) and the intracrural

level (A-2) are reversibly abolished by D-tubocurarine (dTe, 0.15 wmol.kg" i.v.) and
recover within 15 - 30 min. Increasing the inflation volume (indicated under each
pressure trace) fails to overcome the blockade. Biphasic and steeper rise in intra-balloon
pressure in the upper thoracic oesophagus during motor paralysis (with inflation volume

less than 120 pl) probably indicates altered resistance of the oesophageal wall to

distension. B. Rapid inflation (indicated by the bars under pressure 1" ace) and deflation

of the thars gment produce a complex reflex response in the distal segment aboral

to the inflation balloon. block with i D-tubocurarine (0.15

pmol.kg ') eliminates all componenis of the complex reflex.
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2.2.3 Cholinergic Effects

Type I and "deftation-response”. Intravenous administration of 0.2 umol.kg"
methscopolamine, a CNS-impermeant mAChR antagonist (n = 4), did not affect the
“iype I response” or the “deflation-response* (Fig. 2.9). However, an equimolar i.v.
dose of the CNS-permeant mAChR antagonist, scopolamine, produced a prolonged
inhibition of both responses. The amplitude of the fype I activity was reduced from 4.2
+ 0.9 kPa t0 0.6 + 0.3 kPa (n = 12 trials from 4 animals, P<0.05). The "off
response” was abolished in all cases (n = 4).

Methscopolamine (50-100 pmol) applied bilaterally to the NTS surface abolished
the "off-response” within 5-7 min (n = 3, not shown). During the following 60 min,
neither the “rvpe | response” nor the "deflation-response” recovered from the inhibition.

Type Il Response. Muscarine 20-35 nmol.kg" i.v. evoked a transient, slow
pressure rise (0.2 -0.4 kPa) in the cervical, thoracic and distal oesophagus (n = 3, not
shown). Methscopolamine 0.2 pmol.kg™ i.v. blocked the muscarine-induced response,
however, at the same dose it did not affect the type [ response in terms of either the V.
or the mean amplitude (Fig. 2.10A-2 and 2.10B, n = 6).

Scopolamine 0.2 umol.kg™ i.v. significantly depressed the type Il response (Fig.

2.10A-3, n = 14) and in 5 animals caused a complete loss of response at inflation

volumes as high as 160 to 180 pl. In the remaining 9 cases, the V. value was increased

by twofold and the mean amplitude was reduced (Fig. 2.10B).

Application of either ine or ine (50 to 100 pmol in 0.01-

0.02 pl) to the NTS surface strongly inhibited the type II activity. In 2 out of 12
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Fig. 2.9 Inhibition of the i reflex response by blockade of central

muscarinic cholinoceptors. Three balloons are positioned in the cervical (CL), the
thoracic (TE) and distal oesophagus (DE). During sustained inflation (1) at the thoracic
level, a high amplitude pressure wave (type I response) is scen in the inflated segment
and low-amplitude pressure wave at CE and DE levels. Deflation () triggers a pressure
wave (off-response) in the distal but not the cervical oesophagus. Reflex responses are
not affected by intravenous methscopolamine (MSCP, 0.2 umol.kg"), but inhibited by

an dose of
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Fig. 2,10 Inhibition of reflex msoplxa@‘@tses by CNS-permeant, but not -

impermeant mAChR ist. A. Rhythmic type flex-pi waves in the distal
oesophagus (DE) at incremental inflation volumes (A-1) are not affected by CNS-
impermeant antagonist methscopolamine (MSCP, 0.2 pmol.kg" i.v.) (A-2), but are

strongly inhibited by same dose of the CNS-permeant scopolamine (Scop.) (A-3). B.

Difference in effect of mAChR ists on the inflati P i ip. Mean
amplitudes of oesophageal contraction are averages of intraluminal pressure waves during
first 10 seconds of each inflation trial, determined in 6 separate experiments. In contrast
to MSCP, scopolamine inhibits the reflex by increasing V;. and reducing the mean

amplitude of evoked pressure waves.
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methscopolamine-treated animals, the responses were absent even at elevated inflation
volumes (160-180 ul). In the other 10 animals, an increase in V; and reduction in mean
amplitude were evident (Fig. 2.11A & B). A partial recovery was seen 2-3 h after topical
application of methscopolamine. In control tests (n = 3 of each), methscopolamine (100
pmol in 0.02 ul) applied topically to the dorsal surface of the medulla oblongata
surrounding the NTS (n = 4) or pressure-cjected into the AMB,. (n = 3) was without

effeet on the e response 1o di ion. Furthermore, 0.1 nmol dihydro-g-

erythroidine, a central nicotinic cholinoceptor antagonist (Curtis & Ryall, 1966), applied
to extraventricular surface of the NTS (n = 3) was ineffective.

Alier intravenous administration of 0.2 gmol.kg™ BW284c51, a CNS-impermeant
selective inhibitor of acetylcholine esterase, fype Il responses were unaffected (Fig.

2.12A-2 and Fig. 2.12B; n = 4), although all animals displayed overt signs of peripheral

ity including i muscle i i sialorrhea,
lachrymation, defecation and micturition. In contrast, after intravenous administration of
0.1-0.2 pmol. kg™ physostigmine. a CNS-permeant anticholinesterase, the type I/ response
was facilitated (Fig. 2.12A-3; n=7), as evidenced by a left- and upward shift of the
volume-response relationship (Fig. 2.12B). Furthermore, slow pressure waves occurred
also in the upper thoracic segment during inflation of the distal oesophagus (n=5/7;not
shown) and exhibited a shape resembling that of a fype I response. However, the
proximal rype I-like waves failed to propagate into the distended portion of the
oesophagus, and instead were accompanied by inhibition of type II activity, as evidenced
by a phase-shift in wave rhythm and a decrease in wave amplitude. When applied to the
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Fig. 2.11 [Inhibition of the type Il response by mAChR antagonists applicd o NTS

surface. A. Both ine (A-1) and lamine (A-2) inhibit the reflex

response. R- & L-NTS: right- & lef-NTS. B. After bilateral methscopolamine (MSCP).
V, increases from 62 + 5.5 to 118 + 7.0 pl (B-2), whereas the mean amplitude
decreases from 3.0 £ 0.25 10 1.3 + 0.2 kPa (B-1). After bilateral scopolamine (Scop.),
V, increases from 62 £ 5.5 t0 138 £ 12 pl (B-2) and the mean amplitude is decreased
from 3.0 £ 0.25 to 1.2 + 0.2 kPa (B-1). Asterisks denote significant difference vs.
control (P < 0.05); n represents the number of trials with number of separate

experiments given in parenthesis.

68



Control Scop. / R-NTS Scop. /R- & L-NTS

(8]

M )

=

Mean Amplitude of Pressure Wave (kPa)

Sonrel MSCP / RNTS 45 min afier
iy
60 4l \ /—/n::\r _/'/xoul \
lOs
L ‘ 2

BX3 MSCP/NTS

140 1 BRR Scop./NTS
Scop./NTS

120 4

100 A

Threshold Volume of Inflation (ul)

0=20 n=20 n=20 n=10
(10) (10) o (10) (10) )

69



Fig. 2.12 Effects on reflex ocsophageal response of intravenous acetylcholinesterase
(AChE)-inhibitors. A. A rapid step inflation of the distal ocsophagus evokes rhythmic
pressure waves whose mean amplitude increases with the inflation volume (indicated
under each pressure trace, A-1). The reflex response is unaflected by BW2RdeS1 (0.2
pmol.kg" i.v.)(A-2), but enhanced by physostigmine (A-3). B. Difference in effect of

AChE-inhibi on inflati 0 i ip. Unlike BW284c51, physostigmine

(0.1 10 0.2 pmol/kg i.v.) facilitates the reflex response by lowering the V, and enhancing

the mean amplitude of oesophageal pressure waves.
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NTS surface. both physostigmine (20-50 pmol) and BW284¢51 (20-50 pmol) enhanced

the type II response (Fig. 2.13).

2.2.4 Effect of NMDA Receptor Antagonists

Type I and "deflati sponse”. ‘Topical ication of AP-5 (10-50 nmol) 0
P! I

the NTS surface climinaied both the type Tand the off-responses (n = 4 out of 4). Partial
recovery occurred after 15-30 min; full recovery in 30 w 60 minutes in all animals tested
(Fig. 2.14A, n = 4).

Type H response. The type Il thythmic activity in the intracrural ocsophagus was
highly sensitive to NMDAR blockade. Ketamine, a NMDA receptor channel blocker
(Anis et al., 1983), given i.v. at a dose of 1-2 mg.kg" invariably induced a compleie
inhibition (Fig. 2.14B-1, n = 7). The response partially recovered in 15-20 min and was
fully restored in 50-60 min. After ketamine, spontancous deglutition persisted, but its

was elimi As shown in

. 2.14B-2, application of 100
nmol ketamine to the NTS surface climinated the fype I activity for 30 - 50 min (n =
4). The effect of topical application of AP-5 was tested in 9 animals. Two (o live
minutes following application of 10-50 nmol AP-5 (o the NTS surface, rhythmic
contractions could not be evoked by high volume (> 120 gl) inflation (n = 9 out of 9
tested animals; Fig. 14B-4). Full recovery of the response occurred between 30 - 40 min
after application of AP-5. When 50-100 pmol of AP-5 was unilaterally injected into the
region of the NTS,., the V. of the type Il reflex response increased with a concomitant
decrease in amplitude of the pressure waves (Fig. 2.1413-3).
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Fig. 2.13 Facilitation of the reflex response by AChE-inhibitors applied to the bilateral
NTS surface. Both physostigmine and BW284c51 facilitate the type I1 reflex response by
reducing the Vy and increasing the amplitude of evoked pressure waves. With
physostigmine, the mean amplitude increases from 3.0 + 0.25 10 5.2 + 0.35 kPa, while
the Vy deereases Irom 62 + 5.5 to 36 £ 7.5 ul. BW284cS1 increases the mean

amplitude from 3.0 + 0.25 10 4.9 + 0.7 kPa; and lowers V; from 62 + 5.5 t0 38.5 +

8.5 ul. Asterisks denote signiticant difference vs. control (P < 0.05); n represents the

number of trials with number of separate experiments given in parenthesis.
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Fig. 2.14 Blockade of thz ocsophageal reflex response by N-methyl-D-aspartate receptor
antagonists. A. Following a sustained inflation (indicaed with a up-ward arrow and
dashed line) of a balloon positioned in the thoracic oesophagus. deflation (down-ward
arrow) of the balloon evokes a single contraction ("deflation response™) at the distal
portion of the oesophagus. The response is reversibly suppressed by application ol ( 1)-2-
amino-5-phosphonopentanoic acid (AP-5, 20 nmol) to the bilateral NTS surface and
recovers within 10 min. B. Rhythmic (type ) response is reversibly blocked by

ketamine, given i.v (1 mg.kg*)(B-1) or applicd to the NTS surface (100 nmol)(B-2) and

recovers within 15-25 min. When applicd 10 the NTS surface (100 pmol, B-4) or

pressure-cjected to the NTS,. region (20 pmel B-3), AP-5 causes an analogous inhibition,
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2.3 Discussion

“The present study demonstrates that the rat striated muscle oesophagus possesses
reflex capabilitics analogous 1o those described in other mammals possessing a mixed
striated-smooth muscle gullet. The diverse reflex responses are segmentally organized
and dependent on cholinergic and EAAcrgic neurotransmission in the NTS region. As

the oesophageal distensions were performed by controlled slow or one-step rapid inflation

al a balloon volume just above the threshold, the pressure waves evoked in different
segments are likely to represent the physiological reflex repertoire of the oesophageal

body. Since all types of distension reflex responses were abolished by curare, but not

fected by peripheral mAChR blockade. the smooth muscle component seems 1o be

negligible.

2.3.1 Organization of Reflex Responses

Segmental patterns.  An unexpected finding of the present investigation was the

| variation in di ion-induced reflex response, which belies

proxi
the structural uniformity of the rat oesophagus (Gruber, 1978; Kauffmann et al., 1968
Marsh & Bicger, 1986). While both non-rhythmic and rhythmic reflex contractions have
been described in various other laboratory animals (Blank et al.,1989; Christensen &
Lund, 1969; Christensen. 1970: Falempin & Rousseau, 1984; Paterson ct al.,1991; Seller
& Tireher, 1959), and the human (Baylis et al.,1955; Creamer & Schlegel,1957; Ren et
al. . 1995), (heir segmental organization has not been clearly demonstrated to date.

In the rat, tvpe II thythmic reflex activity was more or less confined to the
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intracrural (diaphragmatic) portion of the ocsophagus. However, although its rhythm
ina narrow fiequency band overlapping with that of breathing, it had no relationship w0
diaphragmatic activity. It should be noted that distension of the oesophagus in the cat
(Jones et al.,1994) and dog (Holland et al.,1994: Oliven et al.,1989) has been reported
1o selectively inhibit phasic inspiratory activity in the crural portion of the diaphragm.
If the same mechanism existed in the rat, it would rule out diaphragmatic movement as

the caus

of the rhythmic oesophageal pres

sure waves. More (o the point, the tvpe 11
rhythmic response was climinated by vagotomy, or by blockade of NMDA receptors in

the NTS with only minor changes in respiratory activity. The pre

nce of a rhythmic

st

reflex mechanism in the intracrural portion may relate to the requirement for effici
bolus propulsion through the distal oesophagus, as this region, surrounded by the crura
of the diaphragm, probably imposes mechanical limitations on bolus size.

Both rvpe [ and type I local reflex responses were of a propulsive nature and in
the latter case were observed to start above the distended portion ol the ocsophagus.
Since the muscle fibers in the inflated segment were stretched to a greater degree, the
response was stronger than that in the proximal segments. One may therefore consider

these segmental reflex responses to be indistinguishable from true secondary peristalsis.

In view of the vigorous type I and type /1 responses reproducibly evoked at the thoracic
and distal segments in all animals, the apparent absence of responses in the cevvical
oesophagus in most cases is remarkable. A possible explanation would be surgical
damage to oesophageal nerve libers running in the ramus externus of SLN, which supply

the rostral-most oesophagus.
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“The segmental variation in acsophageal reflex activity also manifested itself in

(erms of the different pressure wave forms observed in the thoracic and the intracrurual

rent

sepments, suggesting that di segments are individually controlled by
subcircuits.  Consistent with spinal cord "segmental neuronal circuits” subserving
propulsive locomotion (Grillner et al., 1991), such an arrangement would confer

flexibility on the esophagomotor pattern generator network. This concept is also

supported by previous studies showing that (i) vagal affcrents from the ocsophagus

viscerotopically project to the N (Alischuler etal.. 1989): (ii) the oesophageal tunica

muscularis  propria receives a - myotopically organized innervation  from  AMB,
motoneurons (Bicger & Hopkins, [987: Barrett et al.. 1994): (iii) microphoresis of iGluR
or MACHR agonists atong the rostro-caudal axis of the NTS,. leads to esophagomotor
responses that involve discrete segments and show rhythmic or non-rhythmic patterns
along the length of the oesophagus (Bicger, 1984: Hashim & Bieger, 1989). When

present simultancously., the two response types could interact in an inhibitory manner,

such that the proximal rype I response appeared to cause a transient phase delay and a
weakening of distal 2vpe I thysimic activity. A similar phenomenon has been observed

in previous studies on sheep, in which inflation of a sccond balloon cranially in the

vesophagus led 1o abolition of rhythmic afferent unit activity from the caudal segment

where a baltoon distension is maintained (Falempin & Rousseau, 1983). Taken together,

these findings suggest the existence of a descending inhibitory mechanism. These
segmental units could operate in a coordinated manner during primary peristalsis, but
function independently when selectively activated by appropriate sensory inputs.
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Coordir reflex responses.  The ina “inflation” and "deftation”

responses of the rat ocsophagus invite comparison with “on” and "off” responses of the
smooth muscle ocsophagus of the human (Creamer & Schiegel. 1957), the opossum

(Christensen. 1970: Paterson et al.. 1991) and the cat (Blank et al, [ 1989).

As defined in present study. the "inflation” response in the rai oesophagus w

dependent on an intact vagal innervation and sensitive to blockade of central but not
peripheral MAChRs (see below). The in vivo "on" response of the opossum smooth

muscle oesophagus likewise appears to be vagally mediated (Paterson, 1991), however,

is reportedly non-propulsive like that in the human (Paterson et al., 1991) and has

atropine-sensi

ivity that decreases in the aboral direction (Paterson et al. 1991). In

apparent contradiction to these Jatter two species, the rat exhibied a propulsive

“inflation” response that was evident only when the inflation balloon was lelt tree o
move. Arguably, this technique may produce a similar result in the other species.

The vagally-mediated "deflation” response in the rat resembled the “off™ response
of other species, but would seem to be comparable only with that described in the feline
striated muscle oesophagus (Blank ¢t al.,1989), neither requiring transmission via
peripheral mAChRs. The present study did not determine whether the “deflation”
response in the rat was propulsive: however, “off"-responses in the smooth muscle
ocsophagus in all specics examined o date are typically propulsive (Blank et al.. 1989:

Paterson et al.,1988: Paterson et al..1991). Since the "off"-response of the opossum

oesophagus can be clicited in vitro (Christensen & Lund,1969; Christensen, 1970:
Paterson & Indrakrishnan, 1995), it is thought to be coordinated by intramural neural
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mechanisms. involving a rehound excitation of the muscle after inhibition by non-
adrenergic non-cholinergic myenteric neurons (Paterson & Indrakrishnan, 1995).
Nevertheless, the analogous “deflation” response in the rat was abolished by blockade
of central mMAChRs and NMDARs in the NTS, implicating its dependence on central
links. While some workers cquate the "off"-response with secondary peristalsis (Blank

ctal., 1989; Paterson et al., 1991), it may be reasonable to view this response as a

component of a centrally coordinated reflex synergy. which operates at high velo

of holus transport.

2.3.2 Central Cholinergic Modulation

The present study provides strong evidence that a cholinergic link in the NTS
plays an intcgral part in reflex oesophageal peristalsis. Previous studies have
demonstrated in the rat that intravenous administration of the mAChR antagonist,

the stage of fictive swallowing (Bieger, 1984: Wang

& Bicger, 1991). Conversely. focal stimulation of mAChRs in the NTS,. produces

rhythmic oesophageal peristaltic contractions (Bieger, 1984), implicating a cholinergic

synapse in the N'TS,. in the generation of oesophageal activity. As shown in the present

study, all types of the reflex peristalsis in the rat oesophagus, including the "inflation”-
and "deflation "-response, were susceptible to agents capable of gaining access from the
cireulation 1o brain cholinergic synapses. In contrast, agents restricted to extracerebral

cholinergic sites, including those in oesophageal smooth muscle and intramural ganglia,

led 1 exert any effect on ocsophageal reflexes. As expected, CNS-impermeant
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compounds, BW284c51 and methscopolamine, proved highly effective when applicd
directly to the NTS. The central muscarinic receptors appear o operate at the level of

NTS

interneurons, rather than AMB,. motoneurons or ventral medullary interneurons,

since methscopolamine produced nhibitory effects only upon application to the NTS,

but not the AMB,.. However, the cholinergic link in the NTS,. does not seem o mediate

the esophagomotor reflex but instead plays a role in modulating the responsiveness

NTS,. premotor neurons to afferent inputs from the ocsophagus.

In humans (Paterson et al., 1991) and cats (Blank et al., [989), centrally-mediated

smaooth muscle evoked by

p i ion are atropi . This
effeet generally has been atributed 1o a peripheral mechanism. However, the action of
atropine could also involve central muscarinic cholinoceptors since atropine readily
crosses the blood-brain barrier. While only sketchy evidence is available with regard 1o
striated muscle oesophageal peristalsis in the cat (Blank ct al., 1989), the contribution of

central cholinergic mechanisms in oesophageal peristalsis nceds o be confirmed in other

mammals, including humans.

2.3.3 Excitatory Amino-Acidergic T mission

EAAs are the major excitatory neurotransmitiers in the CNS (Cotman & Iversen,
1987; Headley & Grillner, 1990) and the NTS of the medulla oblongata (Andresen &
Yang. 1990: Dietrich etal.. 1982; Drewe et al.. 1990; Wang & Bradley, 1995). Previous

studies from this laboratory (Bieger, 1984; Hashim & Bicger, 1989) also indicate that the

EAA input is mediated through activation of different EAA receptor subtypes at different
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NTS deglutitive loci. At ocsophageal loci in the NTS,., NMDA is more potent than other
EAA agonists such as kainate and quisqualate (Hashim & Bieger 1989), suggesting the

preferential association of the NMDA receptor subtype with oesophageal premotor

neurons. Consistent with this observation, the intravenous administration of MK801, a

non-competitive. NMDA - receptor ist, selectively supp the

component (primary peristalsis) of swallowing (Hashim, 1989). Furthermore, the
competitive: NMDA receptor antagonist, AP-5, reversibly blocks the oesophageal
contraction evoked from the NTS,. by glutamate microphoresis (Hashim and Bieger,
1989). An EAA-ergic link in the NTS,. region is thus likely to contribute to
esophagomotor control.

As expected, NMDAR antagonists were also effective in blocking oesophageal

reflex peristalsis. Specifically, our data corroborate the NTS as a major site of action.
Interestingly, the blocking effect of ketamine was seen at fairly low intravenous dosage.
However, the apparent antimuscarinic action of this drug (Contreras et al., 1990;
Duricux, 1995: Wilson et al., 1993) may be a contributing factor, as well as blockade
of oesophageal motoneuronal NMDA receptors (Lu & Bieger 1996). It should be noted
that ketamine has been employed as a general anaesthetic agent in many animal
experiments, including studics of deglutitive function. Since NMDA receptors appear to

be critically involved in esophagomotor control, results obtained from ketamine-

anaesthetized preparations must be interpreted with caution.

Insummary, the rat generates ly ized reflex responses
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to local distension with different segments showing different response patterns.

suggesting
the existence of segmenial pattern generator subcircuits. The operation of these

subcircuits depends on cholinergic and EAA-ergic neurotransmi

o at the brainstem

NTS region, presumably in the ocsophageal interncurons of the NTS,.. Based on these

findings. the next step was tu investigate the ocsophageal premotor activity pattern with

particular attention to the vagal afferent transmitter.
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Chapter 3
OESOPHAGEAL REFLEXES: BRAINSTEM NEURAL CORRELATES AND

VAGAL AFFERENT TRANSMISSION

According 1o Roman (1982) and Jean (1990), oesophageal interneurons form part
of the swallowing pattern generator consisting of a dorsal group of generator elements,
localized mainly in the NTS, and a ventral group of "switching” elements localized in
the lateral reticular formation dorsal to the nuclens ambiguus. In this model, the
deglutitive command patiern originating in the dorsal neurons is relayed to and
distributed by the ventral neurons to the appropriate motoneuron pools, including those
innervating the ocsophageal muscle tunics. However, neuroanatomical studies in the rat

hiive revealed that oesophageal second-order sensory neurons in the NTS,. send a massive

pli jection (o in the AMB,. (Bieger, 1984: Cunningham &

Sawchenko, 1989; Gai et al.,1995; Hashim, 1989). These neuroanatomical data have

been interpreted to indicate the reflex nature of control (Ct
& Sawchenko, 1988, 1989. 1990): however, little if any electrophysiological information
is currently available in (his regard.

