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1. The Nature of the Problem. 
A t  the  t ime  of our  las t  rev iew of resp i ra t ion  in , ,Die  Ergebnisse  der  Phys io -  

logie"  [GEsELL (1)] in te res t  in  t he  chemica l  cont ro l  of b r e a t h i n g  was  conf ined  

ent i re ly  to the  center .  B u t  since t h e n  the  d i scovery  b y  HEYMANS Of the  peri-  

phera l  chemica l  cont ro l  of resp i ra t ion  b y  the  ca ro t id  and  aor t i c  bodies  has  

changed  the  ou t look  on the  chemica l  cont ro l  of b r e a t h i n g  in m o s t  i m p o r t a n t  

ways .  I t  b e c a m e  desirable to de t e rmine  n o t  on ly  the  re la t ive  i m p o r t a n c e  of 

the  cen t ra l  and  per iphera l  chemica l  con t ro l  of b r e a t h i n g  b u t  also to  learn  the  

re la t ive  sens i t iv i ty  of t, he  cen t ra l  a nd  per iphera l  mechan i sms  to  o x y g e n  lack 

a n d  c a r b o n  dioxide excess. T h e  inf in i te ly  g rea te r  sens i t iv i ty  of the  chemo-  

cep tors  to  o x y g e n  lack and  the  relat iYely u n i m p o r t a n c e  of the  chemocep to r s  

Ergebnisse der Physiologie. 43. 31 
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in hypercapnia were most perplexing questions. The confusion which these 
findings produced seems now to be approaching a solution for an interaction 
of the peripheral and central chemical controls gives promise of an explanation 
as simple and direct as before. There are many indications that  acidity can 
again be considered the main factor of chemical control. 

Never before have we been in so favorable a position to at tempt a funda- 
mental understanding of the forces which impel the respiratory muscles to 
ventilate the lungs in proportion to the oxidative needs of the body for advances 
in neuro-muscular physiology have paved the way. I refer especially to the 
recent developments in our information on the gradation of muscular con- 
traction, because a fundamental solution of respiratory control must spring 
from a basic knowledge of the activity of the  respiratory muscles. 0nly  after 
the patterns of activity are adequately revealed can the central integrating 
forces producing these end activities be definitely established. This i n  itself 
means a new treatment of the subject of respiratory control in terms of t h e  
fundamentals 0i neurophysiotogy. But in addition our own particular t reatment  
must be unique for we have been compelled to abandon the principles of 
"synaptic transmission" and nerve cell activity upon which older concepts 
of neurophysiology have been built. Our review thus serves a double purpose- 
that  of explaining the adjustment of the respiratory act to the respiratory 
requirements of the body on a fundamental basis and that  of offering new 
outlooks on the problem of nervous integration in general. 

2. Muscular energy Requirements for Breathing. 
The specific needs of muscular energy for the individual phases of breathing 

are well recognized in the  generally accepted view that  active respiration is 
primarily an inspiratory phenomenon. With the advent of suitable electrical 
methods the passive nature of eupneic breathing, readily observed in a quali- 
tative way by visual inspection or manual palpation, has now been verified 
in a more quantitative way [GnSEnL (2)]. Systematic registration of action 
potentials of respiratory muscles reveals the greatest variations in expiratory 
activity. Total absence of expiratory contractions is relatively uncommon. 
Slight activity on the other hand is very common. Great activity is relatively 
rare. Thus the general conclusions of the older workers that  inspiratory con- 
tractions supply the major energy for pulmonary ventilation are confirmed. 
Only when ventilation is increased above normal are the expiratory muscles 
thought to play a more important role. Reasonable as this view may seem, 
electrical methods show the dangers of its general application, for during 
hypooxic hyperpnea expiratory contractions may ac tua l ly  diminish and 
withdraw their support completely as ventilation increases [BuowN, ATKINSON 
and GESELL (3)]. (See figures 170, 171 and 172.) 
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The exclusive use of the inspiratory muscles during graded hyperpnea 
is a most interesting observation, for it emphasizes the high degree of coordi- 
nation of the use of the active and passive forces of breathing. As increasing 
inspirations increasingly distort the lungs and torso, increasing muscular 
energy must be provided if the inspiratory act is to continue, but in that very 
adjustment the energy for expiration is also automatically provided. Great 
exhalations thus have great stores bf 
potential energy at their disposal at 
the moment the inspiratory mus- 
cles relax, thus an extremely simple 
mechanism allows both deep and 
rapid breathing essential to high pul- 
monary ventilation under variable 
conditions. 

