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ABSTRACT

The overall aim of this research was to examine the role of the neuronal

soliterial network in the neural organization of swallowing. The specific objectives

were : 1) to map deglutitivc premolar loci within the nucleus tra ctus solitarii (NTS),

2) to examine their pharmacological characteristics and 3) trace their intrabulbar

connections. Experiments were done on anaesthetised rats utilising techniques

which included micropneumophoresis, neuron al tracing and immunocytochemistry.

Deg.lutitive loci were mapped by local applications of glutamate ; the pharma cology

of glutamate receptor subtypes involved in the various components of swallowing

were examined; and both anterograde and retrograde tracing techniques were

employed

The results indicate that, within the NlS, pharyngeal loci extend from the

level of the obex to 900 um roslrally overlapping the subnuclei ventrali s and

interm edialis; both cervical and distal oesophageal loci a re coextens ive with the

subnucleus centraUs of the NTS.

Based on a comparison of excitatory amino acid agonis t potency and the

effects of N-me1hyl-O-aspartate (NMOA) -selective and non-selective antagon ists on

glutamate-evoked responses, kainate (KA) recep tors were found linked to

pharyngeal sites whereas NMDA receptor s were preferentially associated with the

subnucleus centralis. Under physiological conditions, the respons e to NMDA



iii

receplor-activatlon in the subnucleus cenlralis appears to be dependenl in pan on

an intact cholinergic input directed at muscarinic cholinoceptors. In contrast, the

presumptive KA receptor-mediated responses at solitarial deglutitive loci appear

independent of an excitatory serotoninergic input insofar as the involvemenl of

excitatory $.HTz and/or S-Hf,c receptors is concerned. The $om input to the

pha1yngeal territory of the solitary complex originates. at least in part, from cells

in the raphe obscures, magnus and pontis nuclei.

Anterograde fibre tracing by the usc of PlJast olUJ lJUIgoris leucoegglutinln

revealed dense projections from the deglutitive loci to the pharyngo- and

oesophagomolor ponons of the nucleus ambiguus. In addition, solitarial el1erenu.

displayed a distinct pattern of projection to other motoneuronal poolscontrolling

the muscles of deglutition va., the hypoglossal, the facial and its accessory nucleus,

the motor trigeminal and its acussory nucleus and the dorsal vagal motor nucleus.

Thus, the phann acological data together with the neuroanatomical evidence of

direct neural projections from deglutitivc loci in the solital)' complex to the motor

nuclei involved in swallowing lend strong credence 10 the hypothesized role of

solitarial intemeurora as generat ors of the deglutitive motor pattern.

KEY WORDS: Swallowing Deglutition Nucleus tractus solitarii Glutamate

NMDA receptors Acetylcholine Serotonin Nucleus

ambiguus Premotor neurons
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CHAPTER ONE

I!ITRODUcnON

L Swallowing - an oveJVicw

According to the 'biogenetic law' (Bac t, 1828; Haeckel 1868). ontogeny

recapit ulates phylogeny. If the biogenetic law were 10 hold for motor developm ent

as well as for morphogenesis, it would predi ct motor functions during ontogeny to

emerge the earner the more ancient their origin. The early appeara nce of

swallowing during foetal development (Humphr ey, 1964; Mistretta and Bradley,

1975) suggests the primordial nature of this motor synergy.

Swallowing has been the subject of scientific enquiry since antiquity. One

of the first aut horitative accounts is lhat of Galen (165-179 A D.) which, although

partly based upon animal experimentation, remained en tirely speculative and

dogmatic, being guided by deduclive argumentation . Accurate descriptions of the

act of swallowing dale back to the 1600's (Harvey, 1628, cited from Doly, 1968).

More tha n two-and-a-half centuries elapsed before it was proposed that this

complex act must be under the control of a "center of deglutition" (Wassilidf, 1888

and Marckwald, 1889, cited in Dory, 1968; Meltzer, 1899). The search for this

elusive swallowing centre is Sl111 continuing.



Comprehensive reviews on deglutition have been compiled in previous yean

(Ingelfinger, 1958; Doly, 1968; Diamant and El-5harkawy, 19TI; Hockman d DL.

1979; Miller, 1982, 1986, 1987; Roman, 1982, 1986; Hiiemae and Crompton, 1985;

Carpenter, 1986; Kennedy and Kent, 1988). Therefore, the present di:ssenation

will not attempt a detailed survey of the literature but concentrate on the major

current concepts of the neura l control of swallowing.

Swallowing may functionally be divided into three stages, the preparat ory

(linguopalatal), the pharyngeal and the oesophageal (Magendie, 1813, cited from

Miller, 1982).

In the lingoopalatal stage, food is rendered suilable for swallowing by

intraoral manipulation and mastication. Although this stage of swallowing is

predominantly under voluntary control, current evidence suggests that part icular

patterns of oral stimuli facilitate repetitive jaw and tongue movements (e.g. Willigan

etal., l986).