The synaptic transmitter released by oesophageal vagal afferents to the NTS.
interneurons s yet to be identified. The intriguing possibility that vagal afferents are
cholinergic  merits  consideration because 1) ChAT-immunoreactivity has been

demonstrated in nodose ganglionic perikarya of the rat (Palouzier et al., 1987) and rabbit
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(Falempin et al., 1989: Ternaux ct al.. 1989): 2) the NTS,. contains a dense lield of

ChAT-immunoreactive terminals (Ruggicro et al..1990): 3) identificd propriobulbar

inputs to the NTS, appear (o be sparse (Cunningham & Sawchenko, 1990); 4) activation

ol rat NTS. mAChRs produces patterned oesophageal pet (Bieger. 1984 Hashim,

1989): and 5) the reflex geal response is i or dey by blockade of

NTS mAChRs (Chapter 2). However, the pharmacological evidence available at present

is equally i with a gic ism since 1) focal application of

glutamate receplor agonists 10 the NTS,. produces an esophagomotor response (Bieger,

1984; Hashim & Bieger, 1989), and 2) reflex peristalsis is completely

blocked by NMDAR antagonists applied to the NTS surface (Chapter 2).

The purpose of the present study was to record extracellular unit activity of

medulla oblongata neurons 1o di ion ol the I with a view 10

determine (i) the neural activity patterns underlying rhythmic and nonrhythmic reflex
patterns (Chapter 2) and (i) the contributions of ACh and EAA in mediating primary

oesophageal afferent transmission. As an extension of the second objective, an attempt

was made to determine the i of both itter substances in (he
of EPSPs evoked by electrical stimulation of the tractus solitarius afferents in brainstem

slice preparations.

3.1 Methods and Materials

3.1.1 In Vivo experiments



sxperiments were performed in4 1 male Sprague-Dawley rats. General procedures

ure recordings were the same as described in Chapter 2.

and intraluminal pre

i. Oesoph { di ion. A rapid one-step was delivered by means

of a manually operated 500 pl syringe connecied to the inflation catheter. According to

the experimental protocol, the inflation balloon was positioned either in the thoracic or

the distal ! A supra-threshold volume for i ion was

determined by increasing injections in 5-10 ul sieps over the range of 100 - 200 pl. Once
determined, the same inflation volume was used throughout the experiment. As a
safeguard agaast possible fatigue of the oesophageal tension receptors, successive

distensions were separated by at least 90 s.

i, £ ling and drug icati To establish the locations of

neurons in the medulla ponsive to i ion and to study the

acsophagomotor reflex behaviour of these neurons, a microelectrode was used for
extracellular recordings. The electrode consisted of a glass micro-pipette containing a fine
carbon fibre (8 pm in diameter). The carbon fibre protruding from the pipette tip after
pulling was cut, and then clectrically etched to a length of 4-6 um with chromic acid
after the pipette was filled with 4 M NaCl. Under microscopic control, the micropipette
was stereotaxically inserted into the medullary tissue with the rostral margin of the area

postrema (AP) as a reference landmark. In light of previous work (Bieger 1984; Hashim

and Bieger 1989), ions of esoph lated neurons were mainly performed

within two medullary regions: namely the medial portion of the NTS and the rostral
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portion of the AMB. Electrade penetrations were made 100-150 jam apart in both the

mediolateral and rostrocaudal planes. The electrade was advanced in 30 un dorsovenral

steps with aesophageal distension applicd between each step. The recording pipetie was
finally positioned at a site where unit discharges were repraducibly evoked by
oesophageal distension (Fig. 3.1A). Unit discharges were monitored on i dual beam
oscilloscope and discriminated by adjusting the window height of a spike-trigger

(Neurolog). Discharge frequency was displayed on a Grass polygraph through a rate

meter (Neurolog) along with intra-oesophageal pressure signals. Since the discharges

represent multi-unit activity, peak discharge (requency was used as an index of the

intensity of neuronal responsivity in the two regions. In 9 experiments. the recordimg,

pipetie was filled with 4 M NaCl plus 4% lucifer yellow (Sigma). ‘The fuorescent dye

clectrophoretically ejected at the recording site with negative DC current pulses (500

ms, 2 Hz, 5-10 aA, 5-10 min) at the completion of recordings.

Drugs were either administered intravenously or applied to the NS surfice as

described in Chapter 2. In 3 experiments, glutamate (0.2 M) was pressure-cjected near

the recorded neurons through a scparate barrel of the recording pipetie.

iii. Mistological examination.  Fifteen minutes after the dye injection, the

animals were perfused with 150 - 250 ml of ., followed by 250 ml of fixative
(4% paraformaldehyde). The medulla oblongata was removed, stored overnight in the

same fixative at room temperature, and sectioned in the transverse plane on a vibratome,

Sections (75 or 100 pm thick) zontaining the recording site were mounted on slides in
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0.1 M phosphate buffer and viewed under a fluorescence microscope. The recording sites
were identified by their yellow fluorescence under dark field illumination and by the
clectrolytic lesion. Maps of recording sites were prepared based upon  previous

neuroanatomical studics (Alischuler et al. 1989: Bieger & Hopkins, 1987).

302 In vitro experiments

i. General procedures for slice preparation. Spraguc-Dawley rats weighing 120-
250 g were anaesthetized with urethane (0.8-1.0 g, i.p.). The brain was rapidly removed

and placed in cooled (1-4°C). oxypenated (95% O, - 5% CO,. modified aniificial

cerebrospinal uid (ACSE). The brainstem was isolated and glued to a mounting block.
From each brainstem, one horizontal slice containing NTS,. and solitary tract (400 um
thick) was cut on a vibratome and continuously bathed in oxygenated modified ACSF at
raom temperature. The procedure was completed within 10 min. Following 40 - 60 min
recovery at room temperature in modified ACSF, slices were transferred to a submerged
type recording chamber and perfused with normal ASCF at a flow rate of 2.0 mI/min and
atemperature of 32-34°C. Normal ACSF consisted of (in mM): NaCl 126; KCI 3; CaCl,

2: MgCl, 20 KHLPO, 1.2: NaHCO, 26 and glucose 10, and was continuously bubbled

with 95%0,-CO, to maintain a pH of 7.3 - 7.4. In modified ACSF, NaCl was replaced

by iso-osmolar sucrose (Aghajanian & 1989).

ii. Recording of EPSPs. The NTS,. region was identified in horizontal slice

preparations with reference to anatomical studies (Alischuler et al. 1989; Barrett et al.
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1994). Thirty-two horizontal brainsten: slice preparations containing the N'US,. were used

alize the NS, whole cell

for the experiments. By using a dissecting microscope o v

ances measured in

recordings were made in the N

- region. Patch pipettes had r

e 145;

ACSF ranging between §-12 MQ. Paich pipetes contained (in mM): K-gluco

MgCl, 2: N-2-hydroxy-ethylpij ine-N'-2 lonic acid (Hepes) 51 1,2-bis (2-

aminophenoxy) ethane-N,N,N" N-tetraacetic acid (BAPTA) 1.1; CaCl, 0.1; KATP S,

A bipolar micro-electrode made of sharpened tungsten wire was placed in the solitary

tract of the slice. Single monophasic square wave pulses (0.1 ms, 0.5-30 V) and/or pulse

trains (1-5 V. 1-10 Hz, 1-5 s} were delivered to the solitary tract fibres (o clicit

posisynaptic potentials (PSPs) in NTS,. neurons. After stable NTS,. excifatory

s were examined.

postsynaptic potentials (EPSPs) were obtained, eficets of antagoni
Drugs were either pressure-cjected in pulses of 50-200 pl from a multibarreled pipetie
positioned 100 um from the recorded cell or applicd by bath perfusion.  All recordings
were made with an Axoclamp Il amplifier. The membranc potential of the neurons wis
displayed and captured on a Nicolet 310 digital oscilloscope and saved on a computer for

off-line analysis. Data were averaged and analyzed using a suite of software routines

written in Asyst (Asyst Laboratory. Technology, Rochester, N.Y.).

3.1.3 Drugs and statistics

Ky , (£)-2-amino-7-ph ic acid (AP-7) and y-n-glutamy!

glycine (y-DGG) were purchased from Sigma; all other drugs were obtained from
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3.1 Distribution of medullary loci where unit-discharges are cvoked by ocsophageal

distension. A. Dorsal view of electrode penetrations yielding responsive (large dots) and
nonresponsive (small dots) loci. B. As projected onto the transverse planes spanning
rostrocaudal levels B-1 and B-2, the responsive loci (n = 14 from 9 animal) are clustered

ina region ive with the centralis of the NTS (NTS-c)

and a rostroventral region comprising the compact formation of the nucleus ambiguus

(AMB-c). Distances on the X- and Y-axis are marked in millimetres (mm) with reference

(o the midline and the cranial cdge of the area postrema. R. rostral; M. medial: 1V.

fourth ventricle; V11, facial nucleus; ST, solitary tract; X11, hypoglossal nucleus: DMV,

dorsal motor nucleus of the vagus.



204
sl
1.5 4
1.0 4
0.5 4 i
o} iB1
-0.5
0 05 10 15 20 25 3.0(mmy

B 1 0-04mm 2. 1015 mm

91



commercial sources as described in Chapter 2.
Paired 1-tests were done using SigmaStat (Jandel Scientific). All statistical values

are presenied as means £ SD. P < 0.05 was considered to be significant.

3.2 Results
3.2.1 Distension-Evoked Medullary Multi-Unit Discharges In Vivo

i. L ization of medullary neurons.

were obtained from oesophageal distension-responsive neurons in the dorsal and ventral
medulla oblongata (Fig. 3.1A) The dorsal region extended between [00 um caudal to
and 400 pm rostral 1o the cranial edge of the arca postrema (AP), 600 to 800 wm lateral
(o the midline, and 350 to 550 um below the dorsal medullary surface. The veniral
region was located between 1000 to 1800 m rostral to the rostral edge of the AP, 1900
10 2200 um lateral to the midline, and 2000 to 2300 pm below the dorsal medullary
surface.  The fluorcscent marks and electrolytic lesions of the recording sites for 14
typical recordings were histologically verified in 9 animals (Fig. 3.1B). The medullary
dorsal sites (n = 7) were located in the medial region of the NTS, coextensive with the
NTSe.. In seven recordings in the ventral medulla, five recording sites were located
within the boundary of the AMB,. and the other two recording tracks ended about 50-70

um dorsal (o the AMB,..
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Fig. 3.2 Neural discharge patterns in the brainstem recorded during the distension-

evoked reflex response of the oesophagus. Traces in A, B, C and D are obtained from
four experimental cases. A non-rhythmic discharge occurs in the NTS. (A) and AMB.
(B) upon inflation of the lower thoracic oesophagus (indicated by thick bar under
pressure traces). The non-rhythmic discharges lead monophasic pressure waves in the
upper thoracic oesophagus (UTE). Rhythmic discharges seen in the NTS, (C) and AMB.
(D) during sustained distension of the distal oesophagus (DE), lead phase-locked pressure
waves in distended segment. Pressure waves in C and D are greatly attenuated because

they are recorded by an air-filled balloon. #, inflation; ¥, deflation.
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ii. Segmental differences. At rest, tonic unit discharges (0.5 - 3 Hz) were
observed in the NTS, region (n = 19), while the majority of units in the AMB,. region
(n = 16 out of 22 recordings) were silent in the absence of oesophageal stimulation.
Ocsophageal distension evoked burst unit discharges in the two regions. Burst discharges
could be elicited in the NTS. by small-volume inflations at which a detectable
csophagomotor reflex response was not produced. In contrast, AMB,. bursts occurred
only when reflex responses were observed.

Depending on the segment being inflated, two patterns of unit discharges were
clicited. With inflation of the mid-thoracic oesophagus. single burst discharges were
cvoked in the NTS,. (n = 9, Fig. 3.2A) and AMB,. (n= 8, Fig. 3.2B). These discharges
(n = 12 out 17 recordings) typically started with a high frequency burst and decayed
gradually. The remaining 5 units (n = 5/ 17) fired for a 2-3 s period and then ceased
abruptly. The single burst discharges inboth the NTS,. and AMB,. region had a 1: 1 phase

relationship with type I reflex responses (Chapter 2). In contrast, distension of the distal

ocsophagus produced unit discharges in both the NTS,. (Fig. , n = 10) and the
AMB,. (Fig. 3.2D. n = 14) that were rhythmic and bore a fixed phase-relationship with
type Il reflex peristalsis (Chapler 2). Statistical analysis of typical recordings of type I1
responses (Fig. 3.3) demonstrated a highly regular burst-pause pattern of neuronal
activity in the NTS,. and the AMB,.. In the NTS, peak frequency (Fy.) of the burst
discharge ranged from 80 to 165 Hz (mean 125 + 17 Hz,n = 19). In the AMB,., Fyy

values ranged from 50 to 130 Hz (mean 92 4 16 Hz, n=22).
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Fig. 3.3 Analysis of the reflex-evoked rhythmic esophagomotor discharge patiern. A.
Representative example of burst activity in the AMB,. illustrates regularity of rhythm.
The horizontal dotted line indicates level (15 to 20 Hz) at which the burst-pause phases
are evident in all analyzed cases (n = 52 burst-pause cycies from 9 animals). B. The
duration of each burst (T,,) is 0.90 + 0.06 s. The mean interval between the bursts (1))
is 0.65 + 0.10 s, The period of cach bursting cycle (T¢) is 1.55 + 0.11 5. The

frequency of the rhythmic bursts (1/T,.) is 0.64 £ 0.04 Iz,
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3.4 Phasc-relationship between type 11 esophagomotor burst discharges and

aesophageal pressure: wave activity, A. Fast step distension & ¢ +) of the distal
oesophagus (DE) evokes AMB,. rhythmic discharges that lead rhythmic propulsive
pressure waves in the lower thoracic (LTE) and the distal oesophagus (DE) by ~0.2 s;
nole the lag between the thoracic and distal pressure wave, as well as the difference in
wave shape. B. glilamate (0.2 M, ~20 pl) pulse-ejected at the same recording site in
the AMB,. (indicated as a black dot) elicits a volley of unit discharges that leads a
synchronous contraction in lower thoracic and distal scgments of the oesophagus with a
lalency < 50 ms. Pressure signal recorded in the distal oesophagus is attenuated due to

use of air as the inflation medium,
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Although the recording and stimulation technique employed in the present work
did not permit precise measurement of the latency between the unit discharges and the
ocsophageal pressure wave, the records clearly showed that both the type I and type Il

- and AMB,. preceded the reflex oesophageal pressure waves

unit discharges in the N
in a phase-locked manner. The latency between the start of the distension-evoked AMB,.
type 1 burst discharges and the onset of the reflex oesophageal pressure wave in the
thoracic segment immediately above the point of inflation was 0. 15 to 0. 18 s, while the
corresponding latency of the pressure wave in the inflated distal segment itself was more
than 0.3 s (Fig. 3.4A). However, glutamate (0.2 M, 20-50 pl) pulsed directly to the
recording site in the AMB,. elicited unit discharges that were followed by a synchronized

non-propulsive ocsophageal pressurc wave with a latency shorter than 50 ms (Fig.3.4B).

None of the rhythmic unit di showed any phas i ip with breathing,
iii. Effect of vagotomy. Contra- and ipsilateral vagolomies were performed in

order to examine the laterality of afferent input to medullary oesophageal neurons. After

contralateral vagotomy, the  distension-evoked unit discharges in the NTS,. region

persisted (Fig. 3.5A, n = 4). Ipsilateral vagotomy eliminated the evoked unit discharges

in both the NTS,. (Fig. 3.5B, n = 6) and AMB,. region (Fig. 3.5C, n = 2).

iv. Effect of curarization. The effects of curarization on NTS. (n = 5) or

AMB,. (n = 6) unit discharges and ions were observed in 11 animals
during artificial ventilation.  Within 30 s after intravenous administration of b-

tubocurarine (0.075 pmol.kg™). the amplitude of reflex oesophageal pressure waves
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Fig. 3.5 Effects of contra- and ipsilateral vagolomy on ocsophageal distension-cvoked
neural discharges in the medulla oblongata. Unit-discharges in the N'TS,. region evoked

st after contralateral cervical

by oesophageal distension (indicated by thick bar) p
vagotomy (A) but disappear following ipsilateral cervical vagotomy (B). Distension

evoked unit discharges in the AMB,. are also abolished by ipsilateral vagotomy (C).
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Fig. 3.6 Effects of curarization on oesophageal distension-evoked activity i premotor
and motoneuronal levels. After intravenous D-tubocurarine (d'Fe iv.: 0.075 - 0.15
wmol.kg), intensity of monophasic (type 1) unit discharges in the AMB,. evoked by
inflation of the thoracic oesophagus (TE) is reduced as evidenced by a delayed and
decreased discharge (A): thythmic (type 1) burst activity in the N'TS. (B) and AMB,. (C)
evoked by distension of the distal ocsophagus (DE) shows altered periadicity and

significant (*, P < 0.05) decrease in peak frequency (D).
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declined to undetectable levels. At the same time. the Fy.. of type | unit discharges in
the NTS.. (n = 3. not shown) and AMB,. (n = 3: Fig. 3.6A) was reduced. Likewise,
type I unit discharges in the NTS,. (Fig. 3.6B, n = 3) and AMB,. (Fig. 3.6C. n = 5)

were markedly aliered. [n the NTS,. region, the Fyq was reduced 10 90.5 & 3.4 % of

the pre-curare control (n = 6 trials from 3 animals. Fig. 3.61-1). In the AMB,. region,
the Fyy was reduced 10 70.8 + 9.7 % of the pre-curare control (n = 6, Fig. 3.6D-2).
Furthermore, the burst-pause pattern of the discharges became less distinet or was
obliterated. During recovery of the thythmic reflex peristaltic pressure waves, the burst-
pause pattern reappeared and fuing rates were restored.

v. Effects of activation and blockade of mAChRs in ipsilateral NTS . Vollowing
application of the AChE inhibitor physostigmine (20 pmol) to the ipsilueral N'TS surface,
the peak frequency of type 11 unit discharges evoked in both the NTS,. (Fig. 3.7A) and

the AMB,. (Fig. 3.7B) was increased to 138.3 + 19.2 % of the control (Fig. 3.7C-1) and

130.2 + 13.4 % of the control (Fig. 3.7C-2), respectively. Intracsoph

| pressure

waves were also enhanced and the burst pause pattern of the rhythmic discharges became
more distinct (Fig. 3.7A and 3.7B).

During blockade of reflex peristalsis following topical application ol

methscopolamine (0.1 - 1.0 nmol) to the ipsilateral NTS surface, the distension-cvoked

burst discharges in the NTS,. and the AMB,. were aliered in a region-spec manner,
In the NTS,. region, both type | (n = 4, Fig. 3.8A) and 1ype I1 activity (n = 7, Iig.

3.8B) persis

ed. although the Fp, of the neuronal responses was gradually reduced 1o
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Fig. 3.7 Effects of ipsilateral activation of NTS mAChRs on premotor and motoneuronal
activity evoked by distal oesophageal (DE) inflation. Evoked unit discharges in the NTS,.
(A) and the AMB,. (B) are znhanced by application of physostigmine (20 pmol) to the
ipsilateral NTS surface. The peak frequencies (Fy.,) of the discharges in the NTS,. (C-1)
and the AMB,. (C-2) are significantly (¥, P < 0.05) increased to 138.3 + 19.2 % of the
control value of 125 + 17 Hz and 130.2 + 13.4 % of the control value of 92 + 12 Hz,
respectively. Note the increase in the intra-oesophageal pressure waves (recorded by an

air-filled balloon) and the change in the burst-pause pattern after physostigmine.
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cts of ipsilateral NTS mAChR blockade on premotor and motoneuronal
activity evoked by oesophageal inflation. Five minutes after application of
methscopolamine (MSCP 0.5 nmol) 1o the ipsilateral NTS surface, vigorous evoked
discharges are still evident in the NTS. (A and B), although evoked motoneuronal
discharges in the AMB,. (C) along with reflex oesophageal pressure waves (A, B and C)
are abolished. Note the altered pattern of type 11 burst discharges in the NTS,. after

blockade of the output by ine. Five to thirty minutes after

MSCP applied to the ipsilateral NTS, the F,,, of the NTS,. bursts further declines from

77.3 £ 8.5 % 1058.4 £ 11.1 % of the control value of 125 + 17 Hz ( *, P < 0.05).
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Fig. 3.9 Effect ol contralateral activation and blockade of NTS mAChRs o
motoneuronal activity evoked by oesophageal inflation.  A. Control shows an
extracellular recording from the left AMB,. (I-AMB,.) region during distension of the
distal oesophagus (indicated by heavy bar below the trace). Following application of a
subthreshold-dose (12 pmol) of muscarine to the right (contralateral) NTS (r-NTS)
surface, the evoked unit discharges in the left AMB, are reversibly depressed and
motoncuronal activity fully recovers in 15 min. B. Control (left panel) shows another
extracellular recording in the left AMB,. region during distension of the distal oesophagus
(thick bar below the trace). Methscopolamine (MSCP, 50 pmol) applied to the right
(contralateral) NTS surface resulted in tonic discharges in the AMB,. in the absence of
ocsophageat distension (middle panel). In the presence of MSCP applied to the

i NTS, 1 I ion causes an increased discharge (right panel).

The dotted line indicates (he base line of the trace. Note the different time scales. I-

AMB,: left AMB,.; rNTS: right NTS.
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77.3 + 8.5 % of the control (Fig. 3.8D); and the rhythmicity of type II discharges
hecame indistinet (Fig. 3.8B). By contrast, in the AMB,. region, evoked unit discharges
ceased completely when the esophagomotor output had disappeared (Fig. 3.8C, n = 4).
Application to the ipsilateral NTS surface of D-8-E (10 to 20 nmol) did not affect the
unit discharges in the N'TS,. region (n = 3, not shown).

vi. Bffects of activation and blockade of mAChRs in contralateral NTS.
Activation of contralateral NTS mAChRs depressed AMB,. motoneuronal activity. As
depicted in Fig. 3.9A, following muscarine (12 pmol) applied to the right NTS surface,
the frequency of distension-cvoked type 1l discharges in the left AMB,. was reversibly
decreased for 7 to 15 min, but the burst-pause pattern of the rhythmic discharges
remained unchanged (n = 3). By contrast, 2 to 3 min after application of
methscopolamine (MSCP, 50 pmol) to the right NTS surface, the neurons in the left
AMB,. started 1o discharge tonically (Fig. 3.9B). Within 5 min the tonic discharges
reached peak-frequencies of 50 to 70 Hz then gradually slowed down and ceased in 30
to 40 min (n = 2). However, the peak frequency of evoked-discharges in the AMB,. was
not changed.

vii. Biffects of EAA antagonists.  Both type 1 (Fig. 3.10A) and type 11 (Fig.
3.10B) discharges in the NTS,. were reversibly depressed by the application to the
ipsilateral NTS surface of the competitive kainate/AMPA subtype glutamate receptor

antagonist. CNQX (0.2 to 2.0 nmol). The effect reached a maximum within 5 min, NTS,.

discharges being completely abolished in 3 out of 8 recordings, and in 5 other cases the

1o



Fig. 3.10 Effect of glutamate receptor blockade in the NTS on oesophageal inflation-

evoked neural activity in the subnucleus centralis (N

and nucleus ambiguus (AMB,).