The course of inspiratory con- 
traction and relaxation accordingly 
assume great interest for it determi- 
nes the rate of movement of air in 
and out of the lungs (see fig. 1). The 
records indicate a slow and even filling 
of the lungs by the uniform downward 
gradient of the tidal air tracing, and 
by the relatively small and uniform 

negative tracheal pressure changes, r ig .  1. A record of the action potentials  of the did- 

This even movement of air is aceom- phragm (slowly augmenting inspiratory iussillade) 
accompanied by tracheal  pressure and t idal  air  

plished by a gradually increasing t~aeings. Downstroke of the t racheal  and t ida l  air  

strength of contraction of the inspi- traclngscorrespondtoinspiration. To eorreetforthe 
lag of the spirometer, place the trongh of the t ida l  

ratory muscles reflected in the pro- air t racing immediately above the  highest  point  

gressively rising shadow of the electro- o~ the electrical record. [Baow~, ATKI~SON and 
GESELL: Axner. J. Physiol. 126, 447 (1939)]. 

gram of the diaphragm. 

Expiration follows an entirely different course. The tidal air record rises 
abruptly, the sudden gush of air produces the momentary expiratory puff 
in the tracheal pressure record which subsides as the lungs collapse. This rapid 
powerful expiration, which in this particular instance is purely passive, is 
produced by the sudden relaxation of the inspiratory muscles and sudden 
liberation of the potential energy stored in the lungs and torso. The speed 
of relaxation of the diaphragm is evident in the electrical record. I t  should 
be added that  as a rule the configuration of the tidal air and tracheal pressure 
record, such as seen in fig. 1, is little affected by active expiratory contractions 
unless they be very powerful, indicating once more that expiration is, as a 
rule, mainly a passive phenomenon. (It is desirable to recognize the universal 
sluggish response of the spirometer as compared with the tracheal pressure 

31" 



484 gom~w (]ESELn: A Neurophysiological Interpretation of ~he Respiratory Act. 

record so that the necessary correction may be made on inspection of the 
records which are to follow.) 
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When active expiratory contractions do occur they conform as a rule to 
one of two common types. They may start with a burst  of force at the beginning 
of the expiratory phase, and decline gradually as illustrated in the contraction 
of the transeostar muscle in fig. 2. This type of contraction we have referred 
to as the suddenly augmenting contraction to contrast it with the slowly 
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augmenting type of contraction found almos~ invariably in the inspiratory 
muscles. The plotted curves, representing the approximate frequency of the 
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potentials in the inspiratory and expiratory contractions serve to emphasize 
the contrast. Tile expiratory contraction corresponds to SItE~RINaTON'S 
d'emblee type. As was previously mentioned, fig. 2 shows that these con- 
tractions have little influence upon the contour of the traeheM pressure and 
tidal air records. If the expiratory contractions are to be effective they must 
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be very rapid indeed, so as not to fall behind the sudden and purely passive 
recession of the lungs. 

The second type of expiratory contraction, illustrated in fig. 3, was 
designated as steady state contraction. These contractions are relatively weak 
and may begin early or late in the expiratory phase, often after the lungs are 

SLOWLY RAPIDLY STEADY 
AUGMENTING AUGMENTING STATE 

I-- 

c / ' x .  , 

o / k  / x ,  , , 

A A m 

F f - x .  