The pharyngeal stage is mitiated as the bolus makes contact with specifJe

receptive zones of the oropharynx (Miller and Shcrrington, 1916). Two principal

movements arc then performed by the pharynx.: an elevation of the whole

pharyngeal tube followed by a descending peristaltic wave (Negus, 1943; 1948;

Shelton et DL, 1960). The latter consists of sequential contractions of the

pharyngeal constrictors, which propel tbe bolus through the pharynx..



Simulta neously, the larynx moves up and is pulled forward under the root of the

tongue.

The pharyngeal stage of swallowing is characterised by a complex pattern

of muscle contractions that proceeds in an ell-or-none sequence. The muscles that

discharge at the onset of the pha ryngeal stage (the "leading complex"; Doty and

Bosma. 19S6) include: superio r constrictor. palatopharyngeus. palatoglossus, posterior

intrinsic tongue muscles, styloglossus, stylohyoid, geniohyoid a nd mylohyoid. The

activity of the digastric, genioglossus, geniohyoid a nd the mylohyoid forms a tensed

floor for the oral cavity and the tongue base. Against th is tensed floor, the

posterior tongue contracts and is forced backward against the food. This posterior

move ment of the tongue appean to be caused in part by powerful activity of lhe

hyogl05581 musculature (Hiie mae and Crompton, 1985).

The final stage of the pharyngeal phase is the propulsion of the bolus from

the pharynx into the oesophagus. The pharyngoesophageal junction, consisting of

the cricopha ryngeal muscle of lhe inferior pharyngeal constricto r and. the muscles

positioning the aicoid cartilage into which the inferior pharyngeal constrictor inserts.

norma lly remains dose d pas.s.ively by elasticity of surrou nding tissues, according 10

the analysis by Da ty (1968). Whether or not the cricopharyngeal muscle is also

ton ically active remains somewhat controversial. However, it is generally agree d

tha i the cricopharyngeal muscle must relax to allow the bolus to enter the

oesophagus (see Miller, 1982 for review).



Entry of the: bolus into the oesophagus marks the initiat ion of the

oesophageal stage of swallowing. Meltzer (1899; 1907) divided oeso phageal

peristalsis into prim ary and secondary types. The oesophageal components of

swallowing, consisting or propul sive oesophag eal contractions, are te rmed 'p rimal)"

(or deglutitive) peristalsis. The oesophagus also displays peristal sis independently

of swallowing in response 10 a local stimulus such as balloon distension. Such

pe ristalt ic cont ractio ns of the oesophagus are term ed 'seco ndary ' peristalsis. Yet

another type or perista lsis is seen which is termed 'tertia ry' (Ca nnon, 1907; Jurica,

1926, cited Imm Roman, 1982) or 'auto nomous ' (Roman. 1982). Th is is the term

app lied to peristalt ic con tract ions displayed by the smoot h muscle oesophagus in

the absence or extrinsic innervation.

When swallows are elicited in quick succession, the oesoph ageal component

remains inhibited until the last swallow rollOViing which primary peris talsis resumes

(M eltzer, 1899). Th is phenomenon has been term ed 'de glutitivc inlub ition'

(H ellemans and Vantra ppe n, 1967; Hellemans et aL, 1974).

11is generally agree d that, at rest, the lower oeso phageal (gastroesophageal)

sphincter remains closed due to a tonic contraction o f the sphinct eric muscles (see

Ingelfinger, 1958; Hellem ans and Vantrappcn, 1974). Relaxation of this sph incteric

region occurs shon ly after initiation or the pharyngeal stage (see Dory, 1968 Ior

a review or the literature) . The latency of this relaxation is relat ively short so

tha t it invariably occurs well before the oesophagea l perista ltic wave approaches



the area . Th us, it appears that the gastroesophageal ju nctio n is an ent ity separable

from the other stages of swallowing insofar as the orga nisation of deglutition is

concerned. Th is statement is further supported by the observati on that deglu titive

inhibition does not exten d to the gastroeso phageal junct ion: the tatt er re mains open

during repeated swallowing and until the oesophageal perista ltic wave of the last

swallow passes through the ope ning (Kro necker and Meltzer , 1881, ciled from Doty,

1968~

n. Neural con trol of swallowing

With the recognnoe of swallowing as a reflex synergy (Bidder , 1865,

Blumber g, 1865, Waller and Prevost, 1870, and Wassilieff, 1888, cited from Doty,

1968; Miller and Sberringto n, 1916), three sepa rate levels of the swaltov.ing pat hway

have traditionally been discerne d:

1. Th e effere nt limb.

2. Th e afferent limb.

3. 1bc: organ isational stage.