Topical ication of 6-cyano-7-nitroqui ine-23-dione (CNQX, 0.2-1.0 nmol) o
the NTS surface reduces type | (A) and type 11 (B) burst-discharges in the NTS,. and
eliminates type 11 response in the AMB,. (C) together with esophagomotor output.
Application of AP-7 (5.0 -10 nmol) to the NTS surface exerts similar effects (D-2). After

CNQX (D-1) and AP-7 (D-2), the peak-frequency (Fy,,,) of NTS,. discharges i

reversibly
reduced 10 5.6 £ 6.6 % and 12.5 + 2.5 % of the control value of 125 £ 17 Hz (*, P

< 0.05). respectively.
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Fpey of the discharges were reduced t0 5.6 + 6.6 % of the control level. Thirty to forty
minutes after application of CNQX, the Fy,, of the unit discharges recovered to 93 4

12 % of the control (Fig. 3.10D-1). Applicd by the same route, y-DGG (20 nmol, n =

2).a ive petiti receptor ist, qualitatively showed the
same cffect as CNQX (not shown)., whereas the selective NMIDA receptor antagonist,
AP-7 (5.0 - 10 nmol), decreased Iy, of the evoked NTS,. discharges to 15.5 4 2.5 %

of the control (i = 4). Recovery to 88 + 5.5 % of the control occurred during the

following 30 min (Fig. 3.10D-2). Furthermore, NTS surface application of cither CNQX

(Fig. 3.10C; n = 6) or AP-7 (n = 3, not shown) reversibly abolished the ipsilateral

AMB,. unit discharges together with reflex esophagomotor output.

3.2.2 Evoked Synaptic Responses in the NTS. In Vitro

i. EPSPs and miniature spikes. Succ

stul recordings were obtained from 87
cells in the NTS,. region of the horizontal brainstem slice preparation (Fig. 3.11A). Cells
were identified as neurons based on the presence of spikes (spontancous or evoked by

suprathreshold depolarizing current steps). The membrane potential of the neurons, afier

rupturing the to achieve the whole-cell varied from -42 10 -67

mV (-52 + 8.0 mV). Most of the neurons with membrane potentials lower than -50 mV

fired with a i spike after ation. “Thus, the

perp
potential of the cells was held at -60 mV in the bridge mode. Fast EPSPs were evoked

in 56 out of 87 recorded neurons by stimulation of the solitary tract (ST) with a
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Whole Cell
Recording

Fig. 3.11 Excitatory postsynaptic potentials (EPSPs) evoked by solitary tract stimulation
in the subnucleus centralis region. A. Schematic sketch showing the horizontal brainstem
slice preparation. A bipolar electrode is placed in the solitary tract (ST) for electrical
stimulation (E.S.) and whole cell recordings are made in the NTS,. region (shaded area).
IV, fourth ventricle. B. EPSPs in the same NTS.. neuron evoked by single pulse (0.1
ms) stimulation. Weak stimulation (top trace) evokes an EPSP only, whereas more
intense stimulation elicits EPSPs with superimposed single spike (middle trace) or spikes

(bottom trace). Dashed line indicates the held potential of -60 mV.
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Control 10mv
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Fig. 3.12 Muscarinic effects on synaptic responses in the NTS... A. Left pancl) shows
a NTS. EPSP with superimposed spikes. The number and amplitude of spikes
superimposed on the EPSP are increased by a pulsc of muscarine (asterisk. ~ 20 pmol)

applied to NTS,. region (middle pancl) and recover afier § min washout. B. Bath

perfusion of methscopolamine (MSCP, 10 uM) does not affect the EPSP of another cell

in the NTS,.. The intrinsic membrane potential of these two cells is -52 mV (A) and -56
mV (B). The EPSPs of both neurons are elicited at a holding potential of -60 mV (dashed

line).
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single clectrical pulse (0.1 ms). The peak amplitude and duration of the EPSPs varied
with the intensity of the stimulation. At intensities of 6 to 8 V, the neurons produced
#PSPs (12 0 25 mV, mean 17.2 £ 3.6 mV. n = 56), some of which were
superimposed with spikes (Fig. 3. 11B). Uponstimulation of the ST with pulse trains (2-5
V. 2:10 Hlz. 1-5 ). no slow or late EPSPs were observed (n = 17. not shown).
However, when held at potentials of -45 10 -50 mV, 2 of 6 neurons produced a group of
miniature spikes immediately following the stimulus train (see Fig. 3.14).

ii. Effects of mAChR stimulation or blockade. In 56 neurons that generated

synaptic responses 1o stimulation (6-8 V) at a holding potential of -60 mV, pulses of

muscarine (~ 100 pmol) produced a | i (3-5 mV), long-lasting (3-10 min)
membrane depolarization (28/56) or hyperpolarization (4/56). Concomitantly, the peak
amplitude of the EPSPs increased by 23 + 11 % of the control (n = 32). Furthermore,

the number of spikes riding on the EPSP was increased in 11 neurons (Fig. 3.12A).

However, the peak amplitude of the EPSPs in all neurons tested (n = 56) was not

affected by bath perfusion of the slices with 1-20 M of methscopolamine (Fig. 3.12B).

Effect of EAA i Bath ication of the lective EAA

receptor antagonist, ky nate (1 mM), elimi the fast of the EPSP (Fig.
J13A-2:n = 9). and the peak amplitude of the EPSP was reduced to 28 + 12 % of the
control (Fig. 3.13B). The eftects on EPSPs of bath-applied CNQX (10 M, n = 5) and
1-DGG (50 kM, 1 = 2, not shown) were qualitatively similar to that o1 kynurenate.

When combined with kynurenate (I mM), AP-7 (50 M) further depressed the slow
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Fig. 3.13 Blocking effects of glutamate receptor antagonists on N'TS,. synaptic response
elicited by stimulation of the solitary tract. A. Fast single EPSP consisting of carly and
late components (A-1). After 12 min bath perfusion with kynurenate (1 mM), the carly

component of the EPSP and superimposed spike are climinated, whereas the laie

component persists (A-2). The late I is abolished by bath-applicd AP-7 (50 uM)
plus the kynurenate (A-3); full recovery is seen after 27 min of wash. B. EPSP amplitude
is significantly reduced to 28 + 12 % and 7.5 + 2.8 % of control by | mM kynurenate

alone (B) and kynurenate / AP-7 (50 uM) combination (C), respectively.
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Fig. 3.14 LElimination of evoked miniature spikes by blockade of glutamate but not
muscarinic receptors. Train of stimulus pulse (0.1 ms, 2 V, 3 Hz; indicated by the bar
below the traces) evokes repetitive miniature spikes in an NTS,. neuron held at -50 mV
(1). Following 10 min of bath perfusion with methscopolamine (MSCP, 10 uM), the
evoked miniature spikes persist, although the duration of the response is slightly reduced

(2). By contrast, the evoked response is eliminated following an 8 min perfusion with y-

DGG (50 M) (4) and partially recovers after a 12 min wash (5).
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component of the EPSP (Fig. 3. 13A-3). The peak-amplitude of the EPSPs was reduced

107.5 + 2.8 % of the control (n = 7, Fig. 3.13C). The EPSPs recovered after a 15-30
min washout of the antagonist.
iv. Effects of mACh and EAAergic antagonists on evoked miniature spikes. As

istant to

shown in Fig. 3.14, the miniature spikes cvoked by a stimulus train were
methscopolamine (5 - 10 gM, n = 2), but eliminated by perfusion of y-DGG (50 M,
n=2),
3.3 Discussion
3.3.1 Functional Anatomical Considerations

Previous clectrophysiological work in the rat (Kessler & Jean 1985) has mapped
the location in the medulla oblongata of deglutitive unit discharges occurring during
reflex swallows elicited by stimulation of the superior laryngeal nerve (SLN). "The dorsal
and ventral groups of extracellularly recorded unit activity deseribed in that report
probably related mostly to the buccopharyngeal stage. Units active during the
oesophageal stage of swallowing were not explicitly described, except for a few clements
that discharged up to 140 ms after the onset of buccopharyngeal activity.

The present observations bear on the functional organization of medullary
interneurons controlling reflex oesophageal peristalsis in the rat. Unit burst discharges

induced by di ion of different segments were localized 0 two

circumscribed medullary regions coextensive with the NTS,. and AMB,.. In light of the

19



neuroanatomical evidence (Alischuler etal. . 1989; Barrett et al., 1994; Bieger & Hopkins,
1987; Cunningham & Sawchenko, 1989; Gai et al..1995), these two structures can be
considered to form the medullary throughput of the oesophageal reflex arc. As expected.
the neuronal discharges recorded in both regions and the esophagomotor output elicited
showed a fixed phase-relationship. Due to technical limitations, the latency between the

neuronal discharges and the ions could be d only by

Given the ical evidence, however, it seems reasonable to

regard NTS,. neuronal burst discharges as premotor output and AMB,. bursts as

output. O P and within the NTS,.
and AMB,., respectively, have a crude organqlopic distribution with considerable
rostrocaudal overlap (Altschuler et al.,1989; Barrett et al.,199%4; Bieger & Hopkins,
1987). It is thus noteworthy that distension of different segments of the oesophagus

produced distinct esophagomotor response patterns.

As described in Chapter 2, di ion of the i evokes
rhythmic (type 1) contractions in the lower thoracic segment that propagate to the
inflated segment itself. Indecd, evoked AMB,. rhythmic discharges were observed to lead
the pressure wave activity in the inflated portion by about 0.3 s, however, in the segment
just proximal to the level of inflation the lead-time between motoneuronal burst
discharges and pressure waves was reduced by a factor of about 2. This phenomenon
cannot be a recording artifact, because a pulse of glutamate delivered at the same

recording site in the AMB,. motoneuronal pool produced volleys of unit discharges that
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preceded an oesophageal contraction at a latency of < 50 ms. It thus appears that
segmental distension activates NTS,. subcircuits controlling motoneurons innervating
oesophageal segments rostral (o the level of inflation. This functional arrangement could

assist aboral bolus propulsion towards the stomach. By contrast, chemostimulation of the

AMB,. evoked an | | contraction sy ized with motoncuronal disch

RS,
suggesting that the peristaltic pattern is not programmed at the motoneuronal fevel.

It is evident that the ocsophageal CPG network can be configured to perform

different motor tasks. Intersegmental coordination of different motor patierns of single

limbs or single body segments has been observed in walking and swimming animals, To

explain the flexibility of CPG networks, Grillner and coworkers (Grillner ef al., 1991,
Grillner et al., 1988; Grillner & Wallén, 1985b) have proposed that spinal CPGs
subserving locomotion can be divided into several smaller functional units, termed
"segmental circuits", each of which can produce fictive locomotor activity with

intersegmental coordination. Our findings are consistent with this hypothesis, in that

different oesophageal segments appear Lo be controlled by their own "segmental circuit”.
The coupling between unit burst gencrators can be altered by signals from the periphery

or central nervous system, thus allowing the same neuronal network to generate

appropriate motor patterns under different physiological conditions.

3.3.2 Premotor Connectivity

Vagal sensory fibres innervating the oesophagus in the rat (Audrew 1956),
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(Mei 1970; Mei et al. 1974) and sheep (Falempin et al. 1978) display spontancous
activity. but clectromyographic activity is absent in the resting ocsophagus (Christensen,
1987; Monges et al. 1968; Arimori et al. 1970; Hellemans et al. 1974). As shown here,
the interncurons in the NTS. are tonically active at rest, while the oesophageal
motoneurons in the AMB,. are silent, One may therefore surmise that: 1) oesophageal
interneurons receive tonic excitatory inputs originating from peripheral sensory receplors
atrest: and 2) ocsophageal motoneurons integrate premotor inputs and fire only when the
discharge frequency of the interneurons reaches a threshold level, The latter assumption

ent with the observation that following blockade of mAChRs in the NTS, the

is con
intensity of the evoked response in the NTS,. was reduced, whereas evoked motoneuronal
activity in the AMB,. along with esophagomotor reflex activity was eliminated.

The ocsophagus is controlled by bilateral inter- and moto-neuronal networks that
are located in cach half of the medulla oblongata (Altschuler et al., 1989; Barrett etal.,

1994). In sheep, a small unilateral electrolytic lesion in the medial region of the NTS

1

sclectively climi the | stage of swallowing induced by ipsi-. but not
contralateral stimulation of the SLN (Jean, 1972a). This result suggests two possibilitics:
1) buccopharyngeal interneurons activated by SLN-afferents innervate mainly ipsilateral
oesophageal interneurons: and/or 2) the oesophageal afferents in the SLN project to
ipsilateral oesophageal interncurons.

In the present study, NTS,. interneuronal discharges induced by distension of the

oesophagus were abolished by ipsi- but not contralateral vagotomy. This observation



supports the idea that afferents from the oesophagus in cach vagal trunk project mainly

to the ipsilateral NTS.. This is in agreement with anterograde tracing experiments

tion trom the nodose

(Bieger. personal communication) showing that the central proj

ganglion to the NTS is uncrossed. Furthermore, consistent with neuroanaomical and
functionai data (Cunningham & Sawchenko, 1989: Hashim, 1989; Wang, 1992), the
oesophageal motoneurons likewise would appear 1o receive excitatory input only from
ipsilaieral interneurons, since unilateral vagotomy completely eliminates distension-

evoked unit discharges in the ipsilateral AMB,..

Previous studies (Hashim, 1989) show that a subpopulation of NTS,. ncurons

projects to the contralateral NTS.. region. However. knowledge as to how the two

premotor-motor neuronal networks (two "half-centers™) in cach side of” the medulla are

coordinated in esophagomotor control remaing limited. Unpublished work from this
laboratory  reveals that the esophagomotor  response  evoked by unilateral

chemostimulation of the NTS is enhanced by a midline-lesion of the medulla oblongata,

suggesting “crossed-inhibition" between the " half-centre: hypothesi upporied
by the present results, in that the motoneuronal response is depressed by activation of
contralateral premotoneurons and tonic motoneuronal activity is produced by inhibition
of contralateral premotoncurons. Given the unifateral premotor-motor projection, this

"crossed-inhibition” should occur at the premotor level.
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3.3.3 Role of Reafferent Input
In the rat (Andrew, 1956), opossum (Sengupta et al., 1989), cat (Mei, 1970) and
sheep (Falempin & Rousseau, 1984), bursts of spikes discharge in vagal afferent fibres

during di: ion of the or the stage of ing. Rhythmic

vagal afferent di it with rhythmic h: | ions in the sheep

are clicited by sustained distension of the oesophagus (Falempin & Rousseau, 1984),
suggesting that oesophageal mechanoreceptive impulses in response to stretch
(feedforward) and contraction (feedback) are conveyed by two different sets of vagal
afferent fibres. In the present study, sustained distension of the distal portion of the rat
oesophagus could also produce rhythmic burst discharges in the NTS.. neurons. Since
NTS,. neurons function dually as premotor neurons and second-order sensory neurons
(Bicger, 1993), this rhythm of NTS,. neuronal activity may be generated by the neurons
in response (o tonic input conveyed by feedforward peripheral afferent fibers. or a
response 1o phasic input from feedback afferent fibers.

Motor paralysis docs not disrupt the sequential discharge of the cranial motor
nerves during reflex-evoked swallowing (Jean, 1972b, Kessler and Jean,1985). Therefore
it has been hypothesized that a medullary interneuronal network can program the entire
motor sequence for oesophageal peristalsis without peripheral feedback (Jean,1990;
Roman, 1982). As regards rhythmic (type 1I) reflex oesophageal peristalsis in the rat,
peripheral feedback appears to play a critical part as evidenced by the marked alteration

of reflex activity of both NTS,.and AMB,. neurons during curarization, Since curarization
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does not reduce the resistance of the oesophageal wall to stretch (Chapter ), the

observed attenuation of distension-evoked neuronal discharges cannot be attributed 10

slackening of the muscle tunic, but instead implics a role of re-afferent signals in the
reinforcement of esophagomotor output. More strikingly. the disruption of the regular
burst-pause pattern of type I discharges strongly supgests that reafferemt feedback

although not y required for is, is

essential for shaping the final motor patterns and for motoncuronal recruitment. ‘The

limitations inherent in extracellular multi-unit recording preclude a definitive answer o
the question of whether the rhythmicity of the evoked type I1 burst activity was abolished

aliogether or shifted into a broader frequency range in different neurons. Single cell

studies in N

- slice preparations (presented in Chapter 5) show that NTS,. neurons
produce oscillations with a pattern similar to type 11 reflex activity during stimulation of
EAA receptors, suggesting that NTS,. neurons can gencrate csophagomotor rhythm

without phasic afferent input.

3.3.4 Ocsophageal Reflex Afferent Neurotransmission

The ocsophageal interneurons in the NTS,. and motoncurons in the AMB,. respond
to fast step balloon inflation of the ocsophagus with a short latency of onset and cease
activity immediately upon deflation of the balloon, indicating that they are activated by

a fast excitatory process. In the mammalian brain, most excitatory transmission occurs

via the action of glutamate, acting on AMPA and NMDA receptors (Grillner et al.,
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1991). Glutamate has been indicated as a neurotransmitter utilized by several visceral
afferents to the NTS (Andresen & Yang, 1990; Dietrich etal., 1982; Dreweetal., 1990:

Perrone, 1981; Wang & Bradley, 1995). Both the EAA and ACh are candidate

inthe NTS,. | pr pool (Bieger, 1984: Hashim
& Bicger, 1989), however, their transmitter role in vagal afferents (o the NTS,. is still
unclear. As shown here, oesophageal distension-evoked NTS,. neuronal activity and the
solitary tract-driven EPSPs were resistant to mAChR antagonists but abolished by EAA
receptor blockade. These findings argue against the hypothesis that oesophageal afferents
are cholinergic and instead support a role for EAAs.

I mAChRs in the NTS region (Wamsley et al., 1981) are innervated by vagal
afferent fibres, slow long-lasting EPSPs might have occurred in NTS,. neurons upon
solitary tract stimulation. However, in the in vitro studies, most of the recorded neurons
showed fast synaptic responses to stimulation of the solitary tract and slow EPSPs were

not abserved in any of the neurons tested. The fast synaptic responses, including the

EPSPs and miniature repetitive spikes, were P ine-resistant but sij

reduced or blocked by EAA receptor antagonists. In this regard, our in vitro results
support the idea that vagal afferent transmission in the NTS,. is mediated by an excitatory
amino acid acting at both AMPA/kainate and NMDA receptor subtypes. At the same
time, these data suggest that the cholinergic innervation of the NTS,. comes from
propriobulbar sources.

The results of the present experiments shed further light on the role of the NTS,.
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mACHRs in the control of oesophageal peris . Although blockade of mAChRs in

neurons,

vitro did not disrupt synaptic rransmission from vagal afferents to NT
activation of mAChRs facilitated the production of spikes in these neurons. Furthermore,
blockade of NTS cholinergic transmission /n vivo resulted in an attenuation of evoked

NTS,. burst discharges and loss of AMB,. motoncuronal output. Thus, muscarinic

cholinergic input to the NTS,. presumably from a propriobulbar source appears necessary

for maintaining the excitability of these ~ curons at - level

appropriate for activating their motoneuronal targets. Blockade off mAChRs also resulted

in a loss of rhythmicity of unit discharges in the NTS,. when the neuronal activity in the

AMB,. and the esophagomotor output in response (o the oesophageal dis o

A possible ion for this is that reduction in ocsophageal

premotor output due to blockade of mAChRs in the NTS results in the loss of motor

output, hence a loss of reafferent regulation, as in the case of ncuromuscular paralysis
As a modulatory mechanism, NTS,. cholinergic transmission evidently plays a pivotal

role in esophagomotor pattern generation.

In summary: (i) neurons in the N

and AMB,. show correlated activity patierns
in response to local oesophageal distension; (ii) vagal afferents from the oesophagus

employ an EAA rather than ACh to convey excitatory input to the ipsilatcral NTS,.,

hese data

suggesting a propriobulbar source of cholinergic innervation of the N'T"

raise the following questions: What is the role the cholinergic input to the N'I
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csophagomotor initiation and pattern ion? Especially, does the inergic link

enable rhythmic esophagomotor output to be generated without peripheral sensory input?



Chapter 4

CHOLINERGIC INPUT AND PATTERN G

ve demonstrated in the

Previous studies (Bieger. 1984: Wang and Bicger, 1991) ha

rat that blockade of mACHRs in the NTS. s ively elimi the | stage
of fictive swallowing. indicating a critical role of cholinergic neurons in cesophageal
control. The findings described in Chapter 3 argue against the possibility that the
cholinergic input comes from the periphery. Further study of central cholinergic input
thus seemed warranted, particularly, since a potential source of cholinergic arferents o

the intermediate solitarius complex has recently been identified in the zoma itermediiis

reticularis  parvicellularis (ZIRP) by combined retrograde tracing and  ChA'l
immunocytochemistry (Vyas et al., 1990: Wang, 1992).
While it is generally agreed that oesophageal peristalsis is subjeet to central

control, the issue of how much sensory input from the oesophag,

required (o propram
the motor sequence of the ocsophageal phase of swallowing remains a matier of debate.
Indeced. the viewpoint has recently been put forth that both primary and sceondary

peristalsis occur in response 0 (Cunningl; & Sawchenko,

1990). By implying a key role of sensory input in the initiation and maintenance of
patterned csophagomotor output, this concept calls into question the: existenee of &

oesophageal CPG.

Wilh respect to the inergic control of




generation, this study sought to answer three basic questions: (i) What are the functional
parameters involved? (i) Is re-afferent input needed? (iii) Are neurons in the ZIRP
involved?

The following strategies were used in this study.

1) To characterize the role of NTS cholinergic mechanisms in esophagomotor
control, elfects of muscarinic activation and blockade in the NTS were examined during
evoked swallowing activity.

2) To demonstrate central links in pharyngo-oesophageal coupling, a unilateral
section of the cervical vagus and SLN was combined with a contralateral section of the
internal branch of the SLN.

3) To examine the role of re-afferent feedback in esophagomotor rhythmogenesis,

1s were subjected to neuromuscular blockade during extracellular recording of rhythmic

ctivation of mAChRs in the

aesophagomotaneuronal activity in the AMB,. evoked by

NTS. Further, inabrai slic the medullary

network, synaplic activity in single was studied by activation of

mAChRSs in the NTS,..

