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The range of topics which might be covered under 

the general subject of the physiology of respiration is 

indeed broad. It could include the physiological anatomy 

of the bones, joints, and muscles concerned in the respir­

atory act, the physics of gas diffusion and gas exchange 

between the external medium and the alveolar spaces, the 

mechanics of gas movement across the alveolar membrane, 

the chemistry of gas transport within the vascular sys­

tem, the biochemislry of i�ternal respiration, the reflex 

and chemical control over the rate and depth of respir­

ation, and the mechanisms concerned with the origin of 

rhythm1city in the respiratory act. The latter topic ac­

tually has two parts, the mechanisms responsible for the 

repetetive firing of the respiratory neurone during a 

given respiratory act (e.g. ·inspiration), and the mech­

anisms responsible for the generation of alternating in­

spiration and expimtion. Thie Thesis is concerned mainly 

with this latter question-- why does an animal breathe 

in and out? That the brain 1s essential in maintaining 

breathing has been known since the time of Galen, though 

the vital significance of the neural structures within 

the medulla was first demonstrated by Legallois in 1812 

(1). Since that time, there has been active interest in 

this problem, and in general three theories have been 
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developed to explain how the nervous system generates 

the respiratory rhythm. According to the first, respir­

ation is a reflex process, basically similar to many oth­

er processes in the body which are known to be reflex in 

character. The respiratory centerf}'in the medulla (see 

later discussion) are supposed to be driven by afferent 

impulses from·var1ous receptors. By such reasoning, the 

isolated respiratory centers should be quiescent. Accord­

ing to the second theory, the basic rhythm of breathing 

is generated by structures or mechanisms which reside 

within the confines of the medulla, although, to be sure, 

influences from the periphery and other portions of the 

central nefvous system may modify this rhythm in import­

ant ways. According to this theory, the isolated medulla 

would continue to produce nervous activity essentially 

similar to that found during normal respiration. During 

the latter part of the nineteenth century, this concept 

was fairly widely accepted (1,2), although the demons�ra­

tion of inspiratory cramp in the vagotomized animal after 

midpontine decerebration by Marckwald (3,4), plus the 

various researches which confirmed and extended this 

observation (2,5) caused it to fall into some disrepute. 

As will be shown later, recent developments have resulted 

in a re-emergence of this theory, so that at the present 
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time it would appear to be t he one best supported by ex­

perimental evide nce. The third theory holds that the iso­

lated medulla ry respiratory centers would be spontaneously 

active, giving ris e to a ma intained, strbng inspiratory 

cramp. Normally this insp iratory cramp is periodically 

interrupted by impulses f rom recept ors in the lung which 

are stimulated by i nflation (inspirato-inhibitory impul­

ses of the Hering- Breuer ref lex) or by a structure located 

in the brain stem near the upper reaches of the pons (the 

pneumotaxic ce nter. Thi s hypothesis has gained very wide 

popularity, especia lly i n the form detailed by Pitts and 

his co-workers (2, 5 ,6,7, 8 ,9,lO,ll), although it seems 

probable that fairly recent experimental evidence, re­

ported mainly by Hoff & Breckenridge in a series of papers 

beginning in 1949, will serve to decrease its acceptance 

in favor of the second mentioned t heory (1,12,13,14,15, 

16,17,18 ,19,20). 

Although it seems clear that respiration can under 

some circumstances be reflex in nature, as for i nstance 

in the case where breath ing can be maintained in an animal 

with a depressed nervous system by rhythmic single stim­

uli (painful or electrical) to the pad of t he foot (19), 

it appears to be fe lt by t he majority of workers that the 

basic respiratory r hythm is not reflex in nature (1). 
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Therefore nothing further will be said about this theory . 

The main emphasis of this Thesis then is to discuss evi­

dence relating to the second and third theories mentioned 

above, in an attempt to decide between ~hem , at least 

as far as present knowledge allows . Preceeding this dis­

cussion there will be a short presentation of neuroanat­

omy as it pertains to respiration and a brief historical 

review of the main contributions to · this field . 

THE NEUROANATOMY OF RESPIRATION . The pertinent ner­

vous structures may be considered under three headings: 

the basic respiratory centers, central nervous system 

structures having an influence on respiration, and per­

ipheral ne~ves concerned with respiration . The information 

available has been obtained using four basic techniques: 

focal recording from restricted areas of the brain and 

from small slips of nerve , focal stimulation of portions 

of the brain, and controlled destruction or removal of 

portions of the brain. 

Legallois (1) first demonstrated that the medulla 

contained the essential respiratory centers. He showed 

this by demonstrating that rabbits continued to breathe 

after all serial brain sections except those which re ­

moved the medulla. An attempt to make more precise lo­

calization of the centers within the confines of the 
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medulla was made by Pitts, Magoun, & Ranson (6). They 

stimulated minute areas (1-2 mm3) within t he brain stem 

of cats and note d t he respiratory responses which resulted. 

It was found that in some areas stimulation caused a max­

imal inspiration which, if the stimulation were continued, 

would be maintained until death of the animal from as­

phyxia . Other electrode locations gave apneic or expira­

tory responses, a lthough never prolonged to death. Alter­

nate stimulation of appropriate areas mi ght cause alter­

nate inspiration and expiration resembling the normal 

respiratory rhyt hm . On the basis of their experiments, 

the authors conc l uded t hat the essential respiratory cen­

ters are located in the medulla in the reticular formation 

overlying the inf erior olive, deep to the nuclear masses 

on the fl oor of t he fourth ventricle. In addition, they 

interpreted thei r resul ts to indicate that a ventral and 

posterior inspira tory center was inferfectly separated 

from a more dors a l and anterior expiratory center. It 

should not be t hought, however , that these respiratory 

"centers" were considered to be discrete nuclea r masses 

analogous to, fo r instance, the nucleus solitarius or the 

red nucleus (21) . On t he contrary, it was felt that neur­

ons serving respi ratory functions are mixed in the retic­

ular formation of the medulla in the regions mentioned 
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with only approxima te segregation. On the basis of evi­

dence gained using focal recording, Gesell, Bricker & 

Ma gee (22) have concluded that the respira tory centers 

are indeed located in the medulla (there appears to be 

little if any evidence r efuting this fact) but that the 

respiratory neurons serving insp;ra tory and expiratory 

f unctions are quite randomly assembled. From an examin­

ation of the evidence, Hoff & Breckenridge (1) conclude 

that the localization suggested by Pitts et al may in fact 

be true in general, but there is a large degree of mix­

ing of the neurons. Axons from the respiratory neurons 

de scend in the anterior and anterolateral columns of the 

spinal cord (9) to make synaptic connection with the an­

terior horn cells which innervate the various re sp iratory 

muscles. 

In the broadest sense, almost any portion of the 

centra l nervous system has potential connection with t he 

respiratory center s in t he medulla. Thus the greatest 

breathing may be a ttained by voluntar y hypervent ilation 

(influence of cerebrum) ; in hysterical states increa sed 

breathing may be severe enough to produce mar ked respir­

atory alkalosis ( t halamus-hypothalamus); and the respir­

atory pattern i s chara c t eristical ly modified by panting 

(2) (hypothalamu s ) . Whi l e t hese inf luences are of con­

sider able i mportance in re gulating the rate and depth of 

respiration, the y do no t a pp ear to be o f s i gn ificance 
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in generation of the basic respiratory rhythm, for clas­

sical mid-collicular decerebration of an animal (which 

obviously removes the centers mentioned) does not pro­

duce breathing fundamentally different from normal eup­

nea (14,19). Within the confines of the lower brain stem, 

however, there appear to be structures of more basic im­

portance to respir ation. Thus , if the vagus nerves be cut 

in an animal , and then t he brain stem be sectioned in 

the region of the upper pons, it will immediately devel­

op a prolonged inspiratory cramp (3,4), while if the 

brain section be made just above the pons (e.g. immed­

iately below the i nferior colliculi), no such inspiratory 

cramp will develop (23). Obviously, some structure of im­

portance residing in the uppe r reaches of the pons is re­

moved by the former sec t ion. This structure, which is 

widely referred to a.s the 11 pneumotaxic center" (23), has 

recently been accurately localized by Tang (24) in the 

extreme dorsolateral anterior pontine tegmentum. Although 

Lumsden (23) observed that animals continued to show 

breathing after a brain section below the pons, he re­

garded it as a "gasping" respiration without physiologi ­

cal significance, and regarded the medullary centers as 

"gasping centers". Actually this appellation is synono­

mous with "respiratory centers" as used by others. Lums-
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den coined the term "apneusis" (from the Greek for breath­

holding) for the lnspira tory cramp seen in the vagotomized 

animal after pontine section (the term will be used hence­

forth), and considered t hat it represented unrestrained 

activity of the t r ue respiratory center in the pontine 

region. This he t e r med the "anneustic center". These var­

ious names very possibly imply a more specific segregation 

of function of neural s t ructures within the pons than is 

warranted (1,19). Possibly these "centers" only represent 

partially speciali zed portions of the reticular facili­

tatory and inhibit ory systems (1,19,25). Nevertheless, 

the terms have become f i rmly entrenched in the literature, 

and it seems unlikely that t hey will be abandoned in the 

near future. 

Like the cent ers within t he central nervous system, 

all periphera l af f erent nerves potentially have connec­

tion with the respiratory centers in the medulla. How­

ever, in this situation also , only a few have special 

si gnificance for t he present discussion. Of foremost im­

portance are the va gus nerves, which contain fibers serv­

ing the Hering Breuer reflexes. The end organs are within 

the lungs and are stimulated by inflation (inspirato-in­

h~bitory fibers} or deflation (inspirato-excitatory fib­

ers} of the lungs (5). The exact significance of the va­

gus nerves in respiration appears still to be in some 
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doubt, and it will be discussed later how the function 

of the vagi has been differently interpreted by differ­

ent ·workers. The c arotid and aortic bodies (the chemo­

receptors) are another peripheral mechanism of respir­

atory sign ificance. These structures respond to low oxy­

gen tension (and to acid and carbon dioxide, to a lesser 

degree) and have the net effect of stimulating respir­

ation and the cardiovascular system. Experimentally , the 

chemoreceptors may be stimulated by ventilation with low 

oxygen mixtures, by occlusion of the carotid arteries, 

by injection of small amounts of cyanide, or by injec­

tion of lobeline. Other sensory receptors, such as pain 

end organs, receptors along the respiratory passages, 

and cold sensitive endings, have import~nce in regulation 

of rate and depth of breathing but do not appear to have 

basic significance in generation of the breathing rhythm. 