1. The effe rent limb

The efferent limb of the deglutitfve neura l pathway represents lhe

coo rdinaled output of cran ial nerves V, YD, IX, X and X1l. Motoneurons



controlling the oropharyngeal and oesophageal "muscles are distributed in the

brainstem in several pools beginning from the level of the trigeminal motor nucleus

and extending at least as far caudally as the fint cenical segment of the spinal

cord. Within this distnbution, two major groupings can be distinguished, the

dorsally located hypoglossal nucleus and the ventrally located column of special

visceral motor nuclei innervating the branc:hiomeric; and striated oesophageal

musculature. Contrary to the analysis of Da ty (1968), specific grouping of

motoneurons active in deglutition is apparent, at least v.ithin some or the

branchiomotor nuclei (e.g, the principal column of the nucleus ambiguus; the

accessory nuclei of the facial and trigeminal motor nuclei; see Table I). 1be

locations of motoneuron s innervating the major musc:1es part icipating in swallowing

in the rat are listed in Table 1.

The source of the extrinsic innervation of the oesophageal smooth muscle

has been a subject of debate . Physiological evidence has attested to the presence

of an extrinsic source of nerve supply to the smooth muscle oesophagus (JansseN

et aL,1916; Janssens, 1918; Tieffenbach and Roman, 1972). PhannacologicaJ

evidence (Bartlett, 1968; Kamikawa and Shima, 1979) indicates the innervation to

be of the general visceral efferent type and, therefore, poinu to the donal motor

nucleus of the vagus (DMX) as the source. This is supported by histological and

tracing studies (Marinesco and Parhen, 1907; Coil and Norgren, 1919; Niel et aL,

1980; Hudson and Cummings, 1985; Vyas el ez, J987) .



TABlE I

Muscles pan icipating in deglutition
and their sources of innervation in the rat.

Muscle LoutloDOf Peripher al
motoneuroDS ntne branch

Phary ngeal Semicompaci d ivWoD Pharyngul
colUtrieton cr eeeteus ambiluus branch of

(Amb
K

) Xlh nerve

Intrinsic Loose formalion of Recurrent
b ryn, e" nuc::leus ambiauus lar yns cal
muscles (Am b l)

Cricothyro id Overlaps rostral Super ior
muscle port ion of Amble laryngeal

Stylopharyo · Tip of nucleus IXtb m:fVC
acus lnuscle ambiguus

Mylohyoid, Ventromedial division POSlerior trunk
anterior oftriscminalmotor of mandibu lar
bclly o( nuclells(V~ branch of Vlh
d ialSu ic nerve

Stylohyoid . Accesso ry facial Slylohyoid and
posterior nucleus (v n :> digutrk rami
belly of of VlIth nerve.
disu tric

Biel er Ind
Hopkins, 1917.

sasamolo, 1979;
Szik elyand
Matesz, 1982

Su kelyand
Malen, 1982;
Shoh::traand
sakai. 1983.



TABLE I - coallau"

Musde Location of Peripheral Reference
motolltarons atn_ braoth

Styloglossus, Dorsal subdivision Styloglossal and Krammer tl al..
hyoglossus of hypoglossal hyoglossal rami 1979.

nucleus (XII,.l ofXll th nerve

Genioglossus ventromedial Genioglossal
subdivision of XII. ramus of XIIIb nerve

Geniohyoid ventrolatera l Geniohyoidal "; Kilamura
subdivision ramus of Xllt h tlal.,1 9al
of XII.

Thyrohyoid Spil1lJ portioo Firsl cervica1 Kitamura nol. ,

~~n~~r~::11 or CI
spinai llerves 1913.

Oesophageal compKt division Ce""icalYlluS Biele r ...
striated o( nucleusambil uu.s M~ Hopkins, 1917.
muscle (Amb.)

Oesophageal Dorsal Ylgal meter XlhDe""e Vyastlol.•19S7.
smooth nucleus (1)
muscle



In .addition to this parasympathetic nerve supply, histonuorescence

microscopic demonstration of a weD developed adrenergie ground plexus in the

muscularis mucosae of the cat or rhesus monkey (Baumgarten and lange, 1969)

suggests the existence of an extrinsic sympathetic innervation of the smooth muscle

oesophagus. However, the exact source of this innervation remains obscure.

The origin of the centra l nervous control of the lower oesophageal sphincter

is even more uncertain due to the paucity of experimental data. Ongoing

investigations (Vyas t l aL, 1987; in preparation) demonstrate that, in the rat, the

spina] ponion of the dorsal vagal motor nucleus contains neurons retrogradely

labeled following injection of tracer into the gastroesophageal junction, thereby

indicating this motor nucleus 10 be the source of the smooth muscle component

of the rat lower oesophageal sphincter. It should be pointed out that smooth

muscle in the lower sphincteric region of the oesophagus interdigitates with striated

muscle fibers in the ra t (Marsh and Bfeger, 1987) and the guinea pig (Thomas and

Trounce, 1960)-

Intrinsic innervation of the oesophagus derives from the plexuses of

Meissner and Auerbach which are well developed in the smooth muscle of the

oesophagus (Kuntz, 1947, cited from Roman, 1982). Intramural neurons of the

myenteric plexus of Auerbach were generally believed to be relay neurons

interposed between the vagal efferent fibers and the smooth muscle. However,

the presence of these Intramural neurons also in the striated muscle portion of the
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oesophagus refute such a simple explana tion of their role. On the other hand, the

inherent ability of the oeso phagea l smooth muscle to display autonomous peristalsis

as wen as the results from a plet hora of studies on this prepara tion (e.g. Bieger

an d Triggle, 1985; see Roman. 1982 for litera ture) indteale the profoun d influence

the inua mural neurons must exert on oesop hageal motility.