4) To explore the role of the ZIRP i ic neurons, two p y

approaches were taken to determine (a) whether stimulation of the ZIRP evoked
esophagomotor activity and whether muscarinic blockade in the NTS would prevent this

response; and (h) whether inhibition of the ZIRP neurons would affect oesophageal

peris s resulting from facilitation of endogenous cholinergic transmission in the NTS.
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4.1 Methods and Materials
4.1.1 Procedures for In Vivo Experiments
i. Surgical preparation. Experiments were done on male Sprague-Dawley rats

weighing 250-450 g. Procedures for monitoring respiration, recording pra

re changes
in the upper alimentary tract, distension of the oesophagus and brain surgery were as

described in Chapters 2 and 3. In some cases, the left or right femoral artery was

for conti of arterial blood pressure and arterial pulse rate.
Depending on the experimental protocol, the internal ramus of the left SLN, and right
SLN and cervical vagal trunk were cut. During neuromuscular paralysis induced by

intravenous b-tubocurarine (0.075-0.15 pmol.kg"), animals were ventilated with oxygen

enriched air by the use of a positive pressure pump (90-100 strokes.min ', .0 ml
stroke™).

ii. Chemo- and electrostimulation of swallowing loci in the NTS and ZiRP.
Topical and pneumophoretic applications of drugs were used to activaie or inhibit
swallowing neurons in thz NTS. The topical application of drugs was the same as
described in Chapter 2 and 3.

In some experiments, the NTS oesophageal locus was clectrically stimulated by
means of a glass microelectrode which contained a carbon-fibre and was filled with 4 M
NaCl. Stimulation consisted of positive square wave pulses of 0.1 ms duration, 1-5 V
amplitude and 1-10 Hz frequency; the reference clectrode was inserted in the nuchal

musculature.
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The ZIRP was defined as a region 1350-1600 um rostral to the rostral edge of
the AP, 1400-1600 pm lateral to the midline and 1200-1600 xm below the dorsal surface
of the medulla. The chemostimulation sites were marked with a fluorescent dye which

was cjected from the pipette before termination of the experiments.

Extracellular recording. Extracellular recordings were made in the AMB,.

as described in chapter 3. To stimulate .rons at the recording site, three-barrelied
micropipettes were used. One barrel containing a carbon fiber and 4 M NaCl solution

was used for recording. The other two barrels were filled with glutamate (0.2 M) and

ACHh (0.2 M), respectively. Both were p jected near the recorded

neurons in pulses of low ainplitude (10 psi) and short duration (5-10 ms).

4.1.2 In Vitro Experimental Procedures

i. 5 slice preparatie A ia, brain surgery, ACSF preparation,

and slice perfusion procedure were as described in Chapter 3. Brainstem slices of 400
um thick were cut in the transverse or oblique-sagittal plane (Fig. 4.1) on a vibratome.

fi. and whole-cell g.  Following a 30 to 60 min

cquilibration period at room temperature in modified ACSF, intracellular or whole cell
patch recordings were made in the AMB,. or NTS,. Intracellular recording was
performed by means of sharp glass pipettes filled with 3 M KCI (80-140 MQ). Whole
cell recording by means of patch pipettes with resistances measured in ACSF ranging

between 8-12 MQ. ‘The intracellular solution was the same as described in Chapter 3.
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Fig. 4.1 Diagram illustrating procedure used to make oblique sagittal brainstem slice.
Step 1: Lower brainstem (cross-section) is isolated and hemisected in the midline. Step
2: Each half of the brainstem is glued on its midline surface to a bevelled metal block
and then sliced on a vibratome. Step 3: A 400 pm thick slice is cut from each

hemimedulla so as to preserve the NTS., the AMB,. and the interconnecting pathway.
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‘The boundary of the AMB,. was visually determined in the transilluminated
oblique slice. The NTS,. region was identified as the mid-portion of a translucent
triangular area at the dorsal edge of the slice, corresponding to the solitary complex. In
keeping with previous work (Bicger [984; Altschuler et al 1991), the NTS,. region in
(ransverse brainstem slices was delimited as follows: 0-500 um rostral to the obex,
between 600-800 pm lateral to the midline and 400-600 um ventral to the dorsal surface
of the medulla. With reference to internal landmarks, clearly discernible in the
transilluminated slice, the region under study extended 200 pm dorsally from the DMV
and between 200-400 pm from the medial margin of the solitary tract.

AMB,. neurons were current-clamped at their resting potential. NTS,. neurons

were current-clamped or vol lamped at -60 mV. Voltage-clamp was made in the
single electrode mode at a sampling frequency of 3-4 kHz. The voltage at the head stage

amplificr was i i ly on another osci to assure adequacy of the

clamp. Only neurons capable of generating spikes in response to intracellular current
injection or a glutamate pulse were included in the analysis. Changes in membrane
potential or current were displayed ona Nicolet 310 digital oscilloscope and continuously

recorded on a Gould 3000 pen writer.

. Drug applications. Agonists were applied to the NTS.., AMB,. or ZIRP
region of the slice preparation by pressure-gjection from a multibarrelled pipette. The tip
of the pipette was placed within 50 um of the surface of the slice and the volume of each

pulse was kept within 0.1 nl. Drugs were applied by perfusion in some experiments.

134



Commercial sources of the drugs were the same as described in Chapter 3.

iv. NADPH-staining of the brainstem slice. To facilitate the anatomical
identification of recording sites. the brainstem slices were fixed overnight in 4%
paraformaldehyde and then reacted for NADPH diaphorase according to the method of

Hope and Vincent (1989).

Statistical values are presented as mean + SD (paired r-tests, SigmaStat, Jandel

Scientific). P < 0,05 was considered to be significant,

4.2 Results

is of Muscarinic Stimulation

4.2.1 il 'y Effects on O Peristal:

To determine if the oesophageal stage of swallowing (primary peristalsis) required
peripheral afferent input from the pharyngo-oesophageal junction, the latter region was
deafferented by severing the internal (sensory) branch of the right SLN, and the entire
left SLN. In addition, the left cervical vagal trunk was cut so as to restrict

esophagomotor outflow to the right

In this p i ication of
bicuculline (0.1 nmol) to the right NTS surface produced repetitive complete swallows

consisting of a fast pharyngeal pressure spike followed by a propagated slow pressure

wave in the cervical and distal (Fig. 4.2A). Application ol bi ine (0.1

nmol) to the left NTS surface evoked repetitive pharyngeal swallows with i coupled
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L ion of a central coupling mechanism in the rat.

Intraluminal pressure traces are shown on the left pancls. Postulated swallowing reflex
pathway and cxperimental strategies are schematically illustrated on the right panel.
Qesophageal afferents (broken line) project to the NTS,. and efferents (solid line)
originate from the AMB,.. To restrict oesophageal vagal sensory/motor flow to/from one
half of the medulla oblongata, acute transections are made of the cervical trunk plus the
SLN on the left side. In addition, to eliminate vagal sensory flow from pharyngo-
oesophageal junction and the upper cervical oesophagus, the internal (sensory ) branch
of the SLN is severed on the right side. Intraluminal pressure is recorded in the pharynx
(P), the cervical (CE) and distal oesophagus (DE). A. Topical application of bicuculline
(0.1 nmol) to the right NTS (r-NTS) results in repetitive pharyngeal swallows followed
by phase-locked primary peristalsis progressing through the entire oesophagus. B.
Application of bicuculline (0.1 nmol) to the left NTS (I-NTS) produces repetitive
pharyngeal swallows with coupled primary peristalsis restricted to the cervical
oesophagus. C. Physostigmine (40 pmol) applied to the right NTS surface is ineffective
in producing a swallowing response but enables the primary peristalsis in the cervical
ocsophagus evoked by bicuculline applied to left (contralateral) NTS to propagate

distally.
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Fig. 4.3 Swallowing responses evoked by glutamate pulse-applied in swallowing loci of
the caudal portion of the NTS. Glutamate (50 pmol) pressure-ejected in different
swallowing loci of the NTS (indicated by black dot) evokes single pressure waves in the

distal oesophagus (DE) (1) or a single swallow (2) with a short-latency. Note lack of

change in respiration, other than swall i and blood pressure when glutamate

is ejected at deglutitive sites.
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pressurc wave that was restricted to the cervical ocsophagus (Fig. 4.2B). This
nonpropagated pressure wave was converted into a propagated response upon concurrent
application of physostigmine (40 pmol) to the right (Fig. 4.2C), but not the left NTS
surface.

In intact animals, glutamate (50 -f00 pmol) pressurc-cjected into unilaeral

swallowing loci of the NTS evoked either a reproducible short-latency (< 1 s) single

swallow consisting of a sharp pressurc spike in the pharynx followed by a peri
oesophageal pressure wave: or a single pressure wave in the oesophagus (IFig. 4.3).
Changes in blood pressure, heart rate and respiration were not observed when glutamate

was ejected at oesophageal loci (Fig. 4.3: n = 4). Following physostigmine (30 10 50

pmol) was applicd to the ipsilateral NTS surface, the pressure wave evoked in the

cervical oesophagus propagated distally (Fig. 4.4; n = 4); and the amplitude of the
pressure wave evoked in the distal oesophagus was enhanced as compared to control (n

= 5). In contrast, when methscopolamine (0.2 nmol) was applicd to the ipsilateral NTS

surface, the stage of ked ing was

pletely
in 5 out of 7 animals: in the remaining two cases, however, a small pressure wave

persisted in the cervical oesophagus (Fig. 4.5A).

Electrical stimulation of the caudal intermediate portion of the N'TS with pulse
trains reproducibly evoked a single swallow (n=3). Topical application of
methscopolamine (0.2 nmol) to the ipsilateral NTS surface abolished the pressure wave

in the distal oesophagus and reduced that in the cervical oesophagus (Fig. 4.5B).
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Fig. 4.4  Facilitation of peristaltic esophagomotor propagation by inhibition of
cholinesterase in the NTS. Glutamate (40 pmol) ejected in the NTS. (shown as the dot)
cevokes a single pressure wave in the cervical oesophagus (CE) (left panel). After topical
application of physostigmine (40 pmol) to the ipsilateral NTS surface, the glutamate-
evoked cervical oesophageal response propagates distally (middle panel). The responses

return to baseline pattern 8 min later (right panel).
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Fig. 4.5 Selective inhibition of the ocsophageal stage of swallowing by muscarinic

-cjection of

blockade in the NTS. A. Control deglutitive response evoked by pressure

glutamate (50 pmol, shown as the dot) in the intermediate N'TS (left pancl). Three

minutes after ication of inc (MSCP) to the ipsi NT, the

of the primary peristaltic pressure wave in the cervical oesophagus is reduced and the

response in the distal imi (middie pancl). Inhibition persists 18 min
after methscopolamine (right panel). B. Electrical stimulation (IS) al the NTS

swallowing locus with a stimulation pulse train (0.1 ms, 2 V, 10 I1z) evokes a swallow

(left panel). Methscopolamine (0.2 nmol) induces progressive inhibition of the
ocsophiageal component recorded 3 and 15 min (middie and right pancls, respectively)

after application to the ipsilatcral NTS surface,
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4.2.2  Effects of Activation and BIQckaldL' of NTS. mAChRs on Rhythmic

Oesophageal, Cardiovascular and Respiratory Activity

Pressure-ejection of muscarine (20 to 50 pmol) in the NTS,. region pave rise 0
rhythmic esophagomotor activity usually uncompanied by buccopharyngeal contractions
(n = 18). The patiern and duration of esophagomaotor activity induced by muscarine

were relatively constant for a given NTS locus. The oesophageal body produced rhythmic

peristaltic pressure waves (Fig. 4.6B). while the upper (UES) (Fig. 4.6A) and lower

oesophageal sphincter (LES) generated rhythmic relaxations (Fig. 4.60), indicative ol

a coordinated peristaltic pattern. When press jected in the NTS,., bi ine (20 10

50 pmol) also produced a similar peristaltic response (n = 2, not shown). The frequency
of the evoked rhythmic peristaltic pressure waves ranged between 0,10 10 0.22 Tz (0. 16
+ 0.04 Hz, n = 18).

Respiration, blood pressure and heart rate remained unchanged during rhythmic
esophagomolor activity evoked by cjection of muscarine or bicuculline in the NTS,
region (Fig. 4.7A). However. application of muscarine (0.1 nmol) to the NTS surface
caused an increase in respiratory rate and depth (see Fig. 4.7B) and a decrease in blood
pressure (Fig. 4.7B). Methscopolamine (50 pmol to 0.1 nmol) applicd to the NTS surface
did not affect respiratory rate (n = 5) or pulse ratc (n = 4), but abolished the rhythmic
oesophageal responses to muscarine (n = 4) or bicuculline (n = 2) applicd to the NTS,.
(not shown).

Inthe AMB,. region, pressure-cjection of mu

ine (50-100 pmol) failed to evoke
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Fig. 4.6 Rhythmic activity patterns in the oesophagus evoked by muscarinic activation

in the NTS,.. Traces shown in A, B, C are from 3 scparate cxperiments. A. Pressure-

ion of muscarine (musc.; 50 pmol) to the NTS,. (marked by star) produces rhythmic

ce

relaxations in the upper ocsophageal sphincter (UES) and phase-locked rhythmic pressure

waves in the thoracic (1 plitude rhythmic ions are also
detected by the pharyngeal balloon (P). B. A pulse of muscarine (40 pmol) applied to the
NTS,. results in rhythmic peristalsis of the oesophageal body with cervical activity
leading pressure waves in the distal portion. C. A relaxation followed by a slow pressure
wave is evoked in the lower ocsophageal sphincter (LES) by a pulse of glutamate (50
pmol, marked by a black dot) ejected to the NTS,. region (left panel). When ejected at
the same locus, muscarine (5 pmol; marked by star) evokes rhythmic pressure waves in
the cervical oesophagus coupled with relaxations in the LES (two middle panels). A
larger pulse of muscarine (10 pmol) produces a stronger response in the cervical

oesophagus (right panel). Calibration in A and B is the same. In C, the gain of the

cervical trace is increased by 10 times in the two right panels.
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Fig. 4.7 Cardiovascular, respiratory and oesophageal responses to muscarinic
cholinoceptor stimulation in the NTS. A. Muscarine (M; 10 pmol) ejected in the NTS,.
(*) evokes rhythmic oesophageal peristalsis in the distal oesophagus (DE) without change
in respiration (R) and arterial blood pressure (BP). B. Muscarine (0.1 nmol) applied to
left NTS surface (¥) causes an immediate decrease in blood pressure and an increase in
respiratory rate followed by oesophageal peristalsis. The gaps (10 to 15 s) in traces

indicatc portions omitted. C. Comparison of the muscarine effect on frequency of

peristalsis, iration and heart rate. P jection of the agonist in the
NTS,. evokes rhythmic oesophageal peristalsis without change in respiratory frequency
and arterial pulse rate. The frequency of muscarine-induced oesophageal peristalsis (0.16
+ 0.04 Hz, n = 18) differs significantly (*, P < 0.05) from that of respiration (1.66
+ 0.25 Hz, n = 8) and heart beat (4.1 + 0.44 Hz, n = 8). P: pharynx; DE: distal

esophagus.
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detectable esophagomotor activity (n = 3), however, ejection of ACh (50-100 pmol)
evoked a fast monophasic oesophageal pressure wave that was insensilive to

methscopolamine ejected at the same locus (n = 4, not shown).

4.2.3 of € ons to Activation and Blockade of

mMACHRS in the NTS

Lixtracellular recordings were made in the AMB,. area (n = 22; Fig. 4.8A) where
rhythmic multi-unit discharges were evoked by distension of the distal oesophagus (Fig.
4.8B-1). A small pulse of glutamate (20 pmol) applied at the recordine site produced
discharges that led a synchronous pressure wave in both the cervical and distal
oesophagus (Fig. 4.8B-2). At the same site, ACh (20-50 pmol) also produced a short-
latency nonrhythmic esophagomotor response (Fig. 4.8B-3).

Topical application of muscarine or physostigmine (0.1 - 0.2 nmol) to the
ipsilateral N'TS surface produced sustained bouts of rhythmic unit discharges (n = 16)
with phase-locked ocsophageal peristalsis lasting up to 4-15 min (Fig. 4.8C). The peak
frequency within each burst ranged from 65 to 95 Hz.

Rhythmic unit discharges in the AMB,. were also observed during fictive

llowing induced by application of

(50 to 100 pmol) 1o the ipsilateral
surface of the NTS (n = 5, not shown). Each burst discharge was preceded by a fast
pharyngeal pressure wave and in wrn was followed by a phase-locked peristaltic pressure

wave in the oesophagus. Methscopolamine (50 to 100 pmol) applied to the ipsilateral
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Fig. 4.8 In vivo oesophagomotoneuronal activity in the compact formation of the nucleus
ambiguus (AMB,.). A. Drawing illustrating the oesophageal reflex pathway as projecied
on a transverse planc through the medutla oblongata and the method used for combined

extracellular recording and chemostimulation of oesophageal motoncurons. X, va

g

efferent to the oesophagus and afferents from the ocsophagu:

Glut., glutamate. B

Traces represent (from top to bottom) pharyngeal (P), cervical ocsophageal (€L

thoracic oesophageal (TE) pressure and extraccllular unit activity in the AMB. as

displayed by a rate-meter. Distension of the distal oesophagus (indicated by solid bar)

evokes rhythmic firing in the AMB,. that leads rhythmic ocsophageal pressure waves in
the thoracic oesophagus (B-1). Glutamate (20 pmol, B-2) or ACh (20 pmol, B-3) pulsed
into the AMB,. elicits a burst discharge leading a synchronous pressure wave in (the

cervical and thoracic oesophagus. C. In the same recording site, application ol muscarine

(0.1 nmol) to the ipsilateral NTS surface produces rhythmic d

leading,

oesophageal peristalsis in a phase-locked manner.
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Fig. 4.9 Effect of curarization on rhythmic ocsophagomotoneuronal activity. A.

Recording site in AMB,. exhibits unit discharges evoked by distension of the distal
oesophagus (indicated by heavy bars under the traces) (A-1). Topical application ol

muscarine (0. [ nmol) to the ipsilateral NTS surface (A-2) elicits low-frequency (0,12 1z)

rhythmic burst discharges in the AMB,. and phase-locked peristaltic press aves in

the oesophagus. After D-tubocurarine (dTc, 0.075 pmol.kg'

v., given at downward
arrow), the peak-frequency of each burst discharge in the AMB,. remains unchanged
although the amplitude of oesophageal pressure waves is reduced by > 90% (A-3).

cond dose of D-tubocurarine

When the oesophageal pressure waves are abolished by a s
(0.075 pwmol.kg™), another challenge with muscarine results inan attenuated unit response
and loss of regular rhythmic burst discharge (A-4). During complete motor paralysis,

distension of the distal ocsophagus still evokes robust discharges with peak frequency

comparable to the control (A-5). Time calibrations in A-1 to 4 are the same. B, Pooled

data from three experiments showing the effect of curarization on the peak-frequency

(Fpey) of burst discharge in the AMB,. and the amplitude of pressure waves in the

cervical ocsophagus evoked by muscarine (0.1-0.2 nmol) applied (o the NTS. Each
column represents the mean pezk-frequency of three burst discharges recorded in cach
animal during the period indicated. Asterisks denote significant difference (2 < 0.05)

compared with pre-curare control; n.d.. not detectable.
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NTS surface caused a progressive decline in motoneuronal discharges and a parallel

decrease in ocsophageal pressure waves but left the pharyngeal activity unaffected (n=2).

4.2.4 Effect of Curarization on Rhythmic Oesophagomotoneuronal Activity

Following

of a single dosc of p-tubocurarine (I,

0.075 umol.kg™'), the rhythmic burst discharges in the AMB,. evoked by muscarine in the

NTS remained unchanged although the amplitude of rhythmic oesophageal pressure-
waves decreased significantly (Fig. 4.9A-3). When the evoked ocsophageal pressure
waves declined to undetectable levels afier additional doses of dTe (0.075 pmol.kg ), the
burst discharge in the AMB,. was attcnuated, as cvidenced by a decrease in peak
frequency and burst duration. In addition, the inter-burst interval became irregular (n =

16 trials on 9 animals tested, Fig. 4.9A-4). At the same time, however, ocsophageal

distension still evoked a vigorous unit discharge (n = 9; Fig. 4.9A-5). The peak
frequency of the burst discharges was fully restored before ocsophageal peristaltic
pressure waves returned to the pre-curare level. Fig. 4.9B demonstrates the divergent
time course of the effects of curarization on the peak frequency of motoneuronal

discharges and the peak amplitude of ocsophageal pressure waves.

4.2,5 Rhythmic AMB_ Neuronal Activity Induced by Activation of NTS. mAChRs

in a Brainstem Slice Preparation

(n = 8 ) or whole-cell patch ings (n = 15) from AMB,. cclls
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4.10 Ocsophagomotor rhythm generation in a medullary slice preparation. Cells in

the AMB,. region are recorded intracellularly in an oblique sagittal brainstem slice as
shown in a camera lucida drawing at middle (B). Rhythmic depolarizations are induced
from a pulsc of muscarine (about 0.1 mmol, marked by asterisk) pressure-cjected to the
NTS,. region (A-1) but not by muscarine applied to the AMB,. region (A-2). VIi,,, motor
nucleus of VllIth cranial nerve. C: A brightfield photomontage showing the NTS and
AMB,. region in an oblique sagittal unstained brainstem slice. Note the clarity of the
anatomical structures. Cu. cuneate nucleus: VM, vestibular medial nucleus: TS, solitary

tract.
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were obtained in 21 oblique sagittal brainstem slices (Fig. 4.10). Patterns of the AMB,.

neuronal activity observed in intracellular and whole cell recordings were

indistingui As described previously (Wang etal. 1991), AMB,. neurons had resting
membrane potentials between -52 and -72 mV (-63.6 £ 4.5 mV. n = 15) and lacked
spontancous activity.

When muscarine (0.1-0.2 nmol, n = 8) or ACh (0.1-0.3 nmol, n = 15) was
pulsc-applicd to the NTS,. region, the neurons in the AMB,. responded with rhythmic
membrane activily (n = 23) as evidenced by repetitive depolarization (Fig. 4.10A-1). In

some . cas

s, these coincided with discrete bursts of EPSPs. The frequency of the
thythmic depolarization ranged between 0.1 to 0.2 Hz. Increasing the dosage of
muscarinic agonist applied 1o the NTS,. region prolonged the duration of the evoked

activity, but did not change its rhythm or the amplitude (n = 7). Rhythmic activity was

absent when musearine (0.1 - 0.2 nmol) was pulsed onto the AMB,. (Fig. 4.10A-2: n =

4). and sites with a distance = 200 gm from the NTS. (n = 3, not shown).
NADPII-diaphorase staining of slice preparations used in the cxperiments (n =
6) confirmed a dense group of positive neurons in the NTS, cocxtensive with the
subnucleus centralis, and a weakly stained neuropil in the egmentum of the medulla
oblongata corresponding to the AMB,. (not shown),
The evoked rhythmic activity was climinated by bath application of the mAChR

antagonist methscopolamine (1 - 24M. n=3) and partially recovered following a 35-50
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Fig. 4.11 Effects on esophagomotor rhythm generation of mAChR activation or
blockade in the medullary slice preparation. A. Rhythmic depolarization inthe AMB,. (A

1) evoked by ACh (0.2 nmo) pulsed (at stars) to the NTS.. are climinated by 6 min

perfusion with I M methscopolamine (MSCP, indicated by dashed line)(A-2) and
partially recovered after 30 min washout (A-3). B. The same neuron responds w0 ACh
(50 pmol. at star) applied to the AMB,. with a monophasic depoiarization (B 1) that
persists in the presence of methscopolamine (B-2). C. Rhythmic AMB,. activity in
another slice preparation evoked by ACh pulsed to thie NTS,. region remains unchanged

after pulses of dihydro-B-erythroidine (D-B-E, about 50 pmol at filled squares) 1o the

AMB,..