The direct action of carbon dioxide and acid on the med­

ullary centers may be mentioned here, for it has been 

suggested (26) that the potent stimulating action of 

these agents on respiration is mediated through chemo­

sensitive receptors in the medulla. At any rate, the di­

rect action of CO2 does appear to be pertinent to this 

discussion . 

The efferent influence of the medullary centers is 
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widespread . From the inspiratory center fibers pass to 

neurons controlling the diaphragm , inspiratory chest mus ­

cles, and accessory muscles of inspiratidn (e . g . facial 

and neck muscles) . Thus there is a central nervous sys ­

tem synapse interposed between neurons of the inspira­

tory center in the medulla and the muscles of respira­

tion . Fibers from the expiratory center pass to the ex­

piratory muscles of the abdomen and chest . Also , it ap ­

pears (7) that important inhibitory connections exist 

between neurons of the inspiratory and expiratory cen­

ters, so that in eupnea the main expression of activity 

of the expiratory center is in the inhibition of the in­

spiratory center . 

THE DEVELOP:.~'" NT OF CONCEPTS CONCERN ING RESPIRATORY 

RHYTHMICITY. By t he middle of the nineteenth cenu~ry, 

both t he theory of inherent medullary rhythmicity and 

t he concept of basic inspiratory drive had been enunciated 

(1,2,3,4,5) . At t he end of the century Marckwald (3,4) 

made the important discovery that an animal subjected to 

a classical (mid-collicular) decerebration continues to 

breathe in an essentially normal manner when the vagi 

are cut, while if the decerebration is performed below 

the inferior coll l culi, subsequent vagotomy leads to a 

prolonged inspira t ory cramp . Marckwald concluded that the 

tonic inspiratory drive of the medullary centers could 
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be periodically int errup t ed by afferent i mpulses from 

the lungs or from a structure which he concluded was lo­

cated in the inferi or colliculi. He also attributed 

special respiratory func t ion to the trigeminal nerves, 

though subsequent work ha s not confirmed this. 

Lumsden (23,27 ,28 ,29 ) named the inspiratory cramp 

apneusis, and he a l so fe l t t hat vagotomy was not neces­

sary to produce apneusis after pontine decerebration. 

It may be mentioned t~at this finding has not been con­

firmed by other workers, and Breckenridge & Hoff (13) 

have sugge sted that unre cognized damage to the vagal mech­

anisms (pressure, hemorrhage) may have influenced Lums­

den's results. Lums den observed that if section of the 

brain were made at the upper end of the medulla in an 

animal with apneus i s, the inspiratory cramp disappeared 

at once, leaving occasional jerky respirations. He felt 

that these breaths were not of physiological significance, 

but rather represented activity of a primitive "gasping 

center" in the medulla . The true respiratory centers 

were envisoned as being within the pons , and were termed 

the apneustic cen t er. He considered that the rhythm of 

breathing was generated entirely by fractionation of ac­

tivity of the apneustic center by influence of the pneu­

motaxic center, which he determined to be in the upper 

reaches of the pons (rather than in the inferior collie-
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uli) . Lumsden 's records show t hat apneusis does not com­

pletely obliterate all s igns of rhythmic respiration, 

but r a ther a "frin;.i:e " of r hythmic activity is superim­

posed on the apneu s is . Al so, the apneusis is not main­

tained tonically u~til death from asphyxia, but instead 

persists for 2- 3 minutes, then a forceful expiration oc­

curs, a few quick phasic breaths are taken, and t hen a­

nother breath holding supervenes . Lumsden wa s of the 

opinion that this behaviour was entirely the result of 

the pronounced fall in blood pres sure during prolonged 

apneusis, with resultant asphyxia of the "apneustic cen­

ter" and emergence of the "gasping center" for a few 

breaths , during whioh t he i mproved ventilation restored 

the original conditions . Lumsden also observe d that pro­

gressive anoxia or anesthetics can produce progressive 

functional "brain stem s ections" . Thus , with deepening 

anesthesia, there mi ght first be slow , deep breathing 

(se en after vagotomy in the intact or midcollicular ani­

mal), then apneus i s (equivalent to midpontine section), 

and l a stly gasping resp i ration (as only the medulla is 

left fu nctioning ) . He f urther observed that continuous 

stimula tion of the cent r al end of a cut vagus during/ 8t'"­

neusis can eliminat e the inspiratory cramp and replace it 

with phasic breath ing . Lumsden's work has been mentioned 

in moderate detail to s how that many of t he pieces of 

evidence on which present day concepts are based were 

known in 1923, bu t Lumsden and some of the suhsequent 
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workers either dis r egarded or {apparently) mis interpreted 

them ; and those data which were emphasized seemed to 

corroborate the theory of tonic inspiratory drive. 

In 1929, Henderson & Sweet (30) confirmed the occur­

ranee of apneusis i n vago tomized animals after pontine 

section, but (contr ary to Lumsden) emphasized that the . 
vagotomy was an essential step. Also, in contradistinc­

tion to Lumsden, they concluded that the true inspiratory 

centers are located in the medulla (and almost all sub­

sequent wokers have concurred in this opinion). Hender­

son & Sweet felt that apneusis is merely a man ifestation 

of decerebrate rigidity, and it will be seen later that 

this general conc ept is included in the postulates of 

Hoff & Breckenridge. It goes almost without saying that 

section of the brain stem anywhere in the re gion from 

the corpora quadrigemina to the striae acousticae pro ­

duces decerebrate ri gidi ty of the voluntary muscles, due 

to remo~al of i mportant portions of the suppressor sys­

tems with concomi t ant r e tention of significant reinforc­

ing elements in t he brain stem (25). Since the respiratory 

muscles also have postural function, it is not surprising 

that apneusis mi ght be correlated with decerebrate ri gid­

ity . Inasmuch as t he spastic1ty of the body musculature 

occurs with intact vagi, while apneusis appears only af -
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ter section of these nerves , Hende rson & Sweet assigned 

a special "anti-decerebrate rigidity of the res piratory 

muscles" function to the vagi. Teregulow (31) and He ss 

(32) also suggested that apneusis was clo sely associated 

with decerebrate rigidity . 

Stella (33,34,35, 36) also studied the activities 

of the brain respi ratory ceuters. He disagreed strongly 

with the concept t hat apneusis is a manifestation of de ­

cerebrate rigidity , for he found several functional dis­

similarities between the two phenomena. For instance, 

decerebrate ri gidi ty appears after midcollicular section, 

while apneusis do es not, regardless of whether the vagi 

are sectioned. Also, after pontine section, vagotomy is 

necessary to produce apneusis, while this act is without 

apparent effect on de cerebrate ri gidity (see later dis-

cussion, however) . Furthermore, unlike decerebrate rig­

idity, apneusis is not affected by removal of the ves­

tibular afferent or by deafferentation of t he respiratory 

muscles . Lastly, apneusis is markedly influenced by car­

bon dioxide acting directly on the brain stem and by i m­

pulses fr 0 m the chemorec eptors, while decerebrate rigid­

ity is not so affec ted. Stella ruled out the inferior 

colliculi, the red nucleus , and the trigeminal nerves as 

of signific ance in relat i on to apneusis. Although he ob-
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served "gasping" rest)'iration in the medullary animal 

(after section at the rostra l end of the medulla) , he 

agreed with Lumsden that this had no physiological sig­

nificance. He suggested that some apparent discrepancies 

of results and/or interpretations in the literature might 

be reconciled by assuming that the pneumotaxic center 

extends farther down in the pons and upper medulla than 

usually assumed (see later discussion for argument re­

futing this). 

Pitts and associates (2,5,6,7,8,9,10,ll,37,37a) 

confirmed many previous findings using more precise tech­

niques . The inspiratory and expiratory centers were local­

ized in the medulla, and t he pneumotaxic center was placed 

in the anterior pontine tegmentum . Elect rical stimulation 

of the inspiratory center was found to be very similar 

to apneusis , and i t was found possible to terminate ap­

neusis either by s t rong s timulation of the central end 

of the vagus or by stimul ation of the expiratory center. 

On the basis of the ir findings, it was concluded that 

the theory outlined by Marckwald was essentially correct-­

that the inspiratory center is tonically active and 

must be periodicall y interrupted by impulses from the 

vagi or the pneumot axic center . The formulations of 

Pitts, in regard t 0 the localization of the various struc­

tures within the central nervous system as well as to 
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th~echanism of their in t eraction, have been widely ac ­

cepted. 

A short abstra ct in 1942 by Nicholson & Hong (38) 

revived interest 1~ the problem . They reported that, con­

trary to the opinion expressed by Pitts , apneusis is not 

a permanent thing, leading to death from asphyxia, but 

on the contrary is periodically interrupted to produce 

apneustic breathing , which is adequate to sustain life 

for hours . Also , t he apneusis in dogs (note that almost 

all previous workers used cats, and t here a ppear to be 

quantitative speci es differences , as will be mentioned 

1ater) is not complete, but instead a "respiratory fringe" 

is superimposed on the inspiratory spasm . Furthermore, 

section at t he rostral e nd of t he medulla immediately 

abolishes apneusis , leaving an irregular but non-diffi­

cult breath ing- - t heref0 re a type of eupnea . It should 

be noted t hat Lums den had reported these findings many 

ye ars before, but their i mportance had never been empha­

sized. 

Hoff & Brecke nridge (12) essentially repea ted the 

work of Lumsden and Nicholson & Hong , showing that ap­

neusis is not complete or permanent , that a dying prep­

aration shows a l oss of apneusis with emergence of eupnea, 

and that medulla r y sect i on abolishes apneusis and estab-
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lishes eupnea . They concluded that the medul l ary respir­

atory centers are basically rhythmic and that the theory 

of;f,onic inspiratory drive is incorrect . They have fol­

lowed up this original paper with a series of studies, 

all of them cons i stent with the concept of inherent med­

ullary periodicity . The points of evidence will be dis­

cussed shortly. 