Several clectrophysiological recording studies have been performed on the

activity of the motoneuron, of the hypoglossal, ambiguus a nd trigeminal motor

nuclei during swallowing (Sumi, 1964; 1969; Car and Jean, 1911;Jean, 1972a; 1978;

1984; Amri ~l 01., 1984; Kessler and Jean, 19858; Car an d Amri, 1981; Amri and

Car, 1988: Tomomune and Takata, 1988). The data indicate that the motoneurons

display a burst of spiking activity during swallowing evoked by stimulation of the

superior laryngeal nerve (Sl..N) but with synaptic:delays (S.s ms) iliat suggest tbe

pathway to be polysynaptic. In addition. data suggest that the synapt ic inputs to

the motoneurons are not purely excitatory; for example. in hypoglossal

motoneuroes, a complex combination of inhibition and excitation is often observed

durin g swallowing (e.g. To momune and Takata, 1988). FOllowing a stimulw

pattern delivered via the SLN, the motoneurons de monstrate two stages of

depolarisation (Suml, 1969): the first of these is probably due to the polysynapl ic

input while the second is accompanied by greate r dep olerlsauon, displaying a

spiking discharge for 201).400 ms. The latter probably represe nts the synaptic drive

of the central pattern genera tor for swallowing.
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2. The afferen t limb

Various receptive regions in the oropharynx can elicit deglutition upon

appropriate stimulation (Miller and Sherrington, 1916). Ori ginally discovered by

Bidder (1865) and Blumberg (1865). the nerve that elicits swaUowing most read ily

upon electrical stimulation in manyspecies inclUding cat. dog, monkey, sheep and

rat is the superior laryngeal nerve branch of the vagus (Daty, 1951; Do ly and

Bosma. 1958; Miller, 1972; Jean, 1972a; Bieger et aL, 1977; Wecra suriya d aL.

1980). Ot her nerve routes are also effective in giving rise to renex swallowing.

The IX nerve. when electrically stimulated. evokes swallowing (Re id, 1837, cited

from MIlle r a nd Sherrington, 1916) though less readily than the SLN in most

species (Doly , 1951; Priima, 1958. cited from Miller, 1982). In the dog. bilateral

sectioning of the IX nerve impain deglutition (Ogura el aL, 1964)but does not

affect swallowing in human (Ball an tine et aL, 1954), indicat ing the variat ion between

species. In the cat. Weerasuriya tt aL (1980) showed that simultaneo us stimulation

of the IX and the SLN resultl in spatial summation ieo an increased response

(number of swallows) as compared to stimulat ion of a single nerve alone. In the

macaque. the affere nt pathway carried by the Vth nerve has been report ed to be

the primary one for the initiation of swallowing (Kahn. 1903, cited from Doty,

1968).

Electrical stimulation of the Iingualis-ehorda nerve has been reponed to

inhibit swallowing (Miller and Sherrington, 1916).
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Since olher ~ergies (vomiting. coughing. vocalisation) can also be evoked

by electrical stimulation of Ihe SLN, it is believed that the sensory code eliciting

swallowing comprises a particular stimulus pattern. This is support ed by the

observation that electrical stimulation of the SLN releases separate synergies at

different frequencies with a swallowing optimum of 3().SO Hz in various species

(Doty, 1951; Miller. 1972; Weerasuriya a at, 1980) and 204 0 Hz in the rat

(Bieger ~I aJ.. 1911). Exactlywhat comprises the diverse sensory codes and how

they arc deciphered by the central programs organizing the different synergies

remains unclear.

Peri phera l sensory feedback is important not only for triggering the central

program for swallowing, but also for continually modifying it depending upon the

size and consistency of the bolus during its transit In the course of a swallow or

a series of swallows (e.g Hrychshynand Bumajian, 19n). Unlike the oppossum

and the rhesus monkey (lanssens ~I aL, 1976; Janssens, 1978), the dog and baboo n

(IAnghi and Jordan, 1971; Janssens et at. 1973; Roman and TIeffenbach, 19n ;

Diamant and EJ..Sharkav.y, 19n for review) depend on sensory input from the

cervical oesophagus for the aboral progression of the peristaltic wave. Peripheral

sensory feedback is especially important in the elicitation of the pharyngeal stage

of neonatal deglutition (Sumi, 1967; 1975).