Fig.  4. Schema t i c  r ep re sen ta t i on  of t he  t h r e e  p r i m a r y  p a t t e r n s  
of a c t i v i t y  of r~sp i ra to ry  muscles .  The  va r i a t ions  which a r e  

shown arise p r imar i ly  f r o m  differences a n d  changes  in t he  fre-  
quency  of b r e a t h i n g  a nd  f r o m  the  differences in t he  ve loc i ty  
of deve l opm en t  of con t rac t ion  a nd  re laxat ion .  This s c h e m a  
s e r v e s  to i l lus t ra te  t h e  p r i m a r y  p a t t e r n s  of a c t i v i t y  a nd  t h e i r  

var ia t ions  i n t h e  cen t ra l  r e sp i r a to ry  ne rvous  m e c h a n i s m  as well. 
[GESIgLL, !VJZAGElg and  ]3niCKER: Ame r .  J ,  Physiol .  128, 615 

(1940).1 

collapsed to the expiratory 
position. Such contractions 
may last a minute or more 
in very slow breathing. They 
can hardly be classed as purely 
respiratory for often they play 
no part in the active expul- 
sion of the air since they begin 
after the air is already expel- 
led. Yet they coordinate per- 
fectly with inspiration by a 
simultaneous relaxation du- 
ring that phase. It has, there- 
fore, seemed advisable to con- 
sider them as hybrid contrac- 
tions, a combination of a vis- 
cero postural activity with that  
of respiration. 

We may conclude that  
the slowly augmenting, the 
rapidly augmenting and the 
steady state contractions re- 

present the three primary types of respiratory contractions. Changes in fre- 
quency of breathing and slight variations in the manner of acceleration of 
muscle fiber discharge and recruitment of new units to be described in the 
following section must change the appearance of the eleetrograms. Fig. 4 
shows variations frequently met. 

3. The Basic Mechanisms of Gradation of the Intensity 
of Respiratory Contractions. 

The admirable adjustment of inspiratory contractions to the changing 
mechanical condition of each inspiratory act is one of the outstanding pheno- 
mena of respiration, no doubt the product of a prolonged evolutionary develop- 
ment. The means by which this progressively increasing flow of energy is 
released to meet the increasing resistance of distortion concerns us now. Thanks 
to the recent studies on muscular contraction initiated by AD~IA~ and B~o~x 
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(5 and 6) this question is now partially answered. They registered the action 
potentials of individual units of several motor nerves and muscles and demon- 
strated that frequency of muscle twitch and number of active muscle units, 
or recruitment, are the factors determining the strength of muscular con- 
traction. According to these workers the relative importance of variations 
in frequency of twitch and in number of active units participating in con- 
tractions differs with the muscle. For example, in their studies on the single 
fibers of the phrenie nerve of the rabbit they conclude that the impulses in  
each nerve fiber recur at a frequency 

' ~ 1 7 6  
of about 20--30 a second throughout o 
the period of a normal inspiration and ~ 
"when forcible inspiragions are produ- ~ - , 2 o  

ted by clamping the air tubes to the " 
trachea the frequency of the impulses ~[- ao 
rises to 50--80 a seeond, the highest 
recorded frequency being 112". They 4o 
find that "with low frequency of dis- 
charge, as in normal breathing the dif- 
ferent nerve fibers do not work in uni- 
son, though there is some tendency to- 
wards grouping of the discharge; and 
with high frequencies (in forcible brea- 

20 40 80 80 
I l I I 

Frequency of $t.irnuli perser 

100 
I 

Fig. 5. A plotted curve showing the suction pro- 
duced in ~hc ~,rache~ of the rabbit by stimulation 
of the phren~c nerve at increasing frequency. 
[ADRIAZr and BRONK: J. Physiol. 66, 8l (1928).] 

thing) there is much greater synchronisation, and the discharge consists of suc- 
cessive volleys from the majority of the nerve cells". They consequently believe 
that "The grading of the contraction in the diaphragm appears to depend mainly 
on the changes in frequency of the impulse discharge in each nerve fiber. At low 
frequencies each group of muscle fibers will give an incomplete tetanus but as the 
groups are not working in unison, the whole muscle will contract smoothly. When 
the phrenie is stimulated artificially by a series of shocks an increase in frequency 
from 25 to 60 a see. doubles the suction produced by the diaphragm". They 
believe that "variations in frequency of discharge between the limits of 
90--80 a second are excellently adapted for producing contractions of graded 
intensity without bringing fresh muscle fibers into play". Fig. 5 illustrates 
the increasing suction produced by the diaphragm artificially stimulated at 
varying frequencies through the phrenic nerve. As support of their contention 
they present the following statement. 