To be sure other workers have made contributions 

which have influenced the development of this field (39 , 

40 , 41 , 42 , 43 ,44,45 , 46 , 47 ,48 ,49,50), but the researches 

mentioned appear to be the ones most often quoted in 

the literature or this subject. 

THEORY OF TONIC INSPIRATORY DRIVE. The essence of 

this theory was outlined by Marc kwald in his original 

papers. Lumsden regarded his researche~ as be ing in har­

mony with it exc ept for a few particulars , and Stella 

confirmed Marckwald's findings, agreed with his conclu­

sions , and felt that he successfully refuted the opinions 

of Henders on & s~eet which were cont rary to the theory 

of tonic inspiratory drive . It wa s, however, Pitts , Ma ­

goun & Ranson (6,7 ,8 ) who provided the most precise ex­

perimental results , and it is their statement of the 

theory which is ~sually regarded as the definit ive one . 

Thus it will be outlined here , and t he main points of 

ev~idence on which it is based will be mentioned. 
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The insplratory and expirat ory centers are re garded 

as physiologically distinct and anatomically partially 

separated, as evide nced by t he respiratory responses to 

focal stimulation in the medulla. The f act that the stim­

ulating current was limited to les s than 3 mm3of tissue 

while the centers occupied more than 10 times this vol­

ume, plus t he fact that strong stimulation of t his small 

fraction of the inspiratory center could lead to a maxi­

mal inspiration led to the conclusion that rich excita­

tory connections exist a mong the cells of a given center. 

The neurons of the inspiratory and expiratory centers are 

linked by inh ibitory fibers, as evidenced by the fact 

that stimulation of (for instance) the expiratory center 

during inspira tion occas ioned by stimulation of the in­

spiratory center vill de crease the magnitude of the in­

spiration. Since, in most instances, stimulation of the 

expiratory center only decreases or abolishes insp iration, 

it was concluded that t he main influence of the expira­

tory center during eupn ea is simply inhibition of the 

insp iratory center . More intense stimulation (analogous 

to hyperventi l ation) is required to cause active contrac­

tion of the expira tory muscles. The inspiratory center was 

demonstrated to be the dominant one by simultaneous maxi­

mal stimulation of both centers and showing t hat t h e net 
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response was strong inspiration. According to the theory, 

then, the medullary organization may be summarized as fol­

lows: in the begin ~ing, a few inspiratory neurons are 

discharged (pe rhaps as a result of excitation by some 

one of the numerous afferents having respiratory function~ 

Due to the excitatory interconnections, this incipient 

activity is rapidly magnified, leading to maintained in­

s-piration. Coincidentally, all expiratory activity is 

suppressed because of the inhibitory connections. This 

end result occurs because the ins piratory center is the 

dominant one. This "spontaneous" inspiration (actually 

an apneusis) does nnot involve maximal response of the in­

spiratory center, however, for stimulation during an ap­

neusis can increase the magnitude of t he inspiration 

(obviously t h is might represent recruitment of previously 

quiescent neurons, increased rate of neuron firing , or 

both). This analysis is of basic i mportance t 0 the theory 

of tonic inspiratory drive , and it is clear that it pre­

dicts that an animal having a brain stem section which 

isolates the medullary components fr 0 m all rostral influ­

ence must demonstrat e an apneusis. It may be mentioned 

here t hat several authors who have subscribed to this 

theory have actually demonstrated t hat t h is does not oc­

cur. Lumsden (23) explained t h is by assuming that the 

true inspiratory center (his apneustic center) is located 
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in the pons , with only a vestigial "gasping center" in 

the medulla. Pitt s and a ssociates, as far as I have been 

able to discover , never made a brain section which would 

actually test t he point, t hough they assumed that the 

postulated respons e woul d occur . 

When a section is made in the midpontine reg ion, it 

is clear that thi s does not actially isolate the medulla 

from rostral influences , for pontine neural structures 

are included with the medulla . Nevertheless , in some cases 

it would appear t hat investigators have assumed t hat pon­

tine section essentially isolates the medulla . One of 

the i mportant cont ribut i ons of Hoff & Breckenridge has 

been the demonstra tion of the fallacy of t h is as sumption. 

In a vagotom1 zed ani mal , a midpontine section im­

mediately produces apne usis, while if t he vagi are left 

intact, no inspira tory c ramp ensues . The t h eory of tonic 

inspiratory drive offers a reasonable explanation . It is 

known that inflat i on of t he chest stimulates receptors 

in t he lung which are i nhibitory to respira tion . Thus, 

according to the t heory, spontaneous activity of the in­

spiratory center l eads to ever- increasing expansion of 

the chest , which in turn causes a mounting number of i m­

pul s es over the vagi . These impulses discharge into the 

nucleus solitarius and t hen are rel 8 yed to the expira­

tory center , stimulating it . When the lung infla tion has 
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proceeded sufficiently, the resulting vagal activity 

excites the expiratory center (t hus over-riding the in­

hibition of the center caused by the active inspiratory 

center), and this suddenly inhibits the inspiratory cen­

ter , abruptly terrr inating inspiration and initiating ex­

piration. In eupnea, the intensity of the inspiratory 

effort is comparat ively low (thus less inhibition is r e ­

quirea to stop it ) , the inflat ion of the chest is moder­

ate in amount and rate ( t hus stimulation of the Hering 

Breuer reflex is s ub-maxi mal) , and the inherent excit­

ability of the expiratory center is low (minimal stim­

ulat ion by CO2 or chemor eceptors). These factors summate 

to account for the fact that expiration in eupnea in­

volves only inhibi tion of inspiration with elastic recoil 

of t he chest. In hyperventilation, alterations in the 

factors mentioned le ads to active participa tion of the 

expiratory muscle s . It may be menti oned that Pitts et al 

(7) felt t hat the vagal influence is mediated t hro ugh 

the expiratory ce~ter be cause the respiratory responses 

to central vagal stimulation and direct stimulation of 

the expiratory ce~ter were markedly similar. It is seen 

t hat according to this analysis t he vagi are capable of 

exerting a breath-by-breath control over respiration. In 

fact Pitts et al concluded that in the intact animal un­

der most circumstances the vagal mechanism outlined is 
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the one which is responsible for periodically inhibiting 

the tonic inspirat ory drive and producing rhythmic breath­

ing (2,5,7) . 

From the time of Marckwald, however, it has been 

apparent that the vagal mechanism is not the only one, 

for vagotomy in a midcollicular preparation does not pro ­

duce apneusis but only slows the respiratory rate and 

increases the depth (the same effect occurs with vagot ­

omy in the intact animal) . Marckwald (3 , 4) concluded that 

the center respons ible for periodic interruption of in­

spiration was loca ted in the inferior colliculi , but 

subsequent invest igations have shown that the center, 
✓ 

called the pneumotaxic center, is actually located in the 

anterior 2- 3 mm of the pontine tegmentum (7 , 8 , 23,33) . 

The most a ccurate localization (24) has shown that the 

neurons which prevent apneusis in the decerebrate, vag­

otomized animal ( i . e . t he pneumotaxic center) are located 

in the extreme dor solateral portion of the anterior pon­

tine tegmentum , and the fiber paths connecting these cells 

with the medullary centers run in t~e lateral ventral 

pontine te gmentum (8) . 

Lumsden (23, 28 ) concluded that this pneumotaxic 

center was the onl y one responsible for the production 

of rhythmic breathing , for in his experiments vagotomy 

wa s not necessary to produce apneusis after appropriate 
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brain section. All others, however, have shown that vag­

otomy is a necessary procedure (see Hoff & Breckenridge, 

13), and Pitts et al (2,5,7,8) considered that the pneumo­

taxic mechanism is a separate one which is usually sub­

sidiary to the feed-back system involving the vagi . While 

it was admitted that no cogent evidence was available, 

Pitts et al (7) suggested that the operation might be as 

follows: collaterals fr0 m the active inspiratory center 

stimulate the pneumotaxic center, which in turn stimu­

lates the expiratory center. In the absence of the Hering 

Breuer reflex (i.e. after vagotomy), which is a more sen­

sitive mechanism and which therefore ordinarily is the 

controlling one, increasing activity of the spontaneously 

firing inspiratory neurons leads to increasing stimulation 

of the pneumotaxic center. When the threshold of these 

neurons has been reached , they become active and stimu­

late the expiratory center. When this cycle of events 

becomes strong enough, the inhibition of the expiratory 

neurons (due to activity of the inspirat ory center) is 

overeome, they bec ome active, inspiration is terminated, 

and expiration occurs. By assuming that this mechanism 

is rather sluggish, it was possible to account for t he 

slow, deep respiration seen after vagotomy. When the brain 

section is made almost anywhere in the pons , the pneumo­

taxic center is severed fr 0 m the medulla , for the center 
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is in the extreme rostral portion of the pons. After such 

a section, coupled with vagotomy , the medullary respira­

tory centers are i solated from all significant rostral 

influences (accordi ng to the theory; recall that this 

may not be true). ~hen the natural dominance of the in­

spiratory center e xerts i tself, and lasting apneusis is 

produced (actua11; proponents of this t heory (e. g . Marck­

wald , 3,4; Lumsden , 23; Pitts et al, 7,8) have observed 

that apneusis is not alway s permanent, but t hey have not 

auparently re garded the observation of any great signifi­

cance). 

It was mentio~ed that Marckwald t hought the pneumo­

taxic center was i~ the inferior colliculi and t hat the 

trigeminal nerves had a special respiratory significance. 