Sensory deglutitjve information is relayed to the brainstem mainly via the

IXth and the Xth cranial nerves in most species. The nucleus tractus solitarii
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(NTS) is a major recipient of afferent information from the upper alimen tary tract

and thoracoabdominal viscera. The afferent termination fields in the NTS from

the ph8l)'l'LX and the oesophagus have been very weD characcerized in the rat

(Bieger and Hopkins, 1986; Altschuler el aL, 1989). These authors showed that

the palato pharyngeal afferent representation overlaps the intermedia te and

interstitial subnuclei of the NTS while the oesophageal afferentaticn is coextensive

with the central subnucle us of the NTS.

In the rat, afferents carried by the SUl terminate within the interstitial

dorsal intermedia te, and rostral half of the central subnucleus. In the lamb , SLN

afferentation is seen in the interstitial. medial. vent ral and ventrolateral subnuclei

(Sweazey and Bradley, 1986) and conccMbly includes the intermedia lis. In the

cat, the SL.Nwas found to project 10 the dorsolateral, intermed iate and interstitial

subnuclei (Lucier el aL 1986). In the rabbit. SLN afferentation overlaps "central

and lateral" portions of the NTS (Hanamon and Smith, 1989), conceivably

including the subnuclei intermedialis, ventra lis, interstitialis and cemraus .

3. The organisa tional stage

The concept or a functional swallowing centre was advanced a century ago

(Wassilieff, 1888; Marckwald, 1889; Meltzer, ]899) and has been described in

neurophysiological terms by Doty (Doty, 1951, 1968; Doryet 01.• 1967). A centre

or pattern generator may be defined as "a group of neuro ns whose coordi nated
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action produces a stereotyped response" (Miller, 1982). In other words, the

inherent organisation of this neuronal circuit produces the patterned response by

directing appropriate excitation-inhibition to the motoneurcns. The principle of

central pattern generation is either well established or strongly indicated for a

number of behaviours throughout the animal kingdom (For reviews. see Delcomyn,

1980; Grillner, 1985; Bassler, 1986; Harris-Warrick and Flamm, 1986). Such

behaviours include swimmeret bea ting in crayfish (Wiersma and Ikeda, 1964);

locomotion in lamprey (Orillncr et al , 1987; Buchanan et aL, 1989); locust flight

(Wilson, 1961); breathing in cat (Wang el aL, 1957); and masticatory movements

in guinea pig (Nozaki et ai, 1986), to name but a few.

By definition, the operation of a pattern generat or should not depend upon

peripheral afferent input. During reflex swallowing in adult cats, the basic

sequence of motoneuronal activation remains essentially unchanged followingeither

physical or anaesthetic-induced sensory deprivation (Doty and Bosma, 1956; Miller,

19718). Indeed, the very existence of a 'deglutilory automatism' (Bieger , 1981; see

below) attest s to the existence of a central pattern generator for swallowing.

At the tum of this century, the split-brainstem experfments of Ishihara

(1906) gave rise to some concepts regarding the "swallowing centr e". Following

midline splits in the medulla of dogs and rabbits, Ishihara (1906) demonstrated that

swallowing could be elicited in such preparat ions only on the side ipsilateral to the

SLN stimulation. From these experiments emerged the concept thai the
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swallowing centre consists of two independe nt 'half-centres ' one on each side of

the brelest em, each of which is capab le of supporting · unilateral swallowing-, a

phenomenon that was subsequently ccnarmed in cat and monkey (Daly et al.,

1967). The lesion esperiments of Doty n at (1967) suggested. in addition, that,

throughout the sequence of swallowing, each 'hejf-cenue' excites and inhibits

various components of the other via cross-cenneceoes that run 'at levels posterior

10 the obex and at the level of the trapezoid body'.

Various structures have been imputed to subserve the important function

of coordinating the firing of the different motoneurons so as to generate the

spatiotemporal pattern that characterizes the act of IWal1owing. Prominent among

such postulated -swallowing cent res" are the medullary ret icular formation (Daty

el oJ.. 1961; Manchanda and Aneja, 1972; Sumi, 1974); the pontine reticular

formation (Holstege tt aL. 1983); and the nucleus tractus solitarii and adjacent

reticular formation (Jean, 1972a. 1972b, 1984; Kessler and Jean, 1985a).

On the basis of lesion experiments in ca t, dog and macaque, Do ty tt al:

(1967) proposed that the swallowing centre resides within the reticular substance

extending from the rostral pole or the inferior olive 10 the posterior pole of the

facial motor nucleus. This area corresponds to lhe nucleus gigantoc:ellularis of the

reticular formatio n, or, according to modern neuroa nato mists, spa ns the rostral

ventrolateral medulla, which is believed to contain a 'tonic vasomotor centre' (Ross

t l aL. 1984;Ross tl al., 1985).
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By employing anterograde aUloradiograph ic tracing in the cat. Holstc:ge ~l

gL (1983) found that in the: cauda l pont ine tegmentum, an area is lceated dorsal

to the superior olivary complex that sends projections conlralatcrally to the

ventromedial trigeminal, don al group of ambiguus (conceivably, the Amb,, ) and

ventra l hypoglossal motor Rucki . Based on these findings, it was proposed that

the latter pontine area may correspond to the swallowing centre.