157



etttk

w
-

Silasi
"E
* ACh/NTS, e D-g-E/AMB, 20 s

158



Fig. 4.12  Difference in response patterns of oesophageal motoneurons evoked by

stimulation of muscarinic and NMDA receptors in the NTS,.. Data in A, B and € are

obtained from three AMB,. neurons. A, In the same AMB,. neuron, pulses of ACh (~
0.2 nmol, applicd at stars) to the NTS,. region clicits rhythmic depolarizations (A-1),
whereas pulses of glutamate (~ 100 pmol, indicated by dots) results in long lasting
depolarization with superimposed burst of EPSPs (A-2). B. A pulse of NMDA (~50
pmol, at asterisk) applicd to the NTS,. cvokes a monophasic depolarization (B-2) but i
pulse of ACh (~50 pmol, at star) produces rhythmic activity (B-1). C. A pulse of ACh

(~50 pmol, at star) applied to the NT.

- region produces repetitive depolarization and
EPSP bursts (left). In the same AMB,. neurons, depolarization evoked by ACh cjeeted
to the NTS,. region (with same dose as control) is enhanced by prepulses of glutamaie
(~20 pmol) cjected to the NTS,. region, evidenced as increase in amplitude and

superimposed spikes (right).
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min washout period (Fig. 4.11A). ACh e¢jected near the AMB,. neurons produced a

monophasic depolarization that persisted in the presence of methscopolamine 1-2 M

(Fig. 4.11B). Furthermore. when 0.1 to 0.2 nmol dihydro-g-erythroidine, a nicotinic

~region

cholinoceptor antagonis, was pulse-applied to the AMB,., ACh gjected to the N
remained effective in eliciting rhythmic depolarization or repetitive bursts of EPSPs (Fig.
4.11C; n = 2).

In normal ACSF, the evoked rhythmic AMB,. activity was not accompanied by

overt spiking (n = 23). Addition of Ba** (I mM) to the bathing medium resulted in a

slow depolarization (3 to 5 mV) but did not produce rhythmic activity (n = 3) in the

absence of muscarinic stimulation of the NT However, Ba*' enhanced  the

responsiveness of the AMB,. neurons as evidenced by the occurrence of spike discharges

superimposed on the rhythmic depolarization waves in one out of three cases (not
shown).

In contrast to muscarinic agonists, glutamate (50 o 100 pmol) or NMDA (50
pmol) pulse-applied to the NTS,. produced only a long lasting (3-10 s) monophasic

depolarization or a prolonged burst of EPSPs at AMB,. ncurons (Fig. 4.12, n = 8).

However, a subthreshold dose of glutamate (10 to 20 pmol) pulsed to the NTS,.

videnced by an enhanced

facilitated the ACh-cvoked rhythmic motoneuronal activity,
amplitude of the first depolarization wave with concomitant spike production (n - 2/

3: Fig. 4.120).
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Fig. 4.13 Lffect of GABA, receptor stimulation in the ZIRP region on fictive peristalsis
evoked by indirect and direct stimulation of mAChRs in the NTS. Experimental
procedures are outlined in left hand diagrams with corresponding results presented in the
right hand. Traces are parts of a continuous recording. Rhythmic oesophageal peristalsis
evoked by physostigmine (Physo.) topically applied to left NTS (A) is inhibited by
muscimol (Musci.) injected into ZIRP region (B). However, a rhythmic oesophageal
response is evoked by application of muscarine to the ipsilateral NTS (C) or

physostigmine to the controlateral NTS (D) in presence of muscimal in ZIRP region.
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4.2,6 Effects of Stimulation and Inhibition of the ZIRP region In Vivo

Pressure cjection of glutamate (50 to 100 pmol) into the ZIRP region did not
evoke an ocsophageal response (n = 5). However, repeated pulses of glutamate (300 to
500 pmol) caused repetitive swallowing (n = 3 / 3; not illustrated).

Physostigmine (0.1 - 0.3 nmol) applied unilaterally to the NTS surtace produced
rhythmic oesophageal peristalsis (n = 7, Fig. 4.13A). Five to ten minutes after pressure-
cjection of the GABA, reeeptor agonist, muscimol (5 - 10 pmol), in the ZIRP region,
physostigmine applied to the ipsilateral NTS was ineffective (Fig. 4.13B), but continued
to elicit a response when applied to the contralateral NTS (Fig. 4.13D). However,
muscarine (0.5 nmol) applied to the ipsilateral NTS surface remained effective in eliciting
arhythmic oesophageal response (Fig. 4.13C). As examined by fluorescence microscopy,
injection sites (n = 3) were located in the rostral ZIRP comprising a region 300-500 pm

medial and 300-500 um dorsal to the rostral pole of the AMB,..

4.2.7 Effects of Muscarinic Activation or ZIRP Stimulation on NTS. Neuronal
Response in the Brainstem Slice

In response to a glutamate pulse (50 to 100 pmol). neurons (n= 16) recorded in
the NTS,. region in transverse slices produced a fast depolarization in the current-clamp
mode or a fast inward current when voltage-clamped. In 9 out of 19 neurons, the
glutamate response was enhanced by a prepulse of muscarine (5 - 15 pmol), as evidenced

by an increase in its amplitude and duration (Fig. 4.14).
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Fig. 4.14 Cholinergic facilitation of glutamate response in NTS,. cells. A, Left panel:
a pulse of glutamate (about 50 pmol) produces a fast depolarization recorded in whole
cell configuration in current-clamp mode (upper trace) or a fast inward current inanother

cell in voltage-clamp mode in the presence of tetrodotoxin (TTX | gM) (lower trace).

Middle panel: a subthreshold prepulse of muscarine (5 pmol) facilitates the response 10

after 3 min washout. B,

glutamate. Right panel: recovery of the glutamate respons

Average data from 8 NTS,. cells voltage-clamped at -60 mV the [;
effect of muscarine (5-10 pmol) on amplitude and duration of glutamate (30 - 50 pmol)

evoked inward current. Glu., glutamate; Mus., muscarine
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Fig. 4.15 Failure of glutamatergic chemostimulation in the ZIRP region 1o facilite

¢ pointed to the NTS,. and

NTS,. excitability in oblique brainstem slice. Drug pipettes
the ZIRP region, respectively. A glutamate pulse (about 30 pmol) apphied o an NTS,.
neuron produces a fast depolarization (control). Pulses of glutamate (about. 200 pmol)

applied to the ZIRP region are ineffective in altering the NTS,. neuronal response.

167



Control After Glu / ZIRP

10 mv

NTS|

Wholecell Glu
Recording

0.5 mm

168



In oblique slices, neurons in the NTS,. region also produced a fast depolarization

in response to glutamate pulse (50 - 100 pmol). However, the N

neuronal response
was not affected by chemostimulation of the ZIRP region with glutamate (0.2 to 0.4
y 2 &

nmol) (Fig. 4.15: n = 7 cells from 3 slices).

4.3 Discussion

The present investigations provide evidence supporting the hypothesis (hat
propriobulbar cholinergic inputs to the NTS,. (i) are critically involved in esophagomotor
pattern control; (ii) allow csophagomotor rhythm to be generated without afferent

support; and (iii) originate, at least in part, from the ZIRP region of the rostral medulla

oblongata,

4.3.1 Contributions of Cho

gic Mechanisms to Gesophagomotor Pattern Control

“The data presented corroborate the idea that cholinergic transmission in the NTS,.
participates in three aspects of esophagomotor control, namely (1) the coupling of the
ocsophageal stage of swallowing (primary peristalsis), (2) the aboral propagation of
oesophageal peristalsis and (3) peristaltic rhythmogenesis.

Central coupling of swallowing stages. R

ding the initiation ol the

oesophageal stage of swallowing (primary peri

alsis), Roman (1982) hypothesized that
the two stages of swallowing are centrally coupled via a "central chain ol neurons”. On

the contrary, Cunningham and Sawchenko (1990) propose that primary peristalsis, like
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sceondary peristalsis. is initiated by passive distension of the cervical ocsophagus and

hence operates in the manner of a chain reflex. The present findings argue against the

latier notion, because deafferentation of the pharyngo-oesophageal junction did not
climinate the ocsophageal stage of centrally triggered fictive swallowing, suggesting that
primary peristalsis does not require afferent inputs from the periphery for its initiation

but instead depends on central links between buccopharyngeal and oesophageal

interneurons.

Jean (1972a) has hypothesized that buccopharyngeal stage interncurons in the

dorsal medulla oblongata cannot activate contralaieral oesophageal interneurons, because

an clectrolytic lesion of a small area in the sheep NTS, probably involving the NTS,.,
selectively abolishes the thoracic oesophageal stage of swallowing induced by ipsi- but
not contralateral SLN stimulation. In the present study, chemostimulation of swallowing
interncurons in the “half center” on the de-efferented side produced pharyngeal
deglutition with a coupled cervical oesophageal contraction. The former resulted probably
from bilateral activation of pharyngeal stage premotor clements, the latter from excitation
of oesophageal premotor clements in the contralateral NTS. In Jean's experiment
(19720), motor activity in the upper cervical ocsophagus was also present upon
stimulation of the SLN ipsilateral to the lesion but was not commented upon further. At
variance with Jean's concept, in the present study the full oesophageal stage could be

evoked by bi inc application to the ized side provided that cholinergic

r ission was in the NTS. Taken together, these results
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suggest that the buccopharyngeal interneurons in each hall~centre send bilateral excitatory

projections to cervical oesophageal interneurons. although the crossed projection appears

to exerl a weak excitatory drive. 1t remains to be determined it the same holds for

interncurons controlling more aboral portions o1 the gullet. Clearly, cholinergic input
seems (o regulate interncuron excitability in a critical manner.

In keeping with Roman’s

“central chain” madel, one may hypothesize that cach

substage (including motility in different segments of the oesophagus) is controlled by its
own neuronal "subcircuit” (as indicated in Fig. 4.16). These subcircuits can be activated
separately by afferent inputs, but in a normal swallow they are coordinated by central

links. Assuming that such a linkage mechanism needs to operate at considerable speed,

one can speculate that the swallowing stages may not be linked by mu nic cholinergic

synapses. but instead by fast transmissive processes. The present data from single cell

recordings in vitro supports the view that cholinergic input to the N'TS,., via postsynaptic

mAChRs, up-reg the itability of interneurons, thereby ensuring

interstage-coupling. This hypothesis accords with data demonstrating, that muscarinic

blockade in the NTS partially depressed cervical ocsophageal activity, bu fully

eliminated distal oesophageal responses during an evoked swallow (see Fip. 4.5).

ilitation of peristaltic | ion. Cholinergic in the NTS not

only promote the central coupling between the buccopharyngeal and oesophageal stapes,

but also contribute 10 peri

taltic | by (1) the loss

of distal ocsophageal activity following selective muscarinic blockade in the NTS
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i ion during local "eserinization” in the

G ion of rhythm. In ing previous investigations in

the rat (Bieger 1984; Hashim & Bieger 1989), the present work further demonstrates that

focal activation of mAChRSs in the rat NTS,. produces rhythmic esophagomotor synergies

without pharyngeal activity. Thus, coordinated rhythmic relaxations in the upper and
lower oesophageal sphincier were scen (o accompany rhythmic peristaltic contractions

in the acsophageal body. Releasing the NTS.. neurons from GABAergic inhibition

(Wang & Bicger, 1991) also results in rhythmic oesophageal activity that is abolished by

muscarinic blockade. further ing thei ofan
mechanisms in the NTS,. in esophagomotor rhythmogenesis. In contrast, focal activation

of glutamate receptors in the NTS,. typically evokes a monophasic non-propulsive

oesaphageal contr:

tion.

he solitary complex consists of subnuclei which subserve diverse visceral

functions (Champagnat et al. 1986: Dekin, 1993: Dekin et al. 1987: Dekin & Getting,

1987: "Tell & Jean 1993). The N

is a circumseribed region in the medial portion of
the NTS. Based on the observation that activation of mAChRs in the medial NTS causes

chaw

in cardiovascular and respiratory activity. the cholinergic innervation of the

NTS,. b

been implicated in cardiovascular and respiratory regulation (Ruggiero et al.
1990). However, neuroanatomical studies have revealed that the NTS,. mainly, if not

exclusively, receives peripheral afferent inputs from the oesophagus (Altschuler et al.
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1989) and functional esophagomotor loci are confined to the NTS,. (Hashim and Bicger

1989). The present study further revealed that focal a

tion of muscarinic cholines

mechanisms in the NTS,. evokes rhythmic oesophageal peristalsis without any detectable

change in cardiovas

ular or respira

The evoked rhythmic esophagomotor

activity cannot be a secondary response of oesophageal interneurons (o excitatory

afferents trom cardiovas

cular or respiratory neurons, because its frequency s well

outside the range of the rate of heart beat and respiration. Neverthel topical
application of muscarine to the NTS surface caused complex cardiovascular and

respiratory responses, as well as oesophageal peristalsis,  suggesting (hat  the

cardiovascular and respiratory functions are regulated by cholinergic m

anisms in

certain regions of the N’

hut not the NI

. From all these results, one may conclude

that the muscarinic che linoceptive neurons in the NTS. are not involved

cardiorespiratory regulation.

4.3.2 Generation of Ocsophagomotor Rhythm by Muscar timulation of the
NTS,. without Re-afferent Sensory Inputs

In vivo.

The oesophageal motoneurons in the AMB,. receive monosynaptic innervation

from the ipsilateral NTS,. (Barrett et al. 1994: Cunningham & Sawchenko, 1989; Gai et
al. 1995; Hashim 1989). In the present work, AMB,. motoncuronal responses to N'T'S,

input have been studied by means of extracellular ings. The on
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were identificd hy their responses 1o two types of stimulation. First. the neurons in the

AMB,. resp | to distension of the distal with rhythmic burst discharges

which preceded phase-locked ocsophageal peristalsis, confirming that the recorded
neurons were involved in esophagomotor control. Second, chemostimuiation of the

recorded units with a glutamate pulse clicited a short-latency burst discharge followed by

a i contraction, Th

confirms that the recording site was near

motoneuronal somata rather than within bundles of passing fibers. As expected, activation
of mAChRs in the NTS produced rhythmic discharges in the AMB,. neurons and
rhythmic peristaltic oesophageal contractions. Given that the recording loci were located

by distension of distal ocsophagus, the evoked neuronal activity in the AMB,. led the

pe tic contractions only in the lower thoracic and distal oesophagus but followed
those in the proximal segments.
Rat AMB,. neurons contain both nAChR (Wada et al. 1988. 1989) and mAChRs

(Wamsley et al. 1981) and reccive alferent input from ZIRP cholinergic neurons (Zhang

etal. 1993). However, the mAChR-mediated thythmic motoneuronal activity cannot be

generated by the AMB,. neurons themsclves, although some motoncurons have been

reported as having the ability to generate rhythmic activity (Hochman et al., 1994b)
Rather, rhythm gencration requires input from interneurons in the NTS. Activation of the
AMB,. cholinoceptors with an ACh pulse produced only a single burst discharge and a

synchronous ocsophageal contraction.

Neuromuscular paralysis caused a decrease in intensity of the evoked rhythmic
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esophagomotor activity in the AMB,.. The decrease in burst frequency of the AMB,

s is probably not an art animals

ischarges during motor paral

1. because (i) the

were well ventilated with oxygenated air and quickly recovered from paralysis and (i)

neuronal discharges could still be evoked by distension during motor paralysis.
Therefore. as discussed in Chapter 3, the results obtained here further swengthen the

argument that afferent feedback reinforces activity. Since 1

afferent inputs project to the NTS,., but not the AMB,., the reinforcement should oceur
at the oesophageal premotor level.
The persistence of muscarine-cvoked repetitive discharges during neuromuscular

blockade suggests that rhythmic

sophagomotor activity can be generated without sensory

feedback. As to the alicration in rhythmicity of the cvoked oesophagomotoncuronal

activity. it could reflect a change in motor patiern generation in the NTS,., but it could

also result from a failure in spike generation in the AMB,. secondary 1o the decrease in

premotor activity. The latter inference prompled us to pursue further studies with
intracellular recordings in brainstem slices (sce Chapter 5).
Fictive oesophageal peristalsis in vitro.

In light of previous anatomical work (Iashim. 1989). we developed an obligue

sagittal brainstem slice containing the N

and the AMB.. In this brainstem

preparation, mAChR activation in the N'

(. but not cholinergic activation in the AMB,
region, caused rhythmic events in AMB,. neurons. On the premise that cholinergic

afferents to the NTS originate from the bulbar reticular formation (C

apter 3), the
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present data would suggest that patterned esophagomotor activity can be generated in a

medullary network  without peripheral afferent inputs. The esophagomotor pattern

generator must include the NTS. region, because the rhythmic motoneuronal activity

could only be clicited by activation of mAChRs in the NTS,.. Since the rhythm of the

cvoked response in vitro mimics that of rhythmic peristaltic movements in the

ctivity may be appropriately termed

this type of

alsis”

“fictive peris

One interesting aspect of the in vitro data is that evoked fictive peristalsis

cvident only as a thythmic depolarization or rhythmic EPSP discharge. That is, AMB,.

neurons lailed to generate spike bursts in response to muscarinic activation in the NTS..
As summations of rhythmic synaptic events, the form and amplitude of the cvoked
rhythmic activity in the AMB,. motoneuron should depend either postsynaptically on the
excitability of the AMB,. neuron, or presynaptically on the bursting frequency of the
NTS,. neurons when evoked by m.\ChR activation. The failure of spike production is

likely due 1o the high threshold of the AMB,. motoneurons (Wang et al. 1991b),

although the neurons reproducibly generate spikes when sufficiently depolarized by

gluamate or ACh, C ivably, pr in the NTS,. region are

in a depressed functional state caused by ff ion and lack of y input.

idence obtained in Chapter 3 suggests that oesophageal primary afferents to the NTS,.
region are glutamatergic. Indeed, when the NTS,. neurons were stimulated with combined

pulses ol gluamate and ACh, the AMB,. higher-
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rhythmic depolarizations with superimposed spikes. Taken together, these data supgest

that. under physiological conditions. peripheral afferen

and inputs from other brain

structures fag

litate, via glutamate receptors, the NTS,. premotoneurons which, in wrn,
drive esophagomotor activity in the AMB... This concept also explains the observation

that neuromuscular blockade altered the discharge-pattern in

during muscarine-induced peristalsis.
Inactivation of M-current (1) by mAChR activation has been found 1o be one

mechanism underlying mAChR-mediated responses in CNS nearons (Elalliwell & Adams,

and ventro Lateral

1982). Morcover, Iy, has been identified in some neurons in the ventral

portion of the NTS (Champagnat et al 1986). However, i e does not

tivation of 1y per

appear 1o contribute to esophagomotor rhythmogen Thus, in the presence of barium,
a blocker of I, (Constanti et al., 1981; Halliwell and Adams, 1982), fictive rhythmic

peristalsis does not occur without activation of mAChRs in the NTS,..

Consistent with in vivo results (Bicger 1984: Hashim and Bicger 1989), NMDA

pulse-ejected in the NTS,. region only resulted in a monophasic depolarization or a volley
of EPSPs in the AMB,. neurons in the oblique slice preparation, suggesting thatactivation

of NTS,. neurons with exogenous NMDA alone

annot produce rhythmic esophagomotor

acti

ity. Therefore, i underlying T is inthe N'TS,

remain to be studied.



4.3.3 Involvement of Propriobulbar Cholinergic Neurons
A group of propriobulbar cholinergic neurons in the ZIRP region were

! y labelled by iting tracer at functi y defined loci in the

- (Wang 1992). Functional evidence obtained in the present study suggests that ZIRP

cholinergic neurons may be a propriobulbar source of cholinergic innervation of the

Inhibition of ACh breakdown in the NTS produced rhythmic oesophagomotor
activily, suggesting that under normal resting conditions endogenous ACh is tonically

released at N

oesophageal interncurons. Since evoked esophagomotor activity is
abolished by activation of local GABA receptors in the ZIRP region, ACh release in the

NTS may originate from ZIRP cholinergic neurons. The inhibition of esophagomotor
Yy origl & 3

tivity could not have been due to GABAergic inhibition of oesophagomotoneurons in

the AMB,., because esophagomotor activity can be induced by direct activation of

mAChRs in the NTS.

There may be at least two ions of why of the

ZIRP region docs not evoke an oesophageal responsc in vivo and failed to facilitate the
NS, ncuronal responses in the oblique brainstem slice. First, cholinergic neurons in the
ZIRP are scatiered over a relatively large area (Ruggiero etal. 1990; Vyas et al., 1990).
Thus, a pulse of glutamate in a restricted locus of the ZIRP may fail to evoke a
detectable oesophageal response in intact animals. Second, the ZIRP cholinergic pathway

to the NTS,. may have been damaged in the oblique sagittal brainstem slice preparation.

179



Anatomical studics show that the NTS,. contains a dens

ChAT-positive wrminal
field, whereas the cholinergic neurons in the ZIRP are scattiered (Ruggicro et al. 1990).
The low density of retrogradely labelled scattered cholinergic neurans in the ZIRP (Wang
1992) is at odds with the dense ChAT-immunorcactive terminal ficld in the NTS,.
(Ruggiero et al 1990). This suggests that the NTS.. may receive other propriobulbar

cholinergic inputs. Indeed, scattered ChAT-immunoreactive neurons are located in the

immediate vicinity of the Nl

. (Ruggiero ct al. 1990), mainly representing the N

Given that NT

contains buccopharyngeal premotor neurons (Hashim 1989) it is
plausible to propose that some cholinergic inputs to the NTS. may derive from

buccopharyngeal premotor neurons in the NTS,,.

In summary, propriobulbar cholinergic inputs to the N

(- are critically involved

in the pattern i specially.
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Chapter 5
CHOLINERGIC AND GLUTAMATERGIC INTERACTION IN
ESOPHAGOMOTOR RIYTHMOGENESIS
In anaesthetized rats, two types of slow oesophagomotor rhythms are evident.
Distension of the distal portion of the oesophagus evokes localized 0.5 o 0.7 Hz

rhythmic reflex peristalsis that is eliminated by blockade of NMDAR in the NTS

(Chapter 2). ivation of muscarinic i in the solitary complex produces

s throughout the whole oesophageal body with a rhythm in the 0.05 - 0.2

fictive peristal
1z range (Bicger, 1984: Iashim and Bieger, 1989; Chapter 4). Taken together these data
suggest that esophagomotor rhythm generation depends on both NMDA and muscarinic
receptor activity in the N'TS,. region,

“The aim of this part of the work was to investigate the mechanisms underlying
the genesis of rhythmic esophagomotor activity in the rat. Specifically, the following

questions were addressed: (i) What activity patterns are generated in NTS. neurons

during fictive rhythmic peristalsis resulting from sti ion of muscarinic
and/or NMDA receptors in the solitarius complex? (ii) can activation of these receptors
replicate a peristalsis-like rhythm in single NTS,. neurons deprived of phasic sensory

input? (iii) what ionic conductances are involved?