Henderson & Sweet (30) were of the opinion that the red 

nucleus was vital in the production of apneusis (at that 

time the red nucleus was thought to be responsible for 

decerebrate ri gidity). All three of these structures have 

been shown since then to be without special respiratory 

function in the sense under discussion (8,33). In addi ­

tion, it has been sugges ted (2, 8 ) that the pneumotaxic 

center may extend f arthe r down i nto the pons than des ­

cribed above and that this mi ght be of sign ificance in 

explaining some discrepancies between theory and fact 

with low brain sect ion. Actually, the anatomic evidence 
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of Tang (24) make s this very unli kely, a nd the possibil ­

ity seems altoge ther ruled out by the rea s oning presented 

by Hoff & Breckenridge (1,14 , 19) , to be pres ented later. 

THEORY OF I NBERENT MEDULLARY PERIODICITY. There 

have long be en i nvest i ga tors who have believed that t h e 

basic respiratory r hythm is generated within the medulla 

and is only modif i ed by externally arising inf l uences . 

Evidence compatibl e with such a view , f or i ns t ance the 

continu ing breathing in a decerebra te a n i mal after vag­

otomy or the slow potent ial swings s howing resnira tory 

r hythmicity in the i s ola ted bra in stem of the goldfish 

(51) was criticized by Pitts (2) on t he grounds that 

the pneumotaxic mechani sm was still prese nt in the ex­

per iments and wa s actual ly generating the r espiration . 

As mentioned earl i er, s everal p i eces of evide nce of 

greater (in retro s nect) decisivene s s have been available 

since Lumsden's contributions , but these items were either 

disregarded entirely or t hought of minor import qnce com­

pared to the evidence considered as st r ong support for 

the theory of t on i c insp iratory drive . The short abstract 

by Nicholson & Hong (38) , which reported results defin­

itely not in accord with t he t heory of i nspiratory drive, 

was mentioned by Pitts in his 1946 review (2) but was 

not cons idered to be a serious threat t 0 the t heory . In 

1949 Hoff & Breckenridge published a paper (12) reporting 

25 



experiments which were in the main merely a confirmation 

of previous bits of evidence scattered in the literature, 

but the points were considered in toto to constitute 

strong evidence that the theory of tonic inspiratory 

drive is incorrect and that the medullary centers are 

inherently rhythrr.ic. These men have followed up the orig­

inal work with a series of papers, all of wh ich are con­

sistent with the expressed view, and which form the basis 

for a new concept of respiration and the factors which 

modify it. Some of these points may now be discussed. 

Many of them were brought out in the first paper presented 

in 1949, and the others have come up in more recent pub­

lications (13,14,15,16,17,18,19,20). 

Apneusis is not permanent. That it should be so is 

implicit in the theory of inspiratory drive, but several 

authors pointed out (or their published records show) 

that apneusis is maintained for only a few minutes , then 

a forceful expiration occurs, a few phasic breaths are 

taken, and another inspiratory cramp develops (3,4,7,8, 

12,23,38). Pitts et al (7) pointed out that this occurs 

especially in animals subjected to prolonged artificial 

respiration, and they therefore considered that this 

apneustic breathing (in contrast to a simple, maintained 

apneusis) might be largely artefactual in nature. Most 

work prior to Hoff & Breckenridge was done using cats, 

26 



.,. 

for the actual bra in se c tions are more easily accomplished 

in this animal, and the bleeding is more easily controlled. 

Hoff & Breckenridge pointed out that while apneustic 

breathing is not always prominent in cats, it always takes 

place in dogs (whi ch they have used in most of their 

experiments). Furt hermor e, after apneusis has been es­

tablished in an an imal, with occasional expirations frac­

tionating it to pr oduce apneustic breathing, the periods 

of breath holding short en progressively with time, so 

that the breathing aspe c ts of the apneusis become more 

pronounced and the inspi ratory cramp less. Hoff & Breck­

enridge (13) subsequent l y s howed t hat apneustic breath­

ing does take place in t he cat as well as the dog , and 

therefore the stat ement t hat apneusis is never permanent, 

which is contrary to the t h eory of tonic inspiratory 

drive, is justified. While in the absence of artificial 

respiration there are ma r ked changes in blood pressure 

during apneustic breathing (23), periodic interr uption 

of the inspira tory cramp still occurs even if asphyxia 

is prevented by adequate artificial ventilation. Also, 

Hoff & Brec kenridge have stated t hat the blood pressure 

variations during apneus is are more responsible for 

death of the animal (due to i ncreased bleeding around 

the site of trans ection ) than the accompa nying asphyxia 

(19). 
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Apneusis is not complete. According to the theory 

of tonic inspiratory drive apneusis represents uninhib­

ited activity of t he inspiratory center. Although this 

activity need not be maximal (8), the theory requires 

that it be maintained and steady (i.e. that there be no 

vestige of respirat ory rhythmicity). Actually, this is 

not the case. During an apneusis t here is unmistakable 

evidence of persis t ing respiratory rhythmicity. This 

takes t he form, fi r st, of a "respiratory fringe" super­

i mposed on the apnemsis. This is a series of slow, phasic 

breaths, whose ampl itude varies inversely with the com­

pleteness of the apneusi s (see later discussion of per­

iodic breath ing ). Of equa l si~nificance is the pers i s t­

ing activity of the accessory muscles of respira tion 

(12,13,19). It is s tated that t h is always occurs even 

when the apneusis l s so v i gorous t hat all trace of phasic 

breath i ng is elimi nated f rom the resp iratory record. The 

respiratory fringe has be en known to exist for a long 

time (23), and it ~as been demonstrated in the dog (12, 

38 ), cat (7,13,23), and r abbit (47). 

Anatomic or p ~ysiological isolation of the medulla 

will abolish apneu s is and replace it with eupnea. This 

would appear to be perhaps the most crucial point of the 

whole discussion. 3y the theory of inspir~tory drive, 

the isolated medulla should produce steady, maintained 
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inspiration without trace of r hythmicity until death from 

asphyxia occurs . Tbe only modification of the theory 

which could explain any deviation from t his expected be ­

haviour is that of Lumsden (23}, who believed t hat t he 

true insp iratory c enter wa s located in the pons and t hat 

a vestigial gasping cen t e r wa s located in the medulla . 

The preponder ance of work , particularly the precise in­

vestigations of Pi ~ts , Magoun & Ranson (6) have demon­

strated that the ba sic i nspiratory and expiratory cen ­

ters are located i~ the medulla . Thus the de mons~ration 

of r hythmic breathi ng in the vagotomized medullary prep­

aration would see m to be a very serious blow to the theory 

of t onic i nspirato r y drive . That t his is the true sit ­

uation seems beyond any question , for it has been demon ­

strated by quite a number of independent investigators 

(12 , 13 , 23,24 , 30 , 33 , 38 , 47 , 49} . All of the mentioned workers 

performed s ur gical sect i on of the brain stem at the med­

ullary level in an i mals breathing apneustically and ob ­

served that the apneusis was abolished i mmediately and 

in its stead there appea rerl irregular phasic breathing. 

As Hoff & Breckenr idge have pointed out , the irregularity 

of the bre a thing , b oth i n terms of timing and amplitude, 

allow it to be cla ssified nicely as ''ataxic" , but the 

fact that it is not labored plus the demonstration that 

it is adequate to mainta in the life of the animal for 
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hours requires t hat it also be classed as a form of eup­

nea. This latter concept is in contrast to Lumsden (23), 

who thought t hat the phasic breathing seen under these 

circumstances represented the final re spiratory effort 

in a dying animal. As mentioned before, it appears that 

Pitts et al never performed section of the brain stem at 

the medullary level to see if the postulated apneusis 

would develop, al t hough such omission is in marked con­

trast to the meticulous precision of other aspects of 

t heir work . 

It seems that the a ction of many depressants on the 

nervous system is to at t ack the most vulnerable centers 

first, which centers appear to be the most recently ac­

quired phylogenetically, t hu s leaving the most vital and 

"firmly establishe d" one s to last. Following this con­

cept, one may as s ume t hat impending death, progressive 

asphyxia, deepening ane s thesia, and several drugs may 

perform functional "ser i al section" of the brain stem. 

Thus one mi ght expect t hat anesthesia etc. could convert 

apneusis into a "medulla ry preparation" . This seems to 

be the case (7,12 , 13,23 , 24). In these cases anoxia or 

anesthesia abolished apneusis and replaced it with the 

ataxic eupnea described above. Thus again the last act 

of the isolated medulla was not apneusis but phasic 

breathing . Furthe r pharmacolo gical "sectioning" of the 
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brain stem, as done by Hoff & Breckenridge , will be des­

cribed below. 

As was mentioned earlier, it has been suggested (2, 

~3) that perhaps the pneumotaxic center extends down into 

the medulla . This might explain why breathing in the 

medullary preparation is not apneustic. As stated, how­

ever, the localization by Tang (24) showed that the pneu­

motaxic center occupies a small, discrete area in the 

anterior pons. More important refutation comes from the 

respiratory behaviour of vagotomized animals subjected 

to brain section at various levels. When the cut is made 

at the extreme rostral end of the pons , no apneusis re­

sults. As the section is performed more caudally, apneusis 

appears, and reaches a maximum intensity when the trans­

ection is made at the junction between the upper third 

and the rest of the pons . As the cut is made increasingly 

caudad, the degree of breath holding progressively de ­

creases, until all trace of it is gone in the medullary 

preparation . This makes it appear very likely that dur­

ing apneusis the medulla ry centers are being "driven" 

by neural structures diff-usely arranged within the sub­

stance of the pons , and as the brain sections exclude 

more and more of these a reas the intensity of the inspir­

atory cramp decreases . Certainly if the pneumotaxic cen­

ter extended from the anterior pons into the medulla, 
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and there were no other tmportant respiratory structures 

within the pons (as assumed in the theory of inspiratory 

drive), then it would be difficult to explain how pro­

gressive removal of the pneumotaxic center (by serial 

brain section) could cause first increasing apneusis, 

then diminishing inspiratory cramp, and finally, with 

medullary section (which should by this reasoning leave 

the least pneumotaxic center and therefore the greatest 

net inspiratory drive) complete loss of aEneusis and re­

placement by eupnea. 

At this point it may be convenient to present the 

essentials of Hoff & Breckenridge 's concepts of respir­

ation. They conclJde that the basic respiratory rhythm 

is generated within the neural structures of the medulla, 

a view fully consistent with the finding that the medul ­

lary preparation continues to show a kind of eupnea. 