EJeetcophysiological, neuroanatomical and pharma cological evidence

accumulated thus far has supponed the status of the NTS as an impona nt neural

substrate involved in the orsanisation of deglutitio n for a number of reasons. First.

it was demonstr ated in shee p and rat that, with swallowing elicited by elect rical

stimulation of the SLN, some NTS units ('early' neurons) fired during or even

prior to the pharyngeal stage while e thers ('la te ' and 'very late' neurons)

discharged during the oesop hageal stage (Jean, 1972a; Kessler and Jea n, 1985a).

The activity of these 'swallowing neurons ' remained unchanged after ecraraaucn

of the animal. 'Early' neurons were located ei ther around the solitary tract, L e.

in the rns and the adjace nl reticula r fonnatian (lhe 'dorsa l group' ) or in the

lateral reticular fonnation above the nucleus a mbiguus (the 'ventral group '). The

authors suggested that the ne urons of the dorsal group are involved in initiati ng

and organising the sequence of swallowing while the ventr al group of neurons are

'switching' neuro ns that receive their input from the dorsal group and dist ribute

this input to the different deglut itive moto neurons.
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Second, there is strong evidence supportin g the vi.._ that the central patt ern

generator for swallowing can be broken down into at least two components

governing the pharyngeal and oesophageal stages (Jean, 1972b): in sheep, a

unilateral lesion placed between the solitary tract and the OMX suppressed the

oesophageal stage or swaUowing elicited by electrical stimulation of the SLN

ipsilateral to the lesion. The integrity of the oesophageal motor apparatus was

ascenaine d by the oesop hageal contractions elicited upon stimulation of the nucleus

ambiguus on the lesioned side. A$ well, stimulation of the contralateral SLN

produced normal swallowing. These resulls suggested that the oesophageal pattern

generator includes the NTS (Jean, 1972b).

Third. the chemical microstimulation and retrograde tracing experiments of

Bieger (1984) provide a precise neuroanatomicel localisation of the oesophageal

premotar area within the solitary complex of the rat. The oesophageal subregion

i: L the subnucleus cenrraus of the NI'S, not only projects directly to the rostra l

oesophegcmctor port ion of the nucleus ambiguus (Bieger, 1984; Ross et aL, 1985;

Cunningham and Sawchenko, 1989), but also receives the oesophageal primary

afferent input (Bieger and Hopkins, 1986; Altschuler et oJ., 1989).

Finally, it was demonstrated that 'automat ic' swallo'Ning could be elicited by

application of S-HT or a S·HT mimetic to the fourth ventricle (Bieger, 1981);

conceivably, the amine was acting upon underlying structures, including the solitary

complex. Indeed, direct chemical microstimulation, with glutamate and ACh or
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muscarine, of structures within the confines of the NTS gave rise to either

complete swallows or their constituent stages. depending upon the sile of

stimulation (Bieger, 1984). Th e latter investigation also furnished pharmacol ogical

evidence confirming the klentity of the oesophageal pattern generato r.

Studies on the neuroph arm acology of deglutition were instrume ntal in giving

rise to the concept of a 'deglutitory automatism' in the rat. In view of the scant

attention these data have received (e.g. Miller, 1982, 1986, 1981; Jean, 1984;

Roman, 1986), a brier look at these pharmacologic findings and their implications

seems appro priate.

IlL Pbannacology DC swaDowiDg

In 1912, Bieger el QL, descnbed a periodic response consisting of

spontaneous twitching of branch iomeric musculatu re in the floor of the mouth of

the urethane-anaesthetised ra t, This phenome non was termed oral myoclonic

twitch activity. Central dopam inergic and seroto ninergic systems were implicated

in the elicitation and maintenance of this response . The paradigm was successfully

utilised as a model system for the evaluation of the central effects of monoamines

(Bieger, 1974; Menon et al., 1976a, 1976b, 1986; O ineschmidt t!l al., 1977;

Oinesc hmidt and McGuffin, 1978; Tseng, 1978, 1979; Tseng e( al., 1978;

Oi neschmidl, 1979). This ora l myoclonic twitch aC1ivity was subsequently identified
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as the buccopbaryngeal component of swallowing (Bieger et aL, 1977). Therefore,

the neuropharmacologica l data from the studies listed above apply directly to

swallowing.

An important concept that arises from these investigations and which was

made explicit by Bieger (1981) is that of 'automatic' swallowing or 'deglutilory

automatism' in contrad istinction to rc£lc:x swal1owing. Automatic swallowing is a

truly centrally genera ted synergy. being independent of peripheral sensory

influences insofar as its gene sis and maintenance is concerned (Bieger, 1981).