5.1 Methods and Materials

S.1.1 Procedures for In Vivo Experiments
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Neuronal responses to topical application of receptor agonists were extracellularly
recorded in the NTS. of male Sprague-Dawley rats. The procedures tor animal
anaesthesia. intraluminal pressure recording, brain surgery, extracellular recording and

drug application were as described in the foregoing chapers.

5.1.2 Procedures for In Vitro Experiments

i. Single neuron recordings in brainstem slices.

The materials and basic p for b

and
patch recordings were as described in Chapter Three. Transverse brainstem slices (400
wm thick) were cut and only the slice containing the NTS,. (from a planc 100 pm caudal
(0 400 pm rostral to the obex) was used for the experiments. Whole cell patch recordings
were confined within the NTS,. region under microscopic control. In keeping with
previous anatomical studics (Altschuler et al. 1989: Bieger 1984), this region was taken
to lie between 800 to 1000 um lateral to the midline and 500 to 700 gm ventral to the
dorsal surface of the medulla. With reference to topographic landmarks, clearly
discernible in the transilluminated slice, the region under study extended 200 um dorsad
from the adjacent DMV and between 200 to 400 pm from the medial margin of the

solitary tract.

After formation of the whole-cell configuration, the cell was left 1o stabilize
its intrinsic membrane potential (£,) for 5 to 10 min. The majority of recorded neurons

exhibited spontaneous spiking activity. A baseline potential al which the cell was kept
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quicscent by intracellularly injecting the smallest negative current was defined as intrinsic
baseline £, Only cells with a baseline £, = -40 mV, input resistance > 200 MQ and

Na'-spikes, cither spontancous or evoked in response to intracellular current injection,

were used for this study. Some neurons were voltage-clamped in the single electrode

voltage clamp mode at a sample rate of 10 to 12 kHz. The switching voltage at the head

stage amplifier was i i ly on another oscil to assure adequacy
of the clamp. Recordings from single nerons lasted from 30 min 10 4 h.
Drugs were either pressure-cjected near recorded cells or applied by bath

perfusion, ‘The drugs were obtained from commercial sources as described in forgoing

chapiers except 3-((Rs)-2-carboxypi in-4-yl)-propyl-1 ic acid ((rs)-CPP)

Irom Tocris Cookson Inc.
ii. Cell lubelling and histology

In some recordings, the solution in the patch pipetie was mixed with 2%

(N-(2-ami yl)-biotinamide hydrochloride) for intracellular labelling. On
termination of recording. the slice was immersed in 0.1 M phosphate-buffered 4 %
paratormaldehyde for 16 to 18 h then cut on a vibratome in 80 um sections for

subsequent hi i cessing (using the Di ion Laboratories Inc. procedure).

Bricfly, after several rinses with PBS, sections were treated with Triton-X100 (0.4 % in
PBS) for 1 to 2 h and then incubated in the VECTASTAIN ABC Reagent in PBS for 2
h. After several rinses with PBS, slices were reacted with diaminobenzidine (DAB

0.05%) and H,0, (0.003%) in PBS to visualize filled neuron(s). The sections were
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mounted onto gelatin-coated slides, dried. defated and cover-stipped. The stained

neurons were examined in serial scctions and drawn at 100 to 400 times magnification

using a camera lucida microscope attachment.

5.2 Results
5.2.1 In Vivo Multi-Unit Discharges
As described in Chapter 3, extracellular recordings werce performed in different

loci of the NTS,. where different burst discharge patterns were clicited by acsophageal

distension. When recordings were made in loci in which a discharge burst was evoked

by distension of the lower thoracic vesophagus, topical application of muscarine or

physostigmine (0.1-0.2 nmol) applied to the NTS surf

evoked slow rhythmic unit

burst activity in a range of 0.05 t0 0.12 Tz together with phase-locked oesophageal

pressure waves (Fig. 5.1 n = 10 ). On application of NMDA (0.1 10 0.2 nmol) by the

same route, neurons in the same loci responded with a rise in background firing and

superimposed rhythmic burst discharge:

The ratc of bursting showed a 1:1 relationship

with repetitive buccopharyngeal fast pressure waves and slow ocsophageal pressure waves

representing rhythmic swallowing. The burst discharges were synchronous in onset with
the pharyngeal pressure waves but led phasic ocsophageal pressure waves that were

superimposed on a sustained but small intra-ocsopl

geal pressure rise (Fig. 5.1, n = 3).
At loci where rhythmic (0.5 t0 0.8 11z) burst-discharges were elicited by inflation

of the intracrural portion of the ocsophagus, slow (0.1 10 0.25 [1z) rhythmic burst
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. S0 Unit discharge patterns in the NTS,. and motor responses of the upper

alimentary tract evoked by application o muscarine and NMDA 10 the ipsilateral

solitarius complex. Extracellular multi-unit activity recorded in the NTS,. region is

displayed as rate meter signal (NTS..) along with intrapharyngeal (P) and thoracic
inacsophageal (1T1:) pressure. A: Burst discharge and monophasic pressure wave are
reproducibly evoked by distension of lower thoracic oesophagus (indicated by bold bar).
B: Muscarine (0.1 nmol, 4 min afier application) produces rhythmic (0.05 Hz) bursts in

the NTS,. that lead rhythmic oesophageal pressure waves in a phase-locked manner. C:

NMDA (0.1 nmol, S min after application) induces a sustained rise in background firing
with superimposed  rhythmiz burst discharges that are coupled to repetitive pressure
waves propagating from the pharynx to the thoracic oesophagus. Note tonic pressure rise

in oesophagus during activation of NMDA receptors.
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discharges were also induced after application of muscarine (0.2 nmol) to the NTS

surface (n = 2, not shown).

5.2.2 General Properties of Single NTS. Neurons In Vitro

[ul whole-cell recordings were obtained in 212 neurons in the NTS,. region

Sucet
of 109 brainstem slices. Examination of the location of neurobiotin-labeled cells (n = 12)
indicated that all recorded cells were within a 120 um X 120 pm area coextensive with
the N'TS,. or its immediate surroundings (Fig. 5.2).

In the whole-cell configuration, baseline E,, of recorded neurons was determined
in some neurons and ranged from -42 to -67 mV (-51 £ 6 mV; n = 62). At their
intrinsic £,,. most neurons exhibited tonic discharges (155 / 212 cells); spontaneous burst
oscillations were observed infrequently (5 / 212 cells). The remaining 52 cells were
quieseent al their resting £, (-54 to -67 mV) and exhibited spike discharges when the
membrane was depolarized to around -50 mV by positive current injection. Application
of hyperpolarizing current pulses to some recorded neurons revealed an input resistance
between 330 and 1200 M@ (663 + 312 MQ; n = 38).

i. Spontaneous activity

Tonic discharges.  Fig. 5.3 depicts examples of neurons that exhibited tonic
spiking activity. The spontancous firing rates ranged between | and 5 Hz. Low-amplitude
(15 10 35 mV) spikes were often observed (Fig. 5.3A) and a few neurons (3 / 155 cells)

exhibited graded spikes (Fig. 5.3B). Each spike was followed by a prominent after-
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Fig. 5.2 Neurobiotin-labeled neurons in the NTS,. region. A. Camera lucida drawing
shows two neurobiotin-filled neurons, whose cell bodies are located in the NTS,. region

within 250 pm medial to the solitary tract (TS). Note that the newrons have a small

perikaryon, and long complex dendritic processes that spread into adjacent subnuclei

s are not all in

(Insert shows photograph of the two labeled cells. The dendritic proces:
focus). B. Responscs of both filled cells to chemostimulation by single ACh pulses (50
to 100 pmol, indicated by asterisks). Note the hyperpotarization (cell  and 1) and brief

rebound burst discharge marked by arrow (cell [1). D, dorsal: M, medial.
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Fig. 5.3 Different types of spontancous spiking activity of neurons in the N'TS,. region.
A. Spontaneous tonic discharges recorded from a ncuron that generated rhythmic burst
oscillatinas (shown in the insert) in response to pulse-applied ACh (~ 0.1 nmol, asterisk).
As illustrated at higher speed (A-2}, the spike discharge is characterized by a slow pre-
spike depolarization and abrupt long lasting afterhyperpolarization following the spike.
B. Dual spike activity in another neuron (B-1) with development of rhythmic bursting

during continuous perfusion with NMDA (10 uM, B-2).
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Fig. 5.4 Elimination of spontancous firing of neurons in the N'TS, region by blockade
of NMDARs. Spontaneous spiking is slightly reduced in frequency from control level (A)
following 8 min perfusion with methscopolamine 5 M (B). In contrast, firing is

completely suppressed by 6 min perfusion with AP-5 (25 uM, C).
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hyperpolarization (AP, 8 - 18 mV) (Fig. 5.3A). When hyperpolarized below -60 mV,
spontancous spiking ceased, however, spontaneous potential fluctuations were still evident
in some neurons. In all cells tested, the spontaneous spikes (n = 16) and membrane

potential f (n= 5) were climinated by bath application of tetrodotoxin (TTX,

0.5-1 uM). Within 5 to 20 min following perfusion with the NMDAR antagonists, AP-5
or AP-7(10 1025 pM), the E,, hyperpolarized by 4 (0 8 mV and thus spontaneous spikes
disappeared (Fig. 5.4; 0= 7 / 8 cells tested). In contrast, spontaneous activity persusted
duringa 15 10 20 min perfusion with methscopolamine (1102 uM, n = 5) albeit at a
decreased frequency.

Burst oscillatic Burst oscillations were recorded il after achieving

the whole cell configuration in 4 cells. Another cell exhibited oscillatory behaviour when
depolarized. As depicted in Fig. 5.5, oscillations were characterized by recurring
depolarizing platcau polentials with superimposed spike bursts. Each oscillatory cycle

consisied of 4 phases: an initial slow depolarization, a fast depolarization, a plateau and

a fast repolarization. The sp burst illations varied in freq. y (0.1 to 4.5
11z) among different cells. Hyperpolarization of the membrane increased the amplitude
of the plateau potential but decreased the frequency of the oscillation (Fig. 5.5A; 2 out
of 2 ncurons fested). After exposure to TTX (1 uM, n = 3), spontaneous oscillations
together with spike bursting ceased in 2 cells tested. The remaining cell continued to

oscillate at holding potentials between -40 and -50 mV, although the spikes were

and the frequency of oscillation was reduced (Fig. 5.5B).
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Fig. 5.5 Two examples of spontancous burst-oscillations in the NTS,. region. A. low-

burst oscillation is recorded at intrinsic membrane potential (left

panel). The burst. n fi y when is hyperpolarized
\ Y

(right panel), suggesting that the oscillation is endogenous, i.c. not driven by phasic

synaptic inputs. B. Another neuron exhibits high-frequency spontancous oscillations

when current-clamped at -45 mV (upper trace). The oscillations persist in the presence
of I uMTTX (lower trace) albeit at a reduced frequency, but disappear when membrane

is hyperpolarized below -50 mV. Break in the lower trace represents 40 s).
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Fig. 5.6 Effects of mAChR activation on membrane excitability. A. A ncuron current
clamped at -70 mV produces repetitive spikes during a depolarizing current pulse (lower
trace, 1.5 s, 0.1 nA) and a slow afterhyperpolarization (AHP) after the current pulse (A

1). The frequency of the evoked spikes is enhanced but amplitude of the evoked AP

is reduced 1 min after ACh (about 30 pmol, down-ward arrow) pressure-cjecied in the
vicinity of the neuron . Five minuws after the ACh pulse, the responses recover (A-3),
B. Upon termination of short depolarizing pulses (0.1 nA, 20 ms, at black dots), another
neuron held at -60 mV reproducibly produces slow AIPs that are occasionally followed
by a small afterdepolarization (ADP, indicated by the arrow) (B-1). After 35 s perfusion
with muscarine (2 uM., black bar), the AIP disappeared, but the ADP is reproducibly

evoked (B-2). After 5 min washout, botli the AHP and ADP recover to control level (B

3).
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1o il current- or voli -pralse

7 izing current pulses. to long (0.5 to 1.5 5) and short duration
(20 ms) depolarizing current pulses (0.1 to 0.2 nA) were tested in 48 neurons. When
cells were held at their intrinsic E,,, a long depolarizing pulse (0.5 s, 0.1 nA) produced
a sustained burst of spikes with a frequency of 15 to 50 1z, followed by a slow AHIP.
The slow AHP lasted 2 to 55 (3.1 £ 0.9 51 n = 22) and reached amplitudes of 8 1o 18
mV (12 £ 3.2 mV; n = 22). All spontancously firing neurons resumed repetitive spiking
when repolarized from the AHP (n = 18). At holding potentials ol -60' o -75 mV .,
spomaneous spiking ceased; however, a positive current injection (1's, 0.1 0 0.2 nA)

evoked a train of spikes with a frequency of 6 10 18 11z (12 £ 3.2 1z, n = 14;

g
5.6A-1). The onset of the spiking occurred with virtually no delay (n = 14/ 14). In the
presence of TTX (0.5 pM), spikes failed (0 be evoked by a depolarizing step (n = 11
/ 11), however, the slow AHP persisted although reduced. A short depolarizing pulse
evoked a single spike in cells current-clamped at -60 to 65 mV (n = 6). UUpon
termination of the short depolarizing pulse, the cells generaed an AP that was
occasionally followed by an afterdepolarization (ADP) (Fig. 5.0B-1).

Following 30 to 40 s perfusion with muscarine (0.5 to 2 uMj or pressure-cjection
of muscarine (10 to 20 pmol) or ACh (20 to 40 pmol), the frequency of spikes evoked
by a long depolarizing pulse (1 s, 0.1 to 0.2 nA) applied to neurons held at -60 10 -75

mV was augmented from 12 4+ 3.2 Hzto 19 £ 4.5 Hz (n = 9), whereas the slow AP
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. 5.6A-2) or blocked (n = 4). The AHPs evoked by a short

was reduced (n = 52
depolarizing current pulse were completely eliminated in all neurons tested (n= 6) and
in some cases (2 / 6) replaced by a slow depolarization with a superimposed burst of

action poteatials (Fig. 5.68-2).

Hypery voltage- or pulses. When cells were voltage-clamped
a1 -35 w -45 mV, a hyperpolarizing voltage-clamp step of 15 to 25 mV did not reveal
the presence of 7y, (n = 12, including 7 neurons that were demonstrated to be responsive
10 MACKR stimulation).

Membrane voltage responses to hyperpolarizing current-steps (0.5sto 1.55.0.1-
0.5 nA) were tested in 48 neurons held at their intrinsic E,,. or at -60 mV. In 23 out of
48 neurons, an inward rectification was observed in the form of a sag in the voliage
during the hyperpolarizing current injection (Fig. 5.7A). Upon termination of
hyperpolarization. most neurons (n = 34 / 48) showed a postinhibitory rebound (PIR)

activity (Fig. 5.7A). The PIR activity was manifest as a subthreshold depolarization, or

a depolarization with superimposed action potentials (Fig. 5.7A) or slow voltage
fluctuations (Fig. 5.7B-1), lasting between | to 6 s. Although varying from cell 1o cell.
the amplitude of both the inward rectification and the PIR depended on the duration and
intensity of the negative current pulse (Fig. 5.7A). Both the inward rectification and PIR

(lig. 5.8A) persisted in the presence of TTX (1 uM).
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Fig. 5.7 Hyperpolarization-produced ification followed by postinhibitory
rebound (PIR). A. In a cell held at -60 mV by injecting a steady hyperpolarizing
current, injection of a hyperpolarizing pulse produces an inward rectification (marked by
arrow) and PIR with superimposed spikes. Increasing the amplitude of the current pulse
results in greater anomalous rectification and PIR. B. in another neuron, termination of
a hyperpolarizing current pulse (1.5 s, -0.5 nA) results in rhythmic membrane
oscillations (B-1). As shown at higher speed (B-2), the rhythmic oscillations trigger burst

discharges.
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cet of muscarinic activation on PIR in the presence of tetrodoioxin, A. At

termination of the hyperpolarizing current pulse (20 ms, -0.2 nA, small dot), a PIR with
superimposed spikes is reproducibly evoked in a neuron held at -60 mV (A-1). After 10
min perfusion with terrodotoxin (1 M), the PIR persists with a loss of superimposed
spikes (A-2). B. In another neuron held at -60 mV, a small PIR depolarization is evoked
by intracellular negative current injection (20 ms, 0.1 nA) in the presence of tetrodotoxin
(B-1). Amplitude of the PIR is enhanced by perfusion with muscarine (2 pM) for 30 s

(B-2).
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The effect of mAChR activation on the PIR was also investigated. After bath
perfusion with muscarine (1 to 2 zM, 20 to 40 s), negative current pulses (20 ms, 0.1
nA) reproducibly evoked PIR (n = 6 / 6 neurons tested, Fig. 5.8B). The enhancing
effect of muscarine on the PIR response persisted in the presence of TTX (I M, n =
4/ 4 tested). The PIR was resistant to the L-type Ca®* channel blocker. nifedipine (1

M, n = 2) and the NMDAR antagonist, AP-5 (20 uM, n = 2).

5.2.3 Agonist-Driven Oscillations in Single Neurons
Responses to NMDA (n = 117) or mAChR agonists (n = 184) were examined

neurons (some of which were tested with both NMDA and mAChR agonists).

In response to NMDA, all neurons tested showed depolarization from their intrinsic E,,
and some exhibited membrane oscillations when hyperpolarized. About 70 % (132 /184)
neurons at the intrinsic £, responded to ACh or muscarine. These responses included (i)
a nonrhythmic depolarization (n=48); (ii) a simple hyperpolarization (n=31) or (iii)
rhythmic (oscillatory) depolarizations with or without concomitant hyperpolarization

(n=53). Only neurons exhibiting bursts or slow (< 1.0 Hz) oscillatory behaviour were

studied in more detail. In terms of their oscillatory responsi to agonist
neurons were generally divided into a) NMDAR-driven oscillators, or b) mAChR-driven
oscillators. In terms of their sensitivity to TTX, the latter, but not the former, could be

further divided into TTX-sensitive and TTX-resistant subtypes (Table 5.1).



Table 5.1  Agonist-driven oscillator cells in the subnucleus centralis
of the nucleus tractus solitarii

INMD A receptor-dri mACh recey
(m=47) (n=53)
TTX-resist TTX-sensitive' TTN-resistant’
(n=8/12) (n=4/12)

Responsivencss to NMDA (0.1 nmol) ~ ACh*(0.1-0.4 nmol) ~ ACh * (0.1-0.4 nmol)
Agonist NMDA 10-50 pM muscaring 2-5 M muscarine 2-5 pM
Oscillatory 0.64£0.12 Hz 0.1220.06 Hz 0094005 Hz
Frequency
Requirement for
Hyperpolarizing Yes No No
‘Current Injection
Scnsitivity to NMDA Yes Yes No
Receptor Antagonist
Sensitivity to mACh No Yes Yes
Receptor Antagonist

! Only tested on 12 culls.
* Pulse-Applicd
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i. NMDAR-driven oscillators

AU their intrinsic £, these neurons responded to NMDA with a slow
depolarization and tonic firing. When hyperpolarized by 10 to 25 mV, 47 out of 117
neurons exhibited a regular rhythmic burst activity at an £, of -60 to -85 mV. The
frequency of the rhythmic activity ranged between 0.5 and 0.9 Hz (0.64 + 0.12 Hz, n
= 47). To distinguish these cells from others described below, they will hereafter be

referred 1o as NMDAR-driven oscillator neurons.

at i it Fig. 5.9A depicts responses
of a NMDAR-driven oscillator neuron at different membrane potentials. At -50 mV
(intrinsic £,), the NMDA pulse (~ 50 pmol) produced a small depolarization (5 to 10
mV) and tonic spiking activity (Fig. 5.9A-1). A larger pulse of NMDA (~0.1 to 0.2
nmol) only slightly enhanced the amplitude of the slow membrane depolarization and
prolonged the duration of the response (not shown). At -60 mV, however, burst
oscillations were superimposed on the slow depolarization (Fig. 5.9A-2) and, at-70 mV
(Fig. 5.9A-3), these increased in amplitude and duration. Bath application of NMDA (40
to 60 tM) produced a similar response. At the intrinsic E,, neurons exhibited a slow
depolarization (5 to 15 mV) with superimposed tonic spikes. At holding potentials
between -65 and -80 mV, oscillatory acrivity was evident (Fig. 5.9D; n = 8/ 8). In the
presence of TIX (1 gM). all neurons tested (n = 22) continued to generate repetitive
plateau potentials without a change in frequency despite the absence of fast spikes.

However, six to ten minutes afler perfusion with AP-5 (10 uM), the depolarizing and
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oscillatory response to NMDA was completely abolished (n = 3).

Oscillations under voltage clamp. In the presence of TTX (0.5-1.0 xM),
NMDA-induced oscillations in membrane current were abserved in all neurons that were
under single electrode voltage clamp mode (n = 31). As shown in Fig. 5.9B, rhythmic

current oscillations were superimposed on a slow inward current. Like the voltage

oscillations, current illati were also on the potential.
Hyperpolarization of the membrane enhanced the amplitude, but slowed the frequency
of the current oscillations (n = 7, tested between -60 and -90 mV). In a given neuron,
the frequency of NMDAR-driven oscillations were similar in voltage or current clamp.

In response to NMDAR activation, a small subgroup of ncurons (n = 4 / 47 NMDAR-

driven oscillatory neurons) generated two types of oscillations: a fast (~ 1.5 10 2.0 112)

Il i illation i with a slow (~0.5 11z) high-amplitude curremt
oscillation (Fig. 5.9C).

Effects of Mg** and Ca®* on oscillation. Perfusion of the slice with Mp*'-frec
medium for 8 to 10 min climinated the current oscillation leaving a slow inward current,
Re-perfusion of the slice with Mg**-containing ACSF for |5 to 20 min restored the
oscillations (Fig. 5.10; n = 4 / 4 tested).

Perfusion of the slice with nominally Ca*'-frec medium compler

ly climinated

NMDA-evoked illations while ing the magnitude of the NMDA-

ice to Ca?' -

evoked slow depolarization. (Fig. 5.11; n = 5/5 tested). On returning the

containing ACSF, the oscillatory response was restored within 10 1o 20 min.