All other influences, che mical and reflex, merely modify 

this medullary rhythmicity, although to be sure in some 

cases (e.g. apneusis) the modification may almost en­

tirely obscure the medulla 's fundamental activity. Thus 

the vagus nerves, for instance, are t hought to mediate 

in general an inhi bition of respiration, principa1ly by 

modulating supramedullary mechanisms , although this in­

hibition is not manifest in the breath-by-breath control 

of respiration as previously thought. Other specific fac-
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tors will be dis cussed later . The dramatic 1nsp1ratory 

cramp found in t he vagotomized midpontine preparation, 

which constituted the main evidence for t he existence 

of the pneumotaxic center in the sense postulated by t he 

theory of inspiratory drive , must be explained satisfac­

torily by any reasonable concept of this subject . It ap­

pears that the mechanism may be similar to that proposed 

in 1929 by Henderson & Sweet (30) , namely that apneusis 

basically represe~ts a decerebrate ri gidity of the res­

piratory muscles . Earli e r it was pointed out t h at Stella 

(33) made some val id ob s ervations on certain dissimilar­

ities between apne usis a nd decerebrate ri gidity, and 

therefore he rejected t h is explanation . However, Hoff & 

Brec kenridge (19) have observed t hat all breathing is 

superimposed as aphasi c act upon a postural background 

and that there a r e actua lly a number of i mportant corre ­

lates between the prop er ties of decerebrate rigidity 

and apneusis (for example in the decerebrate animal the 

ri gidity does some times increase when the vagus nerves 

a r e sectioned) . Thus , wh ile t here are undoubtedly at 

least s 0 me quantitative differences between the two 

states , apneusis ~ay well represent a form of decerebrat e 

ri gidity . It should be realized, however, that while 

the basic mechanisms may be quite similar, it is not 

necessary that t he same neurons be involved in both phe -
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nomena, and if t hey are not identical t h is could easily 

account for some differences between the two states . 

Following this rea soning , the pneumotaxic center, as 

named by Lumsden (23), and best localized by Tang , corre­

sponds to a semi - special i zed portion of the bulbar sup­

pressor system; a ~d exc l us ion of this region of the re­

ticular substance allows the more generalized facilita­

tory areas to become dominant , fully analogous to the 

production of dec erebrat e rigidity by the exclusion of 

inhibitory influences f r om (especial l y) the basal ganglia . 

When the suppressor area s (pneumotaxic center) are re­

moved from a vagot omized animal , the pontine reinforcing 

system drives t he medul l ary respiratory centers into pro­

longed insp iration , and t h is spasm occludes major phasic 

respiration. That the medulla continues to genera te a 

respiratory r hy thm despite these events is shown by the 

re spiratory fri nge superimposed on the apneusis and the 

persisting activi t y of the accessory r espiratory muscles 

throughout apneusis (they do not go into any inspiratory 

spasm) . This explanation fi t s the presented facts quite 

well . In the vagotomized animal with brain section at 

the anterior limit of the pons, b oth the suppres sor and 

facilitatory areas of the reticular substance are intact, 

and normal phasic breathing continues . With slightly more 

caudal sections , t !:'le suppressor sys t em is rap idly cut 
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off (recall it , lies in the anterior 2-3 mm of the pons), 

the reinforcing areas gain dominance, and apneusis super­

venes, the degree being maximal when all of the pneumo­

taxic center has been excluded but almost all of the re­

inforcing system remains . As the section i s made still 

farther posterior, mo re and more of the facilitatory 

areas are removed, and, as would be expected, the apneu­

sis lessens, disappearing in the medullary animal. 
... 

Further confirmation for these views was obtained 

by Hoff & Breckenridge using techniques which apparently 

accomplish pharmacological section of the brain stem. 

One method of doing this (17) involves controlled hyp­

oxia. If a midcollicular animal is vagomomized, it con­

t inues to breathe phasically . If it is now subjected to 

hypoxia, it first develops apneusis and later the pat­

tern of medullary ataxic eupnea. Readmission of oxygen 

often reverses the sequence. In one favorable preparation 

carefully controlled hypoxia first caused apneusis with 

a respiratory fringe, then diminished inspiratory spasm 

with coincident increase in phasic breathing, later fully 

developed Blot's respira tion (se e later discussion on 

periodic breathing), and lastly medulla ry eupnea . Assum­

ing the correctness of the opinion that hypoxia in gen­

eral tends to attack first the most vulnerable and also 

most rostral structures, these e xperiments are obviously 
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in full harmony vith the analysis of apneusis and medul-

1ary rhythmicity presented above. 

It is clear that decerebrate rigidity involves 

pleurisynaptic pathways. I1.yanesin is a drug which is 

thought to be rather specific in depressing polysynaptic 

reflexes (18), and, as mi ght be anticipated from this, 

¼yanesin is capable of abolishing decerebrate rigidity. 

If apneusis basivally represents a form of decerebrate 

rigidity, it must depend on polysynaptic pathways, and 

it s hould be affected by Myanesin. This is, in fact, 

true. In every case, the drug either abolished or dim­

inished apneusis , with concomitant increase in the phasic 

breathing compone~t wlUbh is superimposed. In some cases 

Blot 's respiration was produced. Morphine also appears 

to depress polys~naptic reflexes, and morphine affects 

respiration in a way basically similar to Myanesin (15). 

However , morphine also causes marked deleterious changes 

in the cardiovascular system. D-1 Dromoran, a synthetic 

narcotic, was found to be a superior tool in this research 

(16). This drug al so appears to cause the equivalent of 

serial brain stem sections in dogs. In the intact dog it 

facilitates the appearance of "all-or-none" breathing (see 

below), as it also does in the midcollicular animal with 

intact vagi. In the latter preparation, however , if the 

vagi are cut, Dromoran produces apneusis; and if the 
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dosage is increased the lnsplratory spasm diminishes 

with simultaneous increase in phasic breathing. In some 

cases a pharmacological s ection at the medullary level 

can be produced , giving rise to the usual ataxic eupnea. 

If Dromoran is administered t 0 an animal breathing ap­

neustically, the i nspirat ory cramp is always reduced or 

abolished , and often Biot I s respiration appe·ars . In the 

medullary animal (produced surgically), the drug always 

produces apnea in expiration . 

It may be no ted that respiratory mechanisms appear 

to be similar in t he cat, dog, rabbit, and monkey (the 

only animals studied to date) , and all reports contain­

ing comparable experiments have confirmed the points made 

by Hoff & Breckenridge relating to generation of~ res­

piratory rhythm by the medulla and to the production of 

apneusis (3,4,6,7,8,23,24,30,33,38,43,47,49,50). It ap­

pears justified, t herefore, to conclude that the cur­

rently av-ailable evidence definitely favors the theory 

of inherent medullary rhythmicity in the generation of 

respiration and casts great doubt on the existence of any 

tonic inspiratory drive in the medullary respiratory cen­

ters. In the next section the different components in the 

respiratory assemblage will be discussed in the light of 

what is presently known. It must be emphasized that know­

ledge is limited to the extent that we are in the des -
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criptive rather than analytic stage, and generalizations 

which are made now mainly as a matter of convenience may 

soon have to be revised or rejected. 

FUNCTIONS OF THE RESPIRATORY COMPONENTS. Medullary 

Centers. The basic resp iratory act of the isolated medul­

la is ataxic eupnea. This type of breathing differs from 

normal eupnea in that the inspiration is very sharp and 

jet-like, with a duration s horter t han normal . Further­

more the amplitude of each breath bears no predictable 

relation to adjacent ones (the variation from the smal-

·1est to the largest is about 1:2), and the timing of the 

breaths is very irre gular (the whole phenomenon is simi­

lar t
0 

cardiac auricular fibrillation, where the force 

and timing of the ventri cular beats is irregular). This 

type of breathing can maintain life for many hours under 

favorable circumstances. Thus this "gasp ing" respiration 

does not appear to be a vestigial accomplishment per­

formed by a dying animal , and without physiological sig­

nificance, as claimed by Lumsden, but on the contrary 

probably represen t s the basic respiratory rhythm which 

may be modified by the s everal well-known mechanisms, re ­

flex and chemical . 

The medulla i s capable of producing another type of 

respiratory act (19). This is characterized by an appar­

ently maximal inspiration which is accompanied by intense 
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activity of the accessory respiratory muscles . It has 

been called sighing respiration or "all - or- none" respir­

ation (40) . This latter appellation , which is the one 

preferred by Hoff & Breckenridge, should not imply the 

same physiological behaviour as "all- or- none" when ap­

plied to conduction of the action potential in nerve or 

muscle, but rather is used only to indicate that the 

breath is about as forceful as the animal is capable of 

producing . It is often seen as the final respiratory ef­

fort in a dying a~imal . The rate of all - or-none breath­

ing is slow aud irregular in the medullary animal (up to 

perhaps 2/minute) and is mingled with medullary eupnea . 

Rarely the all - or-none rhythm may be the only one seen 

in the medullary animal. 

One other type of rhythm may occasionally be seen 

in the medullary ~reparat ion . This is Biot's breathing, 

which consis t s of clusters of breaths, all of about the 

same amplitude, s eparated by apneic intervals . Biot's 

respiration will be discussed more later . 

Pontine Centers. The true anat0 mical and physiologi­

cal makeup of the ~ontine reticular system as it relates 

to the respira to r y act i s not yet known. Thus at the 

present time it i s necessary, to some degree, to make 

broad interpretat i ons based on somewhat fragmentary and 

indirect evidence. For instance, in the present discus-
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sion "centers" s ubservi ng certain "functions" will be 
~ 

assigned to t he pons, the reasoning being largely based 

on the form of the respiratory record as influenced by 

brain stem sections and other experimental procedures . 

Actually, it is very possible (perhaps even probable) 

that no such centers exist in any anatomical sense, and 

the physiological demonstration of t hem depends on a 

certain pattern of procedures. Realizing then that the 

followin g description is mainly for convenience and is 

highly tentative, essentially 4 pontine centers may be 

described (12,14,16~8 ,19) . 