The latter investigation demonstrated that the neural generator for

serotonincrgically-driven automatic:swallO'Yl'ing is contained in the meduUa.possibly

within structures in the environs of the fourth ventricle. However, Kessler and

Jean (198Sb; 1986a; 1986b) have denied any dcglutitive excitant action of the

monoamines, including s·m , and ascnbe d only inhibitory effects of these amines

on deglutition at the level of the NTS.

Further demonstra tion of a deglutitory automatism emerge d from the work

of Bieger (1984). Activation of muscarinic cholinOteptors within the subnucleus

centralis of the NTS evoked isolated oesophageal contractions which resembled

secondary peristalsis (Bieger, 1984). In addition. oesophageal components of both

automatic and ren ex swallowing were suppressed following administration of

antirnuscarinie agents. Th is finding, together with the ret~de tracing of

eftere nts of the subnucleus centralis, provide strong evidence to support the
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contention that the latter subnucleus of the NTS contains premotor elements

forming part of the internu ncial network organising oesophageal peristalsis.

The study by Bieger (1984) directs particular attention to three

pharmacologic substances: i) glutamate, because it is capab le of giving rise to

either a complete swallowing sequence or isolated parts thereof, depend ing upon

the site of application within the NTS ii) S·HT, because it appears to show

selectivity for eliciting the pharyngeal stage and iii) ACh or muscarine, because of

their ability to selectively evoke the oesophageal stage of swallowing when applied

to the NTS.

The foregoing synopsis draws attention to the many pieces of evidence

implicating the NTS as an important substrate supporti ng deglutit ion. However,

it is also evident that analysis of da ta so far is not unequivocal regarding the exact

locationls of the centra l pattern generator for swallowing.

IV. Objectives

This research was aimed at examining certain pharmacological properties

of. and tracing the neura l con nections of deglmitive substrates within the solitary

complex of the rat in orde r to understand the role of the NTS in the neural

organization of swallowing. The anaesth etized rat was chosen as the model since

previous investigations had established the validity of this paradigm (Bieger et aL.
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1972; Bleger, 1974; 1981; 1984; Bieger et aL, 1977) and a wealth of

neuroanatomical infonnation is available on this species (e.g. Kalia and Sullivan,

1982; Bieger, 1984: Shapir o and Miselis., 1985; Bieger and Hopkins, 1986; 1981;

Cunningham and Sawchenko, 1989; Altschule r er aL. 1989).

Th e first important step was to delinea te the deglutlt ive region of the NTS.

Th e method of cherokal microstimulation by pneumophoresis was em ployed in

these investigat ions because it had been succesfully used in a p revious study

(Bieger, 1984). However, furt her refineme nt wasneede d to allow microappli calion

of multiple substances with a high degree of accuracy and precision. Two

substanceJ. glutamate and acetylcholine (ACh) or muscarine. were chosen for

mapping the dcglutitive siles of the NTS owing to their reported role as deglulitive

excitants (Bieger, 1984).

The seco nd phase of the investigations involved identification of excitatory

amino acid receptor mechanisms media ting the deglutitive actions of glutamate

within the solitaria l deglutitive loci: glutamate had bee n dem onstrated as a selective

deglutitivc excitant, capable of triggering a comp lete swallow or isolate d parts

thereof (Biege r. 1984). Pharmaco logical age nts were used to charac terize the

receptor types mediating the deglutitive effects of glutama te.

The third objective was to analyse the non-specific deglutitive excitant action

of glutamate by comparison with ACh (or muscarine) and 5-HT. Both S-HT end

ACh were known to give rise to 'fictive' or a utoma tic swallowing (Si eger, 1991,



22

1984) and could be utilised as pharma cological toots owing to their specificity for

eithe r the pharyngeal (5-HT) or the oesophageal (muscarine) stage of swallowing

(Bieger, 1984). In addition, a side issue tha t warranted clarification was the

appa rent disparity between the the excitatory (Bieger, 1981) and inhibitory (Kessler

and Jean, 1985b) effects of S-Hr on deglutition. To locate the central source of

the scrotoninergic input to the solitary complex. retrograde tracing was employed

in conjunction with immunocytochemical localisation of S-HT.

The fourth object ive wasto trace the projections issuing from the solnarial

deglutitivc loci. Previous findings had suggested that the centra l subnucleus of the

NTS is interposed betwe en the oesophageal affere nt and effere nt limbs (Bieger,

1984; Bieger and Hopkins, 1986; Cunningham and Sawchenko, 1989; Altschuler et

aL, 1989) implicating this subnucleus as the organiser of oesophagea l mo tility

pa tterns. U the ana logy is extended to the remainder of the solitarial deglutitive

network. the NTS could be hypothesised as the key substrate involved in the

neura l organization of degl utition. Thus, the tracing of solilarial effere nts was

expected not only to test this hypothesis but also to reveal the ponlomedullary

structu res involved in swallowing. For this purpo se, the anterogradely transponed

plant lectin, Pnaseotus vulgaris leucoagglutinin (PHAL; Gerfe n and Sawchenko,

1984), was the trac er of choice. The approach was to make discrete deposits of

the tracer at identified deglutitive loci by the technique of micropneumophoresis

and to examine its presenc e in terminals originating from the solitarial deglut itive

sites.
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CHAYfER 'IWO

MATERIAlS AND MEff/ODS

L Experimental procedures

Experiments were done on male Sprague-Dawley rats weighing 250-450 g.