206



Fig. 5.9 Examples of voltage-dependent NMDAR-driven membrane oscillations of
neurons in N'TS,. region. A. In response to pulse-applied NMDA (a 0.2 nmol), a neuron
at intrinsic membrane potential (top) produces a slow depolarization with superimposed
spiking, but exhibit rhythmic burst-oscillations at hyperpolarized membrane potentials
(middle and bottom). B. In the presence of | uM TTX, a neuron voltage-clamped at
hyperpolarized potentials produces current oscillations superimposed on a slow inward

current in response to pulse-applied NMDA (a, about 0.4 nmol). At holding potentials

range between -60 and -90 mV, hyperp ization slows the freq and enhances the

of the current oscillation, C. ing an NMDA pulse (a, about 0.4 nmol),
& neuron voltage-clamped at -75 mV, in the presence of TTX (1 uM), exhibit two types

of membrane oscillations at the same time. Initial low-amplitude 2 Hz oscillations are

d with higl itude 0.7 Hz oscillations. D. Bath-applied NMDA (50 uM.
indicated by broken line) produces rhythmic oscillations (about 0.5 Hz) in a neuron held

at -60 mV. As shown at faster speed, oscillatory plateau potentials trigger spike trains.
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Fig. 5.10 Loss of NMDAR-driven current oscillations in Mg**-free ACSF. In the
presence of TTX (0.5 M), NMDA (a about 0.1 nmol) reproducibly evokes a slow
inward current and superimposed current oscillations (top). After 5 min perfusion with
Mg?*!-frce ACSF, the NMDAR-driven current oscillations disappear, while the amplitude
of the slow inward current increases (middle). The current oscillation recovers 10 min
following reperfusion with control ACSF (bottom). The holding potential of the neuron

is 70 mV (indicated by dotted line).
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Dose-dependence of the NMDA response.  Although no attempt was made o

analyze the NMDA dose-response relationship in de the oscillatory patiern in
NMDAR-driven oscillator neurons showed a complex relationship to NMDA dosage. As
presented in Fig. 5.12, a 20 ms pulse of NMDA (~40 pmol) evoked a single plateau
potential riding on a slow depolarization wave (Fig. 5.12A). A 35 ms pulse of NMDA
(~70 pmol) produced repetitive oscillatory plateau potentials (Fig. 5.12B). A further
increase in duration of the NMDA pulse to 50 ms (~ 100 pmol) resulted in a sustained
plateau potential that terminated after S min (Fig. 5.12C). Despite the variation in

response patterns, the amplitude of the slow depolarizing potential and the oscillatory

plateau potentials attained the same level, indicative of a bi-stable membrane potential.

Enh by mAChR activatic At the intrinsic £, all NMDAR-driven

slow oscillator neurons tested (n = 24) produced a slow depolarization under current-
clamp or an inward current under voltage-clamp in response o an ACh pulse (0.1 nmol).
At a holding potential of -70 to -85 mV, the ACh pulse itself failed (o evoke an overt

response (pulses of ACh produced a small outward current or hyperpolarization in some
neurons), but prepulses of ACh increased the amplitude of the NMDAR-driven

oscillations in the majority of neurons tested (Fig. 5.13; n = 17/ 24). During perfusion

with methscopolamine (1 to 5 pM), however, the NMDA evoked oscillations remained

in i and frequency (n = 5/5).
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A Control
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Fig. 5.11 Disappearance of NMDAR-driven oscillations in Ca**-free medium. In the
presence of TTX (1 gM), a neuron held at -75 mV produces a slow depolarization with
superimposed 0.8 Hz oscillations in response to NMDA (a, about 0.1 nmol) (A). After
5 min perfusion with nominally Ca**-free ACSF, NMDA evokes a large depolarization

without oscillations (B). The oscillatory response recovers following 15 min reperfusion
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Fig. 5.12 D of NMDA oscillati In the presence of TTX (0.5 pM),

NMDA (a) are ejected near a neuron held at -75 mV. The low dose (about 40 pmol)
evokes a single short-duration plateau potential (A), the intermediate dose (about 70
pmol) a rhythmic oscillation (B) and the largest dose (about 100 pmol) a sustained
plateau potential (C). Note that the amplitude of the plateau potential evoked by NMDA

remains nearly constant.
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0.5 uM TTX

NMDA v ACh®

Fig. 5.13 Enhancement of NMDAR-driven oscillations by ACh. In response to NMDA
(v about 0.1 nmal) a neuran voltage-clamped at -75 mV in the presence of 0.5 uM of
TEX produces slow inward currents with superimposed oscillatory inward current (about
(.8 Wz (A). Prepulses of ACh (atasterisks, 0.1 100.2 inol) alone fail to produce ovest
response, but enhances the amplitde of the oscillatory currents (B). Without prepulses

of ACh the osciliatory responses retrn to control level (C).
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ii. MAChR-driven oscillutions

In 53 out of 132 cholinoceptive ncurons sampled in the NTS,. region, pulse-
applied ACh (0. 1 10 0.5 nmol) or bath-applied muscarine (2 105 uM) produced rhythmic
oscillations of 0.05 to 0.25 Hz (n = 18, Fig. 5.14A). The oscillatory activity was
evident at the intrinsic E, and characterized by repetitive platcau potentials with
superimposed high-frequency (80 to 120 Hz) bursts of spikes. This group of cells will
hereafter be referred to as mAChR-driven oscillator neurons. In response to
hyperpolarizing current injection, all mAChR-driven oscillator neurons tested (n = 23)

exhibited PIR (Fig. 5.14B-1).

by ization. ‘The majority (n =
41/ 53) of the mAChR-driven oscillatory neurons started oscillating following (Vig.
5.14B-3) or during a membranc hyperpolarization (Fig. 5.14A). The hyperpolarizing,
response Lad an amplitude of 5 to 15 mV. Larger pulses off ACh prolonged the duration
over which oscillations were observed, but did not alter the amplitude of the
hyperpolarization or the frequency of the burst-oscillation. Hyp.crpolarizing current
injection slowed the frequency of the oscillations. At hyperpolarizing potentials of -75
to -85 mV, the ACh-induced hyperpolarization and oscillations disappeared. The
mAChR-driven slow oscillations could aiso be recorded (n = 4) when the neurons were

held at -50 mV under voitage clamp (not shown).
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14 Examples of ACh-driven slow burst-oscillations in neurons of the NTS.

region. A. A single neuron current-clamped at its intrinsic potential fires
spontancously. In response to pulse-applied ACh (~20 pmol / pulse) the neuron stops
firing bricfly and then develops rhythmic burst activity at a frequency of about 0.2 Hz.
“Top and bottom traces show transmembrane potential and event marker for drug ejection,
respectively. B. In another spontancously active neuron held at its intrinsic membrane
potential. an intracellular hyperpolarizing current pulse (v: 0.2 nA, record truncated) is
fotlowed by PIR burst (B-1), while an intracellular depolarizing pulse (a: 0.2 nA) evokes
a burst of spikes (truncated) that is followed by an AHP (B-2). In the same neuron, an
ACh pulse (about 0.1 nmol, asterisk) produces a hyperpolarization and subsequent

rhythmic slow burst-oscillations (B-3).
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‘The membrane hyperpolarization and ensuing oscillations persisted in the presence

of the GABA , receptor antagonist bicuculline (5 to 10 uM, n = 3, not shown), but were

limil by bath ication of 2 uM ine for 5-10 minutes (n = 6 / 6)

and partially recovered in one cell after a 40 min washout (not shown).

Effects of Ca**, Cs** and Ba** on the oscillations. In a nominally Ca**-free
medium, ACh pulses (0.2 lo 0.3 nmol) did not produce slow oscillations (n = 3. not
shown). In the presence of Cs** (I mM), the oscillation disappeared (n = 2). In the
presence of Ba®' (1 mM), the neurons tested (n = 2) did not produce oscillatory

behaviour until muscarine (2 M) was added to the perfusate.

Effects of TTX. The effect of TTX on the oscillatory response was tested in 12
out ol 53 mAChR-driven oscillator neurons. Exposure for 5t0 7 minto TTX (0.5 to 1.0
M) caused a loss of the mMAChR-mediated slow burst-oscillations in 8 out of 12 neurons,
although the accompanying hyperpolarization persisted (sec Fig. 5.15 ). In the 4
remaining cells, the slow oscillations continued although the superimposed spikes were

all but climinated (see Fig. 5.19).

Effect of NMDA and NMDAR: ists on TTX- iti) il The

mAChR agonist-cvoked oscillations that were abolished by perfusion with TTX

reappeared following a prepulse of NMDA or the addition of NMDA (5 to 10 pM) to
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Fig. 5.15 Restoration of TTX-sensitive mAChR-driven oscillations in two representative
neurons by concurrent stimulation of NMDARs. A. Ina neuron current-clamped ac its
intrinsic membranc potential, ACh pulses (~0.12 nmol, asterisks) produce a
hyperpolarization with superimposed rhythmic membrane voltage oscillations (A-1). Afier
4 min perfusion with TTX (1 pM, indicated by broken line), the ACh-evoked
hyperpolarization persists while the membrane oscillations disappear (A-2). In the
presence of TTX, pulse-applicd NMDA (~0.2 nmol, filled triangle) alone produces a

slow depolarization (A-3). Whereas, during activation of NMDA receptor, ACh puls

s
(~0.12 nmol, asterisks) produce a response comparable with the control (A-4), A-3 and
A-4 are continued trace. B. In response to bath-applied muscarine (4 (M), a neuron

current-clamped at its intrinsic potential of about -48 mV develops burst oscillations at

a frequency of 0.08 Hz (B-1). After 5 min perfusion with muscarine (4 uM) and 1°TX
(I uM), the oscillations are absent (B-2). Combined perfusion with NMDA (10 xM),
muscarine (4 uM) and TTX (1 M) restores the oscillations. Note that the frequency of

the oscillations is increased and the duration of each oscillatory platcau depolarization

wave is prolonged (B-3).
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Fig. 5.16 Suppression of mAChR-driven oscillations in neurons of the NTS, region by
NMDAR blockade. Rhythmic bursting evoked by pulse-applied ACh (A) is inhibited
during 5 to 7 min perfusion with the selective NMDAR antagonist, CPP (10 uM) (B).

Response recovers after 10-15 min washout (C).
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the medium although spike production remained suppressed (Fig. 5.15, n = 6).
Conversely, when the NMDA R antagonists, CPP (10 to 20 uM, Fig. 5.16) or AP-5 (25
M) were bath-applied for 5 to 10 min, the slow oscillations evoked by a pulse of ACh
were climinated in 4 cells tested and suppressed in a fifth cell. These results suggest that
they are NMDAR-dependent mAChR-driven oscillators.

At membranc potentials of -70 to -85 mV, the TTX-sensitive mAChR-driven

oscillator neurons continued to generate 2-4 Hz in response to pulse-app!
NMDA (50 10 100 pmol) (n = 8/ 8; Fig. 5.17). At these hyperpolarized potentials,
pulses of ACh alone did not produce detectable responses, but modulated NMDA-evoked
oscillations, as evidenced by an increase in their amplitude and a decrease in their
frequency (Fig. 5.18).

Effect of NMDAR-antagonist and NMDA on TTX-resistant oscillations.  As
shown in Fig. 5.19, muscarinic agonist-driven oscillations that were resistant to TTX (1
M, Fig. 5.19A) were unalfected by bath-applied 25 uM AP-5 or 20 uM CPP (n =3
/3) interms of both their amplitwde and frequency (Fig. 5.19B), showing that these cells
were NMDAR-independent mAChR-driven oscillators. In this group of neurons, bath-

applicd NM DA (20 uM) produced aslight (5 to 10 mV) depolarization and a concomitant

nonrhythmic spike-disch ‘When the was hyperpolarized by 10020 mV,
the NMDA-evoked spike discharges ceased and oscillatory activity was not observed (n
= 2/2). NMDA, however. prolonged the duration of the depolarizing plateau potential

of mAChR-driven oscillations (Fig. 5.20).
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Fig. 5.17 NMDAR-mediated fast oscillations in TTX-sensitive mMAChR-driven oscillator

of the NTS. region. A. Atintrinsic resting membrane potential (-55 mV), pulse-applied

NMDA (a, about 80 pmol) evokes a membrane depolarization with superimposed spiking

(left). During NMDA-evoked depolarization and tonic discharges, a pulse of ACh

(applied at asterisk; about 50 pmol) produces slow oscillations. Note the high-amplitude

plateau potentials and the large AHP (right). B. During perfusion with TTX (0.6 uM),

NMDA pulse evokes a depolarization followed by membrane oscillations at 2 Hz when

the cell was held at -70 mV (left). However, an ACh pulse failes 1o evoke slow

oscillatory responses although hyperpolarization was still evident (right).
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Fig. 5.18 Modulation of NMDAR-mediated fast oscillations by muscarinic ch

stimulation. In the presence of TTX (0.5 uM), a neuron voltage-clamped at -80 mV
produces aslow inward current with superimposed inward current oscillations in response
to NMDA pulse (a, ~0.2 nmol) (A). Prepulses of ACh (applied at asterisks, about 0.1
nmol) don't produce overt response but modulate NMDAR-mediated oscillations,
evidenced by increase in amplitude of oscillatory inward currents and decrease in

frequency (B). NMDA-evoked response recovers 5 min after ACh pulses (C).
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Fig. 5.19 Persistence of TTX-insensitive mAChR-driven oscillations in neurons in the
NTS, region during NMDAR blockade. Traces in A, B, C are obtained from the same
neuron. A. Bath perfusion with muscarine (5 uM) produces burst-oscillations (0.08 Hz)
at the intrinsic membrane potential of -50 mV. As shown in fast speed (A’), each burst
is superimposed on a depolarizing wave. B. The mAChR-driven oscillations persists in
the presence of TTX (1 uM) with suppression of spiking (B’). C. The mAChR-driven
oscillations (C-1) persists after 10 min perfusion with 1 uM TTX and 25 yM CPP, an

NMDA receptor antagonist (C-2).
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Fig. 520  Absence of oscillations during NMDAR  stimulation in TTX-insensitive
mAChHR-driven oscillator. A. In a neuron current-clamped at -53 mV, perfusion with
NMDA (50 uM: indicated as dashed line) produces a small membrane depolarization and
superimposed  spiking. Holding the membrane hyperpolarized fails to produce an
oscillaory response. However, pulses of ACh evoke rhythmic bursting response. I
injection o negative current; v: hyperpolarization; 4: depolarization. B. The mAChR-
driven oscillations (B-1) in the same neuron persist during perfusion with TTX (1 uM,

B-2).
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5.3 Discussion

The major conclusion o be drawn from the present investigations is that

oesophageal premotor neurons of the NTS,. are capable of generating rhythmic activity

both in the intact animal and in a slice preparation of the medulla oblongata.

Aceordingly, the basic celiular processes ible for 1| r

do not appear to depend on phasic afferent input from peripheral sensory organs and
other bram structures. The data presented suggest that neurons in the region are not
homogeneous with respeet to- conditional  pacemaker  properties.  Moreover,  these
pacemaker vroperties are distinet from those recently reported for neurons in an adjacent

NTS subregion (Tell & Jean. 1991b, 1993).

I Oesophageal Premotor Rhythmic Acti

Rhythmic burst activity ).05 to 0.25 Hz) was observed in the NTS,. region

(where unit discharges were evoked by oesophageal distension) in vivo during fictive

oesophageal peristalsis evoked by activation of mAChRs. The rhythmic burst activity in

the NTS, led e

output in a phase-locked manner. This suggests a premotor

rather than a simple visceros

sory function. A premotor role of these neurons is

g
turthermore borne out by the observation that NTS,. neurons that generated the fictive

esophagomotor burst rhythm during choli ic sti ion also a swallow-
related phasic discharge leading primary peristalsis in fictive rhythmic swallowing evoked

by NMDAR-stimulation (see Fig. 5.1).



As shown in Chapter 2 and 3, cells responding 10 the distension of the dis

oesophagus fired rhythmic bursts of activity (in the range of 0.5 to 0.8 Hz). Since this
reflex response is highly sensitive to NMDAR blockade, it may reflect primarily
NMDAR-mediated activity. However, application of exogenous NMDA 1o the NTS
region produced a complex response in NTS,. ocsophageal premotor neurons and

esophagomotor output. Since the rhythmic bursts in the NTS,. were phase-locked 0

repetitive buccopharyngeal swallows, they should be the ocsophageal premotor responses
to buccopharyngeal premotor input from adjacent NTS subnuclei, such as NTS,, and
NTSy, in which neurons generate rhythmic activity to NMDAR activation (Hashim,
1989; Tell and Jean, 1991b, 1993). The increased background discharges in the N'T'S,

and sustained pressure rise in the ocsophagus may represent the direct response vl

oesophageal premotor neurons to the NMDA stimulation. Tuken together with the in vitre:
data from single cells (see below), we conclude that at their intrinsic £, oesophageal

premotor neurons in the NTS,. cannot generate slow esophagomotor Fhythm in response

to exogenous NMDA.

In view of the data obtined by 1y recording
motoneuronal activity (Chapter 4) and oesophageal premotor activity presented in this in

vivo study, it seems safe to state that the fast (~0.6 11z) thythm induced by ocsopha

distension and the slow (~0.12 Hz) rhythm evoked by cholinoceptor stimulation

originate at the same recording site. However, an inherent limitation of the recorded

multi-unit data is the lack of resolution regarding the cellular origin of the rhythn
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patterns observed in the NTS,. region, an area containing neurons of small size and very
high packing density. Conceivably, each rhythm may therefore originate from a different
cell type, an interpretation favoured by in vitro observations on single cells in the NTS..

region (discussed below).

5.3.2 Identification of NTS; Neurons in Brainstem Slices

A shortcoming of the present in vitro approach is the lack of direct functional data
permitting neurons under study to be identified unequivocally as oesophageal second
order sensory or premotor elements. Thus, less reliable criteria had to be used such as
the topography of the NTS,. region and pharmacological characteristics inferred from in
vivo studics. Vagal afferents from the rat ocsophagus mainly, if not exclusively, project
to the NTS,., one of the most cell-dense regions of the solitarial complex, that, however,
is not sharply demarcated from the surrounding subnuclei (Altschuler et al. 1989; Bieger,
1993). In the present study, the recording electrode was aimed at a region lying within
the boundaries of the NTS,.. The location of neurobiotin labeled neurons allowed

histological confirmation of the NTS,. recording sites in some experiments. The majority

of neurons described here phar ical properties i with in vivo

data. More to the point, the timing of rhythmic oscillations in single NTS. neurons
observed in the present in vitro study closely resembled that of rhythmic oesophageal
peristalsis. Therefore, it is reasonable to presume that the majority, if not all, of the

neurons studied in the present work relate to esophagomotor control. Additional support
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comes from in vivo data showing rhythmic premotor discharges to be evoked in the NTS,

by distension of the oesophagus or activation of NTS mAChRs.

Histochemically, ncurons in the N seem o fall into at least (wo

subpopulations. The larger of them expresses messenger RNA for enkepha he smaller

subpopulation has been identified as inergic (Cunni & cher 1989;
Cunningham et al. 1991). As shown here, although many ncurons exhibited similar 1oni¢
discharges at intrinsic E,,, diverse types of burst-oscillations were cvoked in NTS,.
neurons in response to stimulation of both mACh and NMDA receptors, implying (he

existence of neuronal subtypes.

5.3.3 Spontaneous Activity
Consistent with data from in vivo extracellular recordings (Chapter 3), most of
recorded neurons in the NTS. region of the brainstem slice preparations fired

spontaneously. Since tiie activity persisted throughout the recording, it did not appear to

be an artifactual response to membrane rupture. The bascline £, of the ncurons slightly

and the tonic discharges and i “noise

disappeared in the presence of TTX or NMDAR antagonists, as expected for
synaptically-mediated events. The general consensus is that NMDAR activation is
effective only when a prior depolarizing E,, is present. However, as Headley and Grillner

(1990) emphasized, there is good cvidence that NMDAR can mediatc synaptic

transmission without detectable prior non-NMDAR mediated depolarization (Davies ct
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al. 1986; Headley ct al. 1987). More recently, functional NMDAR-, but not AMPAR-,
mediated transmission at normal resting postsynaptic potential have been demonstrated
in rat hippocampal CA1 pyramidal cells (Liao et al. 1995; Isaac et al. 1995). Rat NTS,.
neurons exhibit a slightly depolarized intrinsic £, (-51 £ 6 mV), and receive

rgic sensory afferent input (Chapter 3) and possess the NMDARI subtype of

glutar
glutamate receptors (Broussard et al. 1994). Thus, it appears reasonable to assume that
under "resting conditions", NTS,. cells are tonically activated by glutamatergic afferents,
presumably mainly via dendritic NMDA receptors. This does not, however, negate the
prediction that transmission in these neurons requires additional subtypes of glutamate
receptors for afferent input, because the foregoing in vivo and in vitro studies (Chapter

3) have demonstrated that both NMDA and AMPA receptors in NTS,. neurons are

involved in iating vagal affe ked
A large-amplitude and long-lasting slow AHP followed each spontaneous spike
in NTS,. ncurons. 1t is believed that slow AHP is mediated by distinct Ca**-activated K*

conductance (/y,,,) which is one of the key ionic conductances in the genesis of

membrane oscillations (Hille, 1992). It has been ized that

in some CNS neurons is due to the vol g NMDAR activation (MacDonald
ot al. 1982; Mayer and Westbrook, 1984) acting in concert with activation of
endogenous Iy, (Grillner and Wallén, 1985b). However, in causing the slow AHP, a
large 14, would act to limit or oppose high-frequency bursting activity (Grillner et al.

1991). Thus the spontaneous tonic discharges may represent a type of NMDAR-mediated
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dendritic illation ata i y slightly depolarized membrane potenti

In contrast, a cholinergic input may play a modulatory but not prevalent role in the N

neurons under "resting” conditions, because mAChR blockade only slightly reduced
frequency but did not block spontaneous spiking.
Spontaneous burst-oscillations were also seen in a few cells in the NTS,. region.

In most of these neurons, the burst-oscillations slowed in response to membrane

hyperpolarization and disappeared in the presence of TTX, suggesting that they are

driven by tonic but not phasic synaptic inputs. Although the frequency ol these
spontaneous burst-oscillations in most of cells (4 out of 5) was in the range of
esophagomotor rhythmicity observed iz vivo, based on the limited number of observation,

one cannot say whether these burst: related to

r is. The burst in the ini oscillator neuron was
ouiside the range of in vivo esophagomotor rhythmicity. However, il is worlh

commenting on this neuron because it spontancously oscillated in the presence of T'TX,

gestive of true activity.

5.3.4 NMDAR-Driven Burst Oscillations (0.5 - 0.9 1iz)

lonic mechanisms, Like many mammalian CNS neurons, such as, ncocortical
(Flatman et al. 1986), hippocampal (Collingridge et al. 1983; Crunelli ct al. 1984;
Duchen et al. 1985; Ganong & Cotman, 1986; Peet ct al. 1986), supraoptic (Ilu &

Bourque, 1992), dopaminergic mesencephalic (Johnson etal. 1992), neostriatal (Herriling

232



ctal. 1983), rat NTS,, and NTS, (Tell and Jean, 1991b, 1993), trigeminal motoneurons
(Kim & Chandler, 1995), spinal cord (Durand, 1991; Engberg et al. 1984; Hochman et
al. 1994a,b) and cultured spinal cord neurons (MacDonald et al. 1982), a subpopulation

of NTS,. neurons gencrated i with a frequency of 0.5-1.0 Hz in

response 0 NMDAR activation in the presence of TTX. This confirms that some NTS,.

NEUrons possess iti oscillatory properties, i.e. they can produce
oscillations in response to tonic activation of NMDARs without phasic synaptic input as
long as the membrane remains hyperpolarized by S to 20 mV. In response to NMDAR
activation, all neurons tested produced a depolarization, but only a subpopulation
generated oscillations. Thus, it is clear that not only NMDAR activation but also other
intrinsic membrane jonic conductances are involved.

“The voltage-dependence of NMDAR-driven oscillations reflects a vollage-gated

channel blockade by pl | ions of Mg** (Nowak et al.