The facilitatory cente r s probably are part of the 

brain stem reticular system described by Magoun (25) 

which regulates t ne inherent excitability of motoneur­

ones. Activity of these centers tends t 0 discharge the 

respiratory neuro~s . The system is widely distributed in 

the pontine tegme ~tum, and it is the unopposed effect 

of it which is re s ponsible for apneusis. 

The inhibito r y cent ers likewise appear to have a 

function similar t o the reticular suppres sor areas which 

regulate motor irr itabil ity, but the respiratory center 

(the pneumotaxic center ) may be semi-specialized in func­

tion and partially separated anatomically from the gener­

al suppressor sys t em (7 ,24 ,25, 33) . 

The i nspira t ory b reath holding center is probably 
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entirely a descriptive convenience . Operationally it con­

trols the tonus of the respiratory muscles, and as such 

likely re 0 rese nts the balance between the facilitatory 

and inhibitory centers mentioned. It is described aa an 

entity here because it is this balance which is actually 

apparent in the breathing record of an animal . 

The center for apneustic rhythm also could quite 

possibly have no r eal existence but rather represent a 

functional combinatimn of neuronal activity . This center 

is responsible for generating the peculiar, slow respir­

atory rhythm seen classically in apneusis, with equal or 

(usually) more time in inspiration than expiration . As 

will be discussed below, the action of this center is 

strongly reminiscent of that of an electronic switch , 

which alternately allows a signal to pass or blocks it . 

The patterns of breathing seen in the pontine ani ­

mal may now be described. When a brain section is made 

in the lower reaches of the pons , the irregularity which 

characterizes medullary eupnea is not seen . In the clas­

sical decerebrate animal the eupnea is indistinguishable 

from that in the intact animal . The only obvious change 

caused by decerebration is a marked facilitation of the 

all - or - none rhyt~m with definite post - sigh inhibition 

of eupnea . This is demonstrable on the respiratory re ­

cord by t he increased rate of the deep sighs and by the 
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decreased amplitude of the eupneic breaths immediately 

following each all-or-none breath. Often several eupneic 

breaths are required to br ing t h e amplitude gradually 

back to the normal level . This makes it appear that eup­

nea and all-or-none breathing represent fundamentally 

different rhythms which are mutually inhibitory. Post­

sigh inhibition may be se en sometimes in the medullary 

preparation, but i t is much less developed. Administra­

tion of Dromoran f acili t ates the sighing respiration in 

the decerebrate an i mal and produces very prominent post­

sigh inhibition, and it is under these circumstances that 

the phenomenon is best developed. 

When the vagv s nerves are cut in the midcollicular 

animal , there is s uch facilit a tion of a ll-or-none breath­

ing that eupnea i s entirely suppressed. Thus the slow, 

deep r espiration seen under these conditions (or after 

vagotomy in the i ntact animal) is due entirely to the 

sighing respiration. When the midpontine animal is vag­

otomized, the brea th holding center becomes active, as 

does the apneustic rhyt hm center. The result is t he us­

ual apneusis, which represents periodic shutting-off of 

1nspiratory cramp (produc ed by the unopposed activity of 

the reinforcing ce nters) by the pontine "electronic 

switch" . The respiratory fringe seen during apneusis is 

that all-or-none respiration which has not been occluded 
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by the apneusis. Usually the br eath holding and apneustic 

rhythm centers become demonstrably active together, pro ­

du~ing apneusis; but oc casionally it 1s possible to have 

function of the "electron ic switch", with minimal or no 

activity of the i nspiratory cramp system. Under these 

conditions the sigh ing breathing comes in clusters , which 

constitutes Blot ' s respiration . This differentiation has 

been produced by l uc ky b rain section (19) , by adminis­

tration of Myanes l n (18 ) and Dromoran (16), and by con­

trolled hypoxia (17). 

It seems pos s ible t hat the insp iratory breath hold­

ing center may , under s ome condition£, be ac t ive alone. 

The ef f ect would be to i ncrease the resuiratory midpos­

ition of the ches t . This commonly occurs in hypoxia, em­

physema , and Cheyne-Stokes breathing , for example (19). 

Since surgica l brain section at the caudal end of 

the pons occasionally r emoves all of the breath holding 

center but leaves some of the apneustic rhythm center 

(producing Biot's respi r ation), it would seem that the 

latter has some medul lary representation, while the form­

er does not. 

Since the all -or-none rhythm is markedly facilitated 

in the decerebrate animal while this type of breathing 

is almost never found i n t he intact animal , it appears 

that the midbrain and forebrain contain structures which 
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normally inhibit the sighing respiration , leaving eupnea 

as the form which is see n . Also , panting probably depends 

on influences fro m thes e areas, particularly the heat 

regulating centers in t h e hypothalamus (2) , for panting 

is never seen in t he medullary or decerebrate preparation . 

Detailed discussion of what little evidence is available 

on these subjects is beyond the sc ope of t h is Thesis . 

Vagal Reflexe s . Tha t the vagus nerves have i mportant 

respiratory funct i on has been known f or many years , and 

since t he researches of Hering in the middle nineteenth 

century it has been real ized that the main vagal effect 

is inhibitmry to r espira tion , thou gh there are reflexes 

orig inating in the lungs which may stimulate resp iration 

(5) . It was basic to the t heory of ton i c inspiratory 

drive that the inh ibito r y fibers in the vague were in­

strumental in inte rrupt i ng inspiration to produce breath­

ing . The evidence cited above has s hown that the theory 

is not adequate, and i nstead it is now felt that t he 

vagus exerts a mor e steady inhibitory bias to the resp ir ­

atory centers, de spite t he f act that stimulation of the 

receptors occurs onl y during inspiration . A strong piece 

of evidence for t h is view is t he observation by Kerr et 

al (47) that susta ined h i gh frequency stimulation of the 

central end of t he vagus can change apneusis into r hyth­

mic breathing . Lumsden (28 ) and Pitts et al (8 ) made 
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similar observations but did not emphasize them. Obvious­

ly the vagus nerves cannot exert breath-by-breath con­

trol over respiration under these circumstances; while 

the results are in full accord with the view that afferent 

vagal i mpulses ~ct similarly to the bulbar suppressor 

system . Hoff & Breckenridge (1) su ggest that t he vagal 

impulses become so diffused in time and space in the brain 

stem that much of the insDiratory timing becomes lost. 

The action is somewhat an~logous to that of a half wave 

rectifier and filt e r in an electronic power sunply. While 

the evidence seems to rule out the participation of the 

vagi in the actual generation of the respiratory rhythm, 

it should be realized that it is still possible that in 

the intact animal the mounting vagal inhibition during 

inspiration mi ght "tip t he scales" and t hereby b, instru­

mental in determining the exact moment at which the inher­

e nt resniratory r hythm switches from inspiration to ex­

piration . For descriptive purposes it is possible to con­

sider vagal action in relation to the various respira­

tory centers already ou t lined . 

The vagu s appears to exert little direct control 

on the medu llary centers, for vagotomy is usually with­

out dramatic effec t in the medullary animal showing a­

taxic eupnea (12, 14, 23) . Whenever an effect is seen, it 

consists of a moderate increase in respiratory rate and 

depth after vagotomy . This suggests that at this level 
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the vagus exerts only a general depressant action on the 

res~iratory centers , a concept confirmed by t he finding 

t hat vagot om.y .i.ncreases the apneustic response to elec­

trical stimulation of t he inspiratory center (6 , 43) . 

The most important vagal influences seem to be chan­

neled through the pontine reticular substance . Here the 

vagus inhibits the breath holding center, as shown by 

t he fact that apneusis never occurs when the vagi are 

functioning . Also , the vagus inhibits the all - or- none 

r hythm, as shown by the great increase in this type of 

breathing after vagotomy. All - in- all it is clear that the 

vagi exert an important source of drive to the reticular 

suppressor system and/or they directly inhibit the fac ­

ilitatory centers . The general problem of vagal action 

cannot my any means be considered as solved , however , and 

much further investigation needs to be done . 

Chemoreceptors . These peripheral receptors respond 

particularly to decreased arterial oxygen tension and 

somewhat to increased acid and CO2 . From the facts that 

hypoxia increases apneusis (12 , 33) and denervation of 

the carotid bodies decreases apneusis with concomitant 

increase in phasic breathi ng (12) , it is clear that the 

carotid and aortic bodies constitute a source of affer­

ent drive similar to the reticu l ar reinforcing centers. 

Perhaps the chemoreceptors act through the reticular sub -
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stance. Stimulation of the chemoreceptors has not been 

shown to cause any increase in phasic breathing. This 

topic has clinical i mportance in relation to the breath­

ing in hypoxia conditions, and the mechanism outlined 

explains nicely the increased respiratory midposition 

with hypoxia (e. g . emphysema, Cheyne-Stokes breathing, 

acute asthma , anoxic anoxia). 

Direct Effects of Carbon Dioxide. Whether this gas 

acts directly on tr.e res p iratory neurons ( 44) or t hrough 

chemosensitive receptors in the medulla (26), and whether 

molecular carbon dioxide as well as increased acidity 

(52,53) is effective are not well established points, 

but fortunately they are not crucial to this discussion. 

Certainly excess carbonic acid applied to the medulla is 

an exceedingly potent res~iratory stimulant. In the in­

tact animal ve ry minute increases in the concentration 

increase the rate and (especially) the depth of breath­

ing. Stella (34) b e lieved that increased CO2 increased 

apneusis , while Hof f & Breckenridge (19) have not found 

this to be the case , although an excess of the substance 

increases sensitivi ty of the medullary structures to 

chemoreceptor influence. Chatfiel~ & Purpura (i~) showed 

that when the insp i ratory center was stimulated elec­

trically with just sufficient current to cause a main ­

tained apneusis without respiratory fringe, ventilation 
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with 5% CO2 caused a defi~ite respiratory f ringe to be 

superimposed on the inspiration-- that is, the CO2 ap­

parently increased the basic rhythmicity of the respir­

atory centers. The same conclusion is suggested by the 

more dramatic experiment of von Euler & Soderberg (50), 

who found t hat ventilation of the completely deaffer­

ented medullary preparation with 6% CO2 caused it to 

produce a burst of action potentials, whose crescendo 

form resembled strikingly the record seen during a nor­

mal inspiration. That is to say, it would seem that the 

CO2 induced a medulla which had previously been perfectly 

quiescent (full apnea) t 0 generate a respiratory cycle. 