A surgical plane of anaesthesia was induced either by. i) an intraperi toneal (l.p.)

injectio n of 20% urethane (1.2 g/kg) or ii) an initial dose of l.p. sodium

pen tobarbital (45 mglkg) followed by intravenous (loY.) urethane administered in

boluses of 15().17S mg/ltg every 30 min.

The an imal was tracheostomi2ed and mounted in a stereotaxic fra me

following cannul ation of the right external jugular vein for intravenou s infusion of

drugs.. The toolh bar was .5 mm bekJw the intra-aural line. therefore, the head

was in maximum ventroflexion penniued by the apparatus.

Changes in intralumina l pressure within the pharynx and the oesophagus

wen: recorded using miniature balloon-tipped catheters. P&90 polyethylene tub ing

(Beclon-Dickenson) wasused to construct the balloon-tipped cathete rs. Using the

flame of a spirit lamp, one e nd of the tubing was sealed and melted while air was

genlly blown through the other end 10 produce a small balloon 5-8 mm in

diame ter a nd 1·1.5 cm long. Thr ee such ba lloon-tipped cathete rs were filled with

water and each connected 10 a Statham pressure transd ucer. The balloon
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catheters were thickly coated with 2% xylocaine jelly (Astra Phanna Inc.) and

inserted into the lalyngopharynr. and the eeMcal and the supradiaphragma tic

oesophagus, respectively. Oesophageal balloons had a diameter of about 5 mm

while: the phazyngeal balloon was larger (diamc ter -8 mm). The approximate

length of the balloon catheters to be inserted was first marked for each as

measured in 8 number of animals. After allowing lhe animal to swallow it, the

distal oesophageal balloon was inserted lr uc the oesophagus until a slight

obstruction could be felt, indicating the point at which the diaphragm encircles the

oesophagus. The cervical oesophageal balloon was secured in place as soon as the

animal swallowed it. ensuring i. position just below the pharyngo-oesophageal

junction. The pharyngeal balloon was placed far back intc the oral cavity, between

the pharyngeal palate and the dorsal aspect of the posterior longue.

A catheter, eonaected externally to a pressure transducer, was inserted into

the tracheal cannula. ColTcsponding intraluminal pressure signals registered by the

four Statham pressure transducers were amplified and displayed on a pen-re corder

(Grass polygraph). Correct placemen t of (he balloons was ascertained by evoldng

reOex swallowingby intra-tracheal tactile stimulation. Resp iratory rate was derived

from airway pressure fluctuation and monitored by means of a tachograp h. Rectal

temperature was maintained between 36.5° and 37.50 C. by means of a heat lamp.

In order 10 expose the cauda l floor of the fourth ventricle and the

surround ing structures on the dorsa l medulla oblongata, a suboccipital craniotomy

was performed. Briefly, a midline incision on the head was made. about 2.5 em
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long.running fromthe levelof the animal'searsdownto its neck. The underlying

musculature was retracted and the posterior aspect of the occipital bone was

removed. Unde r visual control through a Wild M6S0 stereoeekrcsecpe, a pair of

fine hookswere usedfor lifting the dura mater and the arachnoidmembrane while

cutting them with a pair of mieroscissors. The cerebrospinal Ouid wascontinuously

drained us ing smaD wicks made of 1Gmw:ipes' tissue paper.

For the microslimulation of deglutilive neurons in the NTS, 2-, 3- or

4·barreled glass micropipettes (tip 0 .0. 2-5 #m) were used. The micropipettes

were pulled from glasscapillary tubing (0 .0 .= 1 rom; 1.0.-0.7 mm; Glass Company

of America) on an eleclrode puller (pOL-I , W·P Instruments. Inc., Conn.) to •

shank length DC 2.5-3.5 em. The long shanks provided a certain degree of flexibility

thai could accommodale the movem en ts of the animal due to brea thing and blood

pressure pulsa tions. Drug so lutions. mixed with differen t fluorescent dyes for

marking ejection sites (see below). were back·fined into each barrel of the

micropipetlcs using 1 ml syringes fitted with S cm long, 30 gauge stai nless steel

needles (Bect on-Dickenson) . Pressure connections 10 the micropipettes were made

as per the techniqu e descnbcd by Neuman (1986). BrieDy, stainl ess steel cannulae

made from 26 gauge, 318 or SI8 inch needles (Becton-Dickenson) were bent in the

middle at an angle of abo ut 4So using a pair of nose-pliers. The eennulee were

insert ed into each barrel of the micropipette and cemented either with de ntal

acrylic (L D. Caulk Company, Delaware ) o r with 'b azy' glue gel
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