1984). I the NMDAR is activated and the channel is opened, the removal of Mg** from
the NMDAR-coupled channel by certain slow membrane-depolarizing mechanisms results
in an abrupt inward current which depolarizes the membrane and causes the entry of
Ca*'. In turn, the rise in intracellular Ca™ activates the /y, which repolarizes the

membrane and reinstates the Mg** blockade. According to this model. a negative slope

[ ance region in the steady 1-v ionship endows the cell with the potential

for bistable behaviour and potential oscillation (Flatman et al. 1986: Hochman

et al. 1994: Kim & Chandler, 1995; Wallén & Grillner, 1987). The negative slope
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dosage could be controlied simply by varying the duration of the pressure pulse.
Membrane oscillations in NTS,. neurons require NMDARSs to be activated at a lower than

maximal level, as already shown in rat spinal motoneurons (Ilochman et al. 1994b). If

NMDA activation is too extensive, y the outward are i

to repolarize the membrane and start another cycle. The shape and time course of the
plateau depolarization produced at supra-optimal dosage of NMDA (Fig. 5.12) suggests
that these neurons have bistable property which has been seen in other neurons (Hochman
et al. 1994b).

Dendritic source of oscillations. The oscillations in many neurons seemed to
represent dendritic activity, because (i) most neurons had relatively small spikes in view
of their high membrane input resistance; (ii) some neurons appeared to produce spikes
of bimodal amplitude; and (ijii) in low-Ca®* ACSF, spontaneous spikes disappeared and

NMDA pulses produced depolarization without spikes.

d

In rat ic nucleus, voltage-clamping the cells elimi NMDA-evok
membrane oscillation (Hu and Bourque, 1992). In the NTS, however, membrane
oscillations could be recorded under voltage-clamp conditions. These oscillations only
occur at hyperpolarized potentials and depend on extracellular Mg?*, suggesting that the

ation is still related to a voltage- and Mg?*-dependent mechanism. Histological

osci
study with intracellular labelling has revealed that the NTS,. neurons have a relatively
small cell body, but complex long dendrites. Therefore, it is unlikely that these dendrites

were voltage-clamped at the same potential as that in cell body. Considering that high
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concentrations of NMDA receptors are present on the dendritic spines of CNS neurons
(Segal, 1995b), the current-oscillations recorded from the cell body may represent the
NMDA receptor-channel mediated voltage oscillation occurring in the remote dendritic
membrane of NTS,. neurons. This could also explain why NMDAR-driven voltage-
oscillations were recorded in NTS,. neurons when the membrane was hyperpolarized and
outside the negative slope conductance region.

Activation of NMDA receptors simultaneously produced faster (about 2.0 Hz) and
slower (about 0.5 Hz) membrane oscillations in some NTS,. neurons, a phenomenon also
observed in rat spinal motoneurons (Hochman et al. 1994b). Because the two types ol
oscillation persisted in the presence of TTX, they are unlikely duc to interactions with

other neurons, but reflect distinct oscillatory mechanisms associated with different

dendritic branches.

5.3.5 MACHR-Driven Slow Burst Oscillations
ITonic mechanisms. The mAChR-driven slow oscillations in the majority of the
neurons occurred after or during a concomitant hyperpolarization, implying an important

role of the accompanying hyperpolarization in mAChR-mediated rhythmogenesis. The

of mAChR-mediated ization in TTX is i with activation

of mAChRs located directly on these cells. The subtype of mAChR involved is not yel
known, but the M, subtype is positively coupled toa K' channel in CNS neurons (Egan

& North, 1986; McCormick & Prince, 1986; Pan & Williams, 1994; Gerber ctal. 19915
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Lucbke et al. 1993). How »ver, ionic mechanisms underlying mAChR-driven slow
oscillations in NTS,. neurons remain unclear.

In several types of central neurons (Halliwell & Adams, 1982; Halliwell, 1989),
mAChR-mediated slow depolarizing responses result from inhibition of a K*
conductance, the /,,. I, has been demonstrated in neurons of the ventral part of the NTS
(NTSy) (Champagnat ct al., 1986). However, blockade of /,, does not evoke an
oscillatory response in these neurons (Champagnat et al., 1986: Dekin, 1993). Blockade

of 1, is unlikely to underlie mAChR-mediated oscillations in NTS,. neurons because (i)

Ba*', an ion that blocks /,, (Brown & Adams, 1980; Constanti et al. 1981: Halliwell &
Adams, 1982), failed to induce oscillations in NTS,. neurons: (ii) no /,-like membrane
conductance was observed in the NTS. neurons and; (iii) most NTS,. neurons were
hyperpolarized by ACh and not depolarized before, or during the generation of slow
oscillations.

Like the neurons in the NTS;, (Tell & Jean, 1993) and the NTSy (Dekin, 1993),
the NTS,. neurons exhibited a hyperpolarization-activated inward current. This current
is similar to the mixed Na*-K* current referred to as /,, I, or I,, in various neurons
(Halliwell and Adams, 1982; Mayer and Westbrook, 1983; Spain et al. 1987; Dekin.
1993) and /,, I, or I, in heart Purkinje cells (DiFrancesco et al. 1979; DiFrancesco,
1981; Yanagihara and Irisawa, 1980).

Unlike the neurons of the NTS,,, (Tell and Jean, 1993) and NTSy (Dekin, 1993),

most neurons in the NTS,. appeared to lack the transient potassium current (/,) and
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therefore displayed a prominent PIR upon the termination of the hyperpolarization.

Functioning to depolarize the membrane from hyperpolarized potentials, PIR is an

important ism for is (Harris-Warrick, 1991). PIR results
from activating /, (Dekin, 1993: Johnson and Getting. 1991) or the low-threshold Ca®'-
current (Jahnsen and Llinas, 1984a,b). The PIR in NTS,. neurons is unlikely to result

from the low-threshold Ca**-current because the time course of the low-threshold

current (20-25 ms) (Jahnsen and Llinds, 1984a) is much shorter than that of the PIR in
NTS,. neurons. PIR in NTS,. neurons is abolished by cesium, an ion known (o block /,
(Halliwell & Adams, 1982) and not /. Therefore, the current responsible for PIR in
NTS,. neurons appears 1o be /.

Two subpopulations of oscillatory neurons.  Since PIR was obscrved in all
mAChR-driven oscillatory neurons tested and PIR was greatly enhanced by mAChR
activation, it seems warranted to ascribe a major role to PIR in rhythmogenesis in NTS,.
neurons. Based on their differential sensitivity to TTX, mAChR-driven oscillator neurons
in the NTS,. region appeared 1o be of two types that may use distinct ionic mechanisms
for rhythmogenesis. However, since sensitivity to TTX was not tested in all mAChR-
driven oscillators, a reliable estimate of the subpopulations of the two types of neurons
is not yet available.

Membrane hyperpolarization results in oscillations in cat thalamocortical neurons

in vivo (Steriade et al., 1993). The mAChR-mediated hyperpolarization and resultant

enhancement of /, may play a key role in the genesis of TTX-insensitive oscillatory
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behaviour. Since mAChR activation in the NTS,. neurons also inhibits the slow AHP
(), a prolonged burst discharge could result from the PIR. Once sufficient Ca™*
enters the cell during the burst phase, /g, would repolarize the membrane. The
membrane  oscillation would thus continue as long as the mAChR-mediated
hyperpolarization persisted,

In TTX-sensitive mAChR-driven oscillator neurons, slow oscillations were
climinated by NMDAR antagonists. In the presence of TTX, slow oscillations could be
restored by concurrent stimulation of NMDARS, suggesting a requirement for both
cholinergic and glutamatergic synaptic input for rhythmogenesis. Furthermore, TTX-
sensitive slow oscillator neurons responded to NMDAR activation at hyperpolarized
polentials with fast oscillations (2.0 to 4.0 Hz) and mAChR activation slowed down the

frequency of NMDA-oscillations. All these data suggest that TTX-sensitive slow

oscillation may involve modulation of NMDAR-coupled channels. As demonstrated in
the tamprey spinal cord, 5-HT reduces the frequency of NMDA-evoked rhythmic
locomotion (Harris-Warrick & Cohen, 1985), an effect attributed to inhibition of 7,
(Wallén et al., 1989). In NTS. neurons, the mAChR-mediated increase in bursting
duration and firing frequency could be due to a similar inhibition of Zy,. Alternatively,
mAChRs could modulate the NMDA receptor-channel itself. Nevertheless, the mAChR-
mediated hyperpolarization may also be a key step in triggering and maintaining the

TTX-sensitive slow oscillation. Thus the mAChR-mediated hyperpolarization would not

only increase the driving force and prolong the duration of the cation current through the
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NMDA channel, but would also activate /,. The latter would serve to depolarize the
membrane thereby relieving the Mg** blockade of NMDA-channels and triggering the

next plateau potential.

5.3.6 Physiological Implications

The two types of oesophageal peristaltic rhythms recorded in vivo from NTS,
neurons invite comparison with the two types of NTS.. neuronal rhythms observed in
vitro during activation of NMDA and mACh receptors. Based on their temporal patierns
it seems justified to postulate a causal relationship between these rhythmic activities.

i. NMDAR-driven oscillations

Given that: i) the afferent input to the NTS,. from the oesophagus is mediated by
glutamate (Chapter 3); i) local reflex rhythmic csophagomotor activity in vivo is
dependent on activation of NMDARs, but not mAChRs in the NTS (Chapter 2). and iii)

the NMDA-driven oscillations mirror the pattern and rhythm of distal acsophageal

peristalsis evoked by local distension, the NMDA-driven fast (0.5 to 1.0 Hz) oscillations
in NTS,. neurons may represent the premotor correlate of reflex local rhythmic peristalsis
(~0.6 Hz). This hypothesis is supported by the findings that activation of mAChRs
augmented the amplitude of NMDAR-driven oscillations, but did not alter its pattern.
This result is consistent with the in vivo observations demonstrating that facilitation of

cholinergic transmission in the NTS enhances rhythmic reflex perista

is (Chapter 2).

However, several caveats should be noted. Since NMDA-driven oscillations in
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vitro can oceur only when the cells (or their somata) are hyperpolarized, this hypothesis

the further ion that p! I i ked afferent inputs not
only activate NMDAR, but also hyperpolarize NTS,. neurons (o an appropriate degree
via other synaptic mechanisms. Qur in vivo and in vitro data suggest that oesophageal
vagal alferents are mainly glutamatergic and excite NTS,. neurons via AMPA and NMDA
receptor subtypes (Chapter 3). In addition, some vagal afferent fibers also contain y-
amino butyric acid (Dietrich et al. 1982), serotonin, substance P and somatostatin (cited
from Ternaux ct al. 1989). Therefore, unlike the oscillations evoked by global activation
of NMDA receptors in single neurons in vitro, the rhythmic reflex activity in NTS,. cells
in vivo probably involves differcnt subtypes of glulamate receptors and other as yet

unknown i as well as the s ization of NTS.. neurons by reafferent

vagal feedback (Chapter 3).

ii. mAChR-driven slow oscillations

In the rat ocsophagus, each peristaltic contraction takes about 3 s to propagate
throughout the oesophagus (Wang and Bieger, 1991). In order to be translated into
rhythmic full-length oesophageal peristalsis, NTS,. rhythmic burst activity obviously
needs 10 have a frequency less than 0.3 Hz. The present work has revealed that NTS,.
cholinoceptive oscillatory neurons can generate low-frequency bursts with a pattern and
rhythm matching that of in vive fictive rhythmic oesophageal peristalsis produced by

activation of solitarius MAChRs (Bieger, 1984). These neurons are thus prime candidates
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for premotor command elements responsible for the control of slow rhythmic peristal

at all levels of the oesophagus.

The mAChR-mediated TTX: iti illati depend on a e

activation of NMDA receptors. In a previous in vivo study, however, mAChR-driven
oesophageal peristalsis was shown to persist after focal blockade of NTS,. NMDARs
(Hashim and Bieger, 1989). Nevertheless. with the experimental procedures used in that
study, a complete blockade of more distant dendritic NMDARs may not have been
achieved. Given that mAChR-driven TTX-resistant oscillations can be generated without

NMDAR stimulation, coactivation of NMDAR does not scem 1o be an absolute

prerequisite for slow rhythm ion, but probably plays a part in
reinforcing rhythmic peristalsis through sensory feedback.

In vivo studies demonstrate that mAChR activation in the NTS,. contributes 1o the
coordination of the esophagomotor sequence (Bicger, 1984: Chapter 4). The present in

vitro study reveals that in many neurons in the NTS.., mAChR-driven slow oscillations

follow a hyperpolarization that varies in duration and amplitude. Since £, in part
determines response delay of the ncurons to additional synaptic drive, the mAChR-

mediated hyperpolarization may function to time NTS,. ncuronal responses so as (o

control the progression of peristaltic acti:
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Chapter 6
SUMMARY AND SYNTHESIS

The present investigations have provided new insights into the oesophageal
premotor mechanisms subserved by the NTS,. in the rat. Four general issues were
addressed, namely the functional organization of reflex (secondary) peristalsis with
respeet to the involvement of premotor cholinergic and glutamatergic links; (ii) reflex
neural activity pattern and vagal afferent mediators; (iii) cholinergic innervation and
esophagomotor pattern generation and (iv) cholinergic and EA Aergic interaction in single
premotor neurons for rhythmogenesis. The main results of the present study are

summarized and synthesized as follows:

6.1 Summary
1. The rat striated muscle oesophagus generates segmentally organized reflex
responses o local distension. As different segments have distinct response patterns, the

esophagomotor patiern generator may consist of potentially independent premotor

ircuits. The reflexes invol inergic and gic
in the NTS.
2. The NTS,-AMB,. pathway serves as the throughput (or central link) for reflex
responses of the striated muscle oesophagus. Premotor neurons in the NTS,. provide the

principal excitatory input to ocsophageal motoneurons of the AMB,, but do not
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participate in a i i capacity in cardi and respiratory regulation.
3. Vagal afferents from the oesophagus do not utilize ACh, but instead employ

an EAA as a major transmitter to carry excitawory information to ipsilawral NS,

premotor neurons via NMDA and non-NMDA receptor subtypes.

4. Cholinergic neurons in the ZIRP region appear to be one of the propriobulbar
sources of cholinergic input to the oesophageal premotor neurons. The cholinergic
transmission in the NTS,. subserves at least three aspects of esophagomotor control,
including facilitation of central coupling between buccopharyngeal and ocsophageal stages
of swallowing, aboral propagation of peristalsis and generation of a slow (~0.12 11z)
esophagomotor rhythm.

5. Cholinergic input to the NTS,

facilitates oesophageal premotor excitability.

Unless premotor neurons of the NTS,. fire at a sufficienty high frequency, ocsophageal
motoneurons in the AMB,. cannot reach firing threshold or activity levels required for
a functional response.

6. In a novel brainstem slice preparation containing ocsophageal premotor- and

p i ion of MAChRs in the premotor region evokes
rhythmic synaptic activity (~0.12 Hz) in ocsophageal motoneurons of the AMB,,
demonstrating that the interneuronal network in the NTS. can gencrate patterned
esophagomotor activity without support from peripheral afferent phasic inputs. However,
afferent feedback critically contributes to oesophagomotor output by reinforcing ongoing
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premotor activity,
7. The majority of neurons of the NTS,. recorded in slice preparations have
intrinsic membrane potentials between -40 to -5¢ mV and exhibit spontaneous spikes that

are eliminated by NMDAR blockade, suggesting  background activation of NMDARs in

these oesophageal premotor neurons.
8. Many ncurons in the NTS,. exhibit /. /, and PIR. Activation of MAChR
decreases 1, and increases PIR.
9. During activation of NMDA receptors, single neurons in the NTS,. generate
membrane oscillations (~0.6 Hz) in the presence of TTX, indicating that oesophageal
premotor neurons are endowed with conditional oscillatory properties. The oscillations

are evident under single electrode voltage clamp mode, suggesting a dendritic source.

10.  NMDAR-driven oscillations occur only at hyperpolarized membrane

and are dependent on Mg, ing their d d ona

potentia

voltage-gated channel blockade by Mg?**. Mirroring the patern of distension-evoked

rhythmic peristalsis, this type of NMDA R-driven oscillations may represent the premotor
correlate of local rhythmic reflex peristalsis.

I1. Replicating the pattern of fictive rhythmic peristalsis evoked by stimulation
of mAChRs in the NTS., some oesophageal premotor neurons generate slower
oscillations (~0.12 Hz) at their intrinsic membrane potential during mAChR activation,

Thus these mAChR-driven oscillator cells are prime candidates for premotor command
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elements responsible for rhythmic peristalsis at all levels of the oesophagys.

premotor network. In TTX-resistant mAChR-driven oscillators, act

yperpolarization-induced inward rectification and PIR may underlic the ge

the slow oscillation. In TTX-sensitive mAChR-driven oscillators, rhythmogen

result from NMDA and mACh receptor interactions.

6.2 Synthesis

Based on data obtained from the present investigation, a general model of the rat
brainstem esophagomotor network is proposed as follows:

As shown in Fig. 6.1, premotor drive of AMB,. oesophageal motoneurons (MNs)

-on

is programmed by an oesophagomotor pattern generator (EMPG) located inthe N1
each side of the medulla oblongata. Each EMPG reccives afferent input from three
sources comprising 1) the deglutitive central pattern gencrator (DCPG) representing an
interneuronal bilateral network that resides in the NTS,, and NTSy and coordinates the
buccopharyngeal stage of swallowing; 2) vagal alferents from the ocsophagus and 3)
propriobulbar modulatory inputs. Triggered by input from the DCPG, the EMPG can
program primary peristalsis without peripheral sensory support. When excited via

peripheral afferents, the EMPG produces secondary peristalsis.
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Chollnerglc
Tnput

(Medulia Oblongala)

Pharynx Esophagus

Fig. 6.1 Schematic diagram of postulated model of brainstern oesophagomotor network.
Abbreviations: ACh, acetylcholine; EAA, excitatory amino acid; EMPG, oesophageal
motor patiern generator; MNs, motoneurons; NG, nodose ganglion; DCPG, deglutitive

central pattern generator; D-MNs, deglutitive motoneurons: Xth, vagus nerve.
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The cholinergic links in the NTS. represent propriobulbar inputs to the EMPG

from the ZIRP region and probably also from cholinergic interncurons in the N'T'S, By
activating the EMPG networks and/or modulating ionic conductances of single neurons
in the EMPG network, the propriobulbar cholinergic inputs are critically involved in

controlling primary and secondary oesophageal peristalsis.

Vagal afferent inputs from the ocsophagus vi:

cerotopically project to the EMPG
in the NTS. and utilize an excitatory amino acid for fast synaptic transmission via

NMDA and non-NMDA receptor subtypes. The EMPG con

s of multiple patern
generator subunits that generate distinct sccondary peristalsis patterns when activated by
appropriate segmental afferent inputs. The subunits function coordinatively during a
swallow, i.e., primary peristalsis.

Commands from thc DCPGs in the NTS;, and NTS, trigger the EMPG through
a central link to program primary peristalsis. By augmenting responsiveness of (he
oesophageal premotor neurons, the cholinergic inputs 1o the EMPG in the NTS,
strengthen the stage-coupling, facilitate the propagation of excitation through the "central
chain” of premotor neurons, and also cause the EMPG to generate rhythmic ocsophageal
peristalsis.

Two types of esophagomotor rhythm arc observed in the anacsthetized rat:

alsis wilh

distension of the intracrural ocsophagus evokes a local reflex rhythmic peri
a fast frequency of ~0.6 Hz. Activation of mAChRs in the NTS,. produces a slow
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rhythmic peristalsis of ~0.12 Hz propagating through all levels of the oesophagus. The
rhythmic esophagomotor pattern can be generated by the EMPG in the NTS,. without
support from peripheral afferent inputs. However, peripheral feedback inputs to the
IEMPG exert important effects on the moment to moment output from the EMPG by
reinforcing NTS,. neuronal activity.

In response to EAAergic and cholinergic excitation, single NTS,. neurons can
generate distinet oscillatory activitics in the presence of TTX and the patterns of these

oscillatory responses in single neurons mirror that of oesophageal peristalsis, suggesting

that single NTS,. neurons possess conditional oscillatory properties and can generate
cesophagomotor rhythm without phasic synaptic input.

Different types of esophagomotor rhythm are generated in different subpopulations
of oesophageal premotor neurons, although some premotor neurons can generate (wo
types of rhythm, Furthermore, the rhythm generation is subserved by different ionic
mechanisms, such as NMDA receptor-gated current, /, and Iy, By modulating these

ionic conductances, activation of mAChR plays a key role in oesophagomotor

rhythmogenesis.

6.3 Future Dircctions
‘The present investigation has also raised several important issues which should
be addressed i future studies.
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1. NTS; Rhythmic (~0.6 Hz) activity evoked by distension of the d

oesophagus appears to be mediated by NMDA receptors. However, NMDAR-driven fast
(~0.6 Hz) oscillations in single neurons of NTS,. region in slice preparations occur only
at hyperpolarized potentials. The result suggests that in addition t0 NMDA receptor
activation, other unknown transmitter-receptor mechanisms in the N'TS,. are involved in

the reflex rhythmic peristalsis. Given that ocsophageal afferents to the NS,

- utilize a
glutamate-like substance as mediator and metabotropic plutamate receptors (mGluR)
appear to be involved in oesophageal premotor control (Lu and Bicger, 1994), the role
of mGluRs in oesophageal premotor control needs to be examined further.

2. The role of oesophageal afferent feedback in esophagomotor control remains

to be investigated in greater depth. For instance, in vivo extracellular multi-unit

recordings in the present work have revealed that curarization not only reduces the

iring

frequency but also obscures the rhythmicity of premotor aclivity evoked by di

ension of

the intracrural oesophagus, suggesting that apart from reinforcing the ongoing activity

of premotor neurons, oesophageal afferent fecdback may play a role in regulating
esophagomotor pattern. Alternatively, the decay of premotor rhythmicity may reflect a
change in premotor pattern or result from a desychronization of premotoneurons.

3. In vivo extracellular multi-unit recording in the NTS,. revealed that in the same
site, neurons generating 0.6 Hz rhythmic discharges cvoked by distension of the

intracrural oesophagus produce slower (0.05 10 0.2 1z) rhythmic discharges in response
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(o stimulation of mAChRs in the NTS,.. However, the two types of rhythm could be

generated by the same, or by different neurons. Although single cells recorded in the

brai

tem slice preparation did not exhibit the two types of rhythms, with the relatively
small number of cells studied, one cannot rule out the possibility that some neurons in
the NTS,. can generate both types of esophagomotor rhythm. Intracellular recording of
NTS,. neuronal activity in vivo will clarify these points.

4. Available immunohistochemical data suggest that neurons in the NTS,. are not

homogencous. Therefore, a full appreciation of the organization of premotor
neurons in controlling oesophageal peristalsis requires combined electrophysiological,

and i i ical studies to categorize subpopulations of NTS,.

neurons with respect to their i ivity, itter specificity, and
responsivity to afferent stimulation.

5. As a corollary to issue 4, it remains unknown how oesophageal premotor
neurons in different subpopulations structurally innervate and functionally control the

motoncuron, A combination of whole cell recording and intracellular labelling of single

NTS,. neurons in oblique sagittal brai slices with i i ical studies

would possibly reveal the ical and physiologi i ip between

premotor and motoneurons.
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