This important obs ervation was not emphasized by the or­

i ginal authors, nor has i t been confirmed, but it deserves 

further study. On t he bas is of present fragmentary infor­

mation it is t here f ore possible to assume that CO2 in 

some unknown way ca uses the respiratory complex in the 

medulla to be more vigorous in generating a respiratory 

rhythm. This action of the gas in stimulating oscillatory 

behaviour is especially interesting since CO2 is -a very 

powerful agent in stabilizing peripheral nerve and de­

creasing spontaneous oscillations of membrane potential 

(54,55,56) . 

PERIODIC BREATHING. This term is used to describe 

those types of re spirat i on in which the individual breaths 
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vary periodically in amplitude or in which the breaths 

come in clusters with apneic intervals between. The first 

is the well known Cheyne-Stokes respiration, often seen 

in desperately ill patients, and sometimes seen under 

less unfavorable c.rcumstances (e.g. after voluntary hy ­

perventilation) . The second type is Blot 's respiration, 

which is uncommon it}bumans , but is frequently seen in 

dogs. 

I n Cheyne-Stokes respiration the breaths gradual ly 

build up to a maximum amplitude , then die away again, only 

to repeat the entire cycle with or without an interven­

ing period of apnea. This behaviour bas usually been ex­

plained on the basis of a depressed respiratory center 

and its reactions to CO2 and chemoreceptor stimulation, 

as follows: the depressed medullary centers do not re­

spond to the usual concentrations of CO2; therefore 

there is apnea, and asphyxia develops. The falling oxy­

gen tension stimulates the chemoreceptors, contributing 

to respiratory drive; and the rising CO2 also increases 

the excitability of the respiratory centers. The net re­

sult is that phasic breathing be g ins, and gradually 

builds up in vigor . However , this ventilation rapidly 

eliminates t he asphyxia and therewith also the effective 

respiratory stimulus . Therefore , the breathing dies away, 

and the cycle is repeated. It is clear that varying gas 
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tensions duri ng t ~e cycle ulay a vital role in this ex­

planation . 

Hoff & Breckenridge (19) have suggested another ex­

planation , according to which periodic breathing is a 

result of physiological mechanisms within the brain stem , 

and changes in gas tens i ons, while doubtless of i mportance 

in modify i ng the respiratory pattern , are not vital in 

the production of it . Th ey point out that Cheyne - Stokes 

breathing is really a wh ole syndrome , involving i mportant 

changes in consciousness , blood pressure, heart rate , eye 

reactions , and other bodily functions . Furthermore , the 

characteristic sequence of events is not essentially 

changed in humans or experimenta l animals by adequate 

artificial ve ntilation , which naturally removes the major 

portion of asphyxia during the apneic intervals. This 

fact, which was first de monstrated many years ago, would 

seem to be a strong point for the thesis that periodic 

breath ing is generated within the central nervous system . 

Their argument is deemed cogent enough to warrant a brief 

summary of SRme experimental findings . 

Blot ' s Breathing. This type of respiration is seen 

frequently in do gs and ca ts , and the evidence t hat it 

represents a certain level of intrinsic resp iratory or­

ganization seems q~ite good . From the description already 

given of apneustic breath ing,with the superimposed respir-
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ation , it is clear that if the bre a th holding component 

be removed , the phasic breaths remaining will occur in 

clusters , and this constitutes Biot's respiration . Con ­

versely, if Biot's respiration has occurred , addition of 

inspiratory cramp will change it into apneustic breath­

ing . Experimentally , Hoff & Breckenridge Have accomplished 

both changes . Sometimes Blot ' s respiration has developed 

spontaneosuly in their animals , and in a few such dogs 

vagotomy has produced apneusis , consistent with the pro ­

posed vagal function of inhibiting the breath holding 

center . The conversion of apneusis into Blot ' s breathing 

has been done more often . It can be accomplished by con­

trolled hypoxia (17) , Myanesin (18) , and Dromoran (16) . 

Under these conditions , there may be a progressive de ­

crease in the inspiratory cramp during apneustic breath­

ing , with coincident increase in the superimposed phasic 

breaths , until in many cases all trace of apneusis dis ­

appears , leaving pure Blot's resn iration . Further treat ­

ment with the experimental agent will produce medullary 

eupnea , sometimes with Cheyne - Stokes respiration as an 

intermediate form . In a few cases, a lucky surgical brain 

section has produced Blot's respiration . In terms of the 

resp iratory components described earlier , Blot ' s breath­

ing corresponds to exclusion of the breath holding center 

with retention of the apneustic rhythm center . Putting 
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it another way , the "ele ctronic switch" function is oper ­

ating with very crisp turn - off and turn- on, so that the 

basic medullary r r ythmicity is alternately allowed to be 

fully manifest and then shut off completely. These ex­

periments seem to constitute convincing evidence that 

Biot 's respiratior is i ndeed a product of brain stem ac­

tivity, representing only partial integration of the var­

ious central nervous system respiratory complexes, and 

that no external influences are vital to its production . 

Cheyne - Stokes Respiration . Bn~oD~unately, this phe­

nomenon does not appear often in dogs, and this must de ­

tract from an theory based on experience using dogs as 

the experimental object . In some dogs , however, during 

progressive deterior~tion, or as a result of increasing 

dosage of Myanesin or Dromoran , Blot ' s respiration was 

observed by Hoff & Bre ckenr idge to change over gradually 

into Cheyne - Stokes breathing. Thus, after a period of 

apnea, the first breaths were small in amplitude, grad­

ually building up to a maximum , and then fading away 

again . Further deterioration of the animal always pro­

duced medullary eupnea. It would seem that Cheyne~Stokes 

respiration appeared when the apneustic rhythm center 

was in the process of failing, so that the "electronic 

switch" function vas not sharp, and a few breaths at the 

beginning and end of a cycle were allowed to be manifest 
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in an attenuated form r ather than being either completely 

suppressed or ent i rely unhindered . Thus Cheyne-Stokes 

respiration would represent even less respiratory organ­

ization than Blot's and would be only one step removed 

from the simple medullary preparatiop. Such a concept is 

compatible with the clin ical fact that Cheyne-Stokes res ­

piration often oc curs i n patients near death and that 

it carries i [l general a bad prognosis . The explanation 

is not completely satisfactory when it is considered 

that (1 ) a patient may breathe in this manner for many 

hours wi thout a tendencJ for medullary breathing to ap­

pear as the termical act, (2) Che yne - Stokes breathing 

does not often appear in dogs, and the r ecords of Hoff & 

Brec kenri dge do not see~ to match completely the pic­

ture seen in patients, and (3) Cheyne - Stokes breathing 

may be seen in sleep and after volu ntary hyperventila­

tion , when it does not seem that the person is only one 

step removed from medul lary breathing and two steps re ­

moved from death. Hoff & Breckenridge point out that dur­

ing sleep i mportant changes in function of t h e brain 

stem reticular systems occur , as evidenced by alterations 

in many bodily f~nctions, but intuitively it seems un­

li kely that they could be potent enough to produce es ­

sentially a low decerebration . And it seems very unlikely 

that Cheyne - Stokes breathing in the conscious person after 
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hyperventilation could represent almost complete loss 

of respiratory coordination , as suggested by the afual ­

ysis pres ented above . 

Thus there is very important evidence that the mech­

anisms of periodic breathing must in large part be sought 

within the confines of the central nervous system, but 

it does not seem bhat present knowledge is sufficient to 

elucidate the problem completely . 

THE MECHANISM OF MEDULLARY RHYTHMICITY . No definite 

statements can be made on the mechanisms by which the 

medulla is capable of generating the respiratory rhythm, 

but a few observations in the literature are pertinent 

to this problem of neurophysiology . 

The problem essentially is how neurons of the in­

spiratory center are caused to fire at an increasing 

rate until, at the peak of inspiration , they suddenly 

become quiescent , remaining so throughout expiration 

(which may be act i ve or passive) , and then becoming ac­

tive a gain as the next inspiration commences . The sub­

ject may be considered under two main headings: the 

repetetive firing of single neurons , and the alternating 

periods of activity and silence . 

Recent findings in the field of electrophysiology 

have shed considerable light on the manner in which sin­

gle cells may discharge trains of impulses . In general, 

excitable cells (nerve , skeletal muscle, and cardiac 
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muscle are t he tissues most extensively studied) are stim­

ulated when their ~embrane potential is reduced to a 

critical value , which is in the neighborhood of 50- 60 

millivolts for all cells studied (57 , 58 , 59 , 60,61) , com­

pared to the res t i ng membr ane potential which ranges 

from 70 to 100 millivolts . Within certain limits, the 

critical membrane potential is quite indepe ndent of the 

rate at which it i s approach ed (58 ) . Thus if a very we - ak 

constant current b e appl i ed to a cell, its membrane po ­

tential will fall s lowly until , when the critical membrane 

potential is reached, it generates an action potehtial . 

If the stimulating current is strong , however, the thresh­

old potential will be rea ched much more quickly . A second 

principle of ut .~ os t i mpo r t ance is that many cells will 

discharge repetitive ly wh en a sustained constant stim­

ulating current is appli ed . This is contrary to the com­

monly accepted (but inco r rect) statement that a cell will 

fire only once in r esnons e to a constant stimulus . This 

misconception is ba sed on the fact t hat a myelinated 

nerve usually (but not a l ways) responds in this fashion . 

Actually most tiss~es behave in the opposite way- - they 

fire trains of action potentials when stimulated by a 

constant curr ent . This h a s been shown in vertebrate mus ­

cle (62), unmyelinated nerve (63-- a classical paper) , 

motoneurons (64), and several types of peripheral re -
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ceptors (65 , 66 , 67) . Furthermore, the rate of firing in 

all cases is smoothly graded with the intensity of the 

stimulating current. It appears possible that under these 

conditions the membrane potential is driven close to the 

resting level by membrane processes following each action 

potential, and ther the stimulating current a gain causes 

a depolarization which leads to another action potential 

when the critical wembra ne potential has been reached . 

Thus sustained firing is produced . It may be noted that, 

in all probability, it makes little difference how the 

membrane potential is re duced to the threshold level; 

that is, an electri cal ca telectrotonus or chemical med­

iation may work equally well . Certainly at the neuromus­

cular junction and in the heart depolarization processes 

are normally intimat ely a ssociated with chemical proces ­

ses but may be infl uenced readily by electrical polari ­

zation (68,69). These concept s apply readily to t he phys­

iolo gy of the respiratory centers . Thus if, during in­

spiration, som~timulating process gradually built up 

in intensity , the inspiratory neurons would r espond with 

a smoothly graded increase in rate of firing . That the 

membrane potential of neurons within t he central nervous 

system does actually undergo slow variation is strongly 

indicated by the alpha rhythm of the EEG, t he microelec­

urode studies of Li & Jasper (70) in the brain stem of 
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the cat , t he potent ial records of Adrian & Buytendyk ( 51) 

taken from the iso: ated brain stem of the goldfish, and 

the striking strychn ine potentials in the mammalian 

spinal cord (71). Furthermore, in several of these in ­

stances , it was fo und that brief bursts of action poten­

tial occurred during the waves of depolarization , the 

rate in general increasing with the magnitude of the de ­

polarization . These findings are all in excellent agree­

ment with the conc ept t hat some smoothly progressing pro ­

cess drives the respiratory neurons . Since neuromuscular 

transmission is almost certainly chemical (69) , and evi ­

dence is accruing that central synaptic transmission 

likewise is chemical as opposed to electrical (61 , 72,73), 

it see ms quite possible t hat it is the accumulation of 

some depolarizing substance which drives the inspiratory 

neurons in their crescendo pattern . 

Concernj_lgn the second topic -- the alternating per­

iods of activity and quiescence of the respiratory neur­

ons , there is less satisfactory information. There is 

not even good evide~ce to delimit the areas necessary 

for the generation of breathing . As Hoff & Breckenridge 

have pointed out , i~ the medullary preparation there is 

still the possibili t y that i mportant ascending impulses 

from the spinal cord could be affecting the medulla . 

That this might be the case is indicated by one of their 
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experiments in which postural movements occurred syn­

chronously with respiration . Section of the brain stem 

just caudal to the obex (thereby removing the medullary 

respiratory centers) immediately produced permanent ap­

nea , but the postural changes continued as before with 

the same rhythm, s~ggesting that spinal cord centers are 

of generalized si g~ificance. On the other hand, Adrian & 

Buytendyk (51) isol ated t he brain stem of the goldfish 

(thus spinal center s re moved) and found slow potential 

variations (proved actual ly to represent waves of nega­

tivity of the va ga l lobes , ( thus the general area of the 

respiratory centers) havi ng a striking resemblance to the 

respiratory rhythm . Also , von Euler & Soderberg (50) 

found that increased CO2 was able to produce a burst of 

action potentials s ugges t ive of respirat 0 ry activity 

from the completely deaf f erented cat medulla . Clearly, 

available evidence shows that structures rostral to the 

medulla are not es sential t 0 a respiratory rhythm, but 

further work must b e done to determine if ascending im­

pulses are dispens i ble . 

If the crescendo activity of the respiratory neurons 

involves an accumul ation of some excitatory heurohumoral 

agent, as proposed above, there is presumably some local 

positive Beedback circuit . One simple mechanism would 

involve some "pacemaker" area, whose influence 1s made 
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widespread by rich synaptic connections. Such a mechan­

ism would be somewhat analogous to the known pacemaker 

re gion in the hea r t (60 ) . The question at once arises 

concerning the physiology of a limited aggregate of neur­

ons-- must each neuron in such a pacemaker pool be un­

stable in order t hat the whole be unstable? According to 

Ashby (74) the ans wer is "no", for a random network of 

neurons will tend to become unstable (that is oscilla­

tory) as the network becomes larger, regardless of wheth­

er the individual cells are stable or not. From this 

point of view, any st sble network of neurons becomes the 

unus..al case, and one which requires explanation in terms 

of neurophysiological mechanisms . 

Thus one mi ght imagine that a pacemaker area may 

be stimulated to initial firing in a non-specific way 

(e. g . by the direct action of CO2), and then its own 

intrinsic capabilities generate two opposing tendencies: 

first positive fe edback, so that increasing inspiratory 

activity leads to augme nted firing of the driving pace ­

maker, and second a thre shold negative feedback, so that 

at a certain level of i nsp iratory activity central lnhib­

igion (75) becomes man ifest, and the inspiratory tide is 

arrested. Some recent findings have suggested one pos ­

sibility for this inhibition. It has been confirmed (72) 

that the firin g of spina l rnotoneurons generates , with 
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very brief latency , an inhibition of the neurons of the 

same motor pool . This has been shown to be due to stim­

ulation , by collaterals of the motoneuron , of special 

small neurons , called Renshaw cells after the man who 

discovered the phenomenon . The Renshaw ce l ls a r e chol ­

inergic (i . e . are stimulated by acetylcholine) , and they 

in turn presumably liberate an inhibitor substance at 

the motoneuron soma . (Recent work from Eccles ' labora­

tory --76-- has suggested that direct central inhibition--

75- - may involve a n interneuron , contrary to previous 

concepts . Thus its me chanism would be entirely analogous 

to Renshaw cell phys iolo cy . ) In terms of t he respiratory 

me chanism, one migtt i magine t hat pacemaker activity 

with its positive f eedback leads t 0 increasing inspira­

t0ry neuron di scharge, and cvllateral ~rom these axons 

impinge on neurons of the Renshaw type . However , their 

threshold is high enough that considerable excitation 

is needed to fire them . When this level of e xcitation 

has been reached, they b ecome active, liberating an in­

hibitory substance on neurons of the pacemaker , and thus 

suddenly the pacemaker function is quenched , the posi ­

tive feedback chain is broken , and inspiration is sud­

denly halted . After a period of time the whole cycle is 

repeated . Such an action brings to mind the mechanism 

of an ele c tronic relaxation oscillator , for instance . 
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of the type used in generating time bases in cathode ray 

oscilloscopes . 

By such a formulation, apneusis could result when 

excitatory influences other than through the pacemaker 

mechanism continue to discharge neurons of the inspira­

tory center despite inhibition of the type mentioned . 

Under conditions of respiratory stimulation, the depth 

of breathing could be increased if t he excitability 

of the neurons were raised so that greater inhibition 

t hrough the Renshaw- type system was required to stop them . 

Admittedly, t he suggestion offered is entirely spec ­

ulative . However, a t least one instance can be pointed 

out in which the c entral nervous system can generate an 

alternating rhythm with a frequency in the same range as 

that of respiration . In Sherrington's studies (77), it 

was found that simultaneous equal stimulation of sensory 

nerves to both legs gave rise to alternating movements 

of the legs . Thus a perfe~tly symmet rical stimulation 

was fractionated b y mechanisms entirely within the spinal 

cord into an oscill atory response . It will be recalled 

that it has been demonst r ated (47) that maintained stimu­

lation of the vagu s can transform apneusis into phasic 

breathing. 
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SUMMARY 

A review of the liter ature has been presented of 

research on the mechanisms by which the respiratory rhy­

t hm is generated. T~e results may be summarized as follows: 

1 . The basic r espiratory centers are located in the 

medulla, and an inspiratory center is to a certain ex­

tent s eparated from an expiratory center . In the pontine 

re gion there are neurons in the reticular substance which 

have important resp i ratory functions . In general these 

nerve cells either f acili t ate or inhibit the medullary 

respiratory centers. The other influences of greatest 

respiratory si gnifi cance are the vagal reflexes from the 

lungs, the chemoreceptors, and the direct action of car­

bon dioxide on the medulla ry centers. 

2 . Based large l y on the demonstration of a prolonged 

insp iratory cramp, called an apneusis, in the vagotomized 

animal aften midpontine brain section, the theory of 

tonic inspiratory dr ive has been developed . It proposes 

t hat t he medullary inspiratory center is inherently ton­

ical ly active and would, if unres t rained, cause an ap­

neusis prolonged unt il dea th fro m asphyxia occurs. Nor­

mally , t his apneusis is segmented into r hythmic breath ing 

by t h e Hering Breuer vagal reflex or (after vagotomy) by 

a structur e called the pneumotaxic center, which has 

been accurately localized in the extreme dorsolateral 
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anterior pontine tegmentum. 

3. There have long been experimental findings which 

are not in agreement with the theory of tonic inspiratory 

drive, but until the researches of Hoff & Breckenridge, 

beginning in 1949, they mave not attracted wide atten­

tion. Now there is such an array of evidence that it 

appears that the theory of tonic mnspiratory drive must 

be abandoned, in favor of the theory of inherent medul ­

lary rhythmicity. This hypothesis contends that the med ­

ullary respiratory centers are capable of generating a 

r hythmic discharge, and all of the other central nervous 

system structures and peripheral mechanisms only modify 

this basic rhythm. The evidence for this theory appears 

to be very convincing, a nd theref 0 re it is felt that 

at the present time this the ory should be adopted as 

the working hypothesis. 

4. In the past , periodic breathing , particularly 

Cheyne -Stokes respiration, has been conside red to be 

dependent on varyirg tensions of carbon dioxide and 

_oxygen during t he cycl e s of activity . According to a 

new explanation by Ho ff & BrecAenridge, period ic breath­

ing represents a degree of ~espiratory organization 

inherent within the cent r al nervous system and is not 

dependent upon fluctuating gas tensions. 

5. Recent researche s in the field of electrophysiol-
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ogy are pertinent to the subject of respiratory rhyth­

micity . Some of these findings suggest possible mechan ­

isms for certain r espiratory phenomena in terms of the 

physiology of cell excitation and repetitive responses . 
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