" In  the eXperiments on the rabbit  we have looked for evidence of the accession of fresh 
fibres as the contraction develops by comparing the duration of the single fibre discharge with 
tha t  of the Whole nerve. If  more and more fibres come into play during the course of inspiration, 
the discharge of the whole nerve would usualJy outlas~ ~ha~ of the single fibre, for it  is unlikely 
chat the fibre we isolate would always turn out to be one which comes into action ab the beginning 
of inspiration. In  general, however, we have found no clear evidence of the single fibre discharge 
being much shorter than that  of the whole nerve." 
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In their studies on the frequency of discharge in reflex and voluntary 
contractions they found in the flexion reflex that  " the grading of the con- 
traction appears to be due mainly to this change in frequency, for there is 
little evidence of changes in the number of neurons in action". In the extension 
reflexes they found " that  many fresh neurones come into play as the con- 
traction develops". BI~ONK and FE~GUSON (7)~ reporting on the internal inter- 
costal muscles Conclude that  "variations in depth of intercostal respiration 
are a result of variations in the frequency of discharge from the individual 
nerve cells, the duration of their discharge and the number of nerve cells in 

f 
Fig. 6. F loa t ing  electrodes  employed  
for  the  s t u d y  of ac t ion  po ten t ia l s  
of t he  r e s p i r a t o r y  muscles ,  Fine 
needles,  insu la ted  wi th  shellac a nd  
ba r ed  only a t  the  v e r y  t ip,  a re  cemen-  
t ed  on t i n y  f lakes of balsa, wood.  The  
lead-off  wires a r e  phosphor-bronze .  
A wide  s epa ra t i on  of l eads  is slfitable 
for  t he  r eg i s t r a t ion  of fusil lades.  
Closer app rox i m a t i on  is m o r e  m~itable 
for  t h e  r eg i s t r a t ion  of discre te  poten-  
t ials of a s ing lemuse le  uni t .  [GlgsELL: 
Amer .  J .  Physiol .  115, 168 (1936).] 

action". A really confusing issue is why the gra- 
dation of contraction of inspiratory muscles should 
differ in such important details. Why should the 
relatively unimportant intercostal muscles deliver 
a nicely graded contraction suitable for overeo- 
ming increasing resistance when the more ira- 
portant diaphragm delivers energy in an explo- 
Sive block twitching at the very outset with a 
maximum frequency and maximum number of 
active units ? RIJLANT (8) is also of the opinion 
that  the contractions of the diaphragm are of 
the d'emblee type in the cat, rabbit and dog. 

Because a knowledge of the activity pat- 
terns of the respiratory muscles seemed to be thc~,~ 
first essential to a logical approach of the solu- 
tion of the problem of the integration of the 
respiratory act we have studied it in some detail. 
By simply exposing the main inspiratory muscles 
and listening to the potentials as the electrodes 

are moved indiscriminately from one point to another a great deal can be 
learned of the nature of inspiratory contraction. For that purpose we have 
employed floating electrodes which consist of two needles, of the finest 
calibre purchasable, mounted in the manner illustrated in fig. 6. They rise 
and  fall with the surface of the muscle without the appearance of interfering 
electrical artefacts. Discrete potentials of single muscle units are readily 
led off:, if the points are closely approximated a n d  carefully placed along 
the axis of the muscle fibres. When the latter method is used the number 
of sounds, that  is individual twitches, one hears during a single inspiration 
wil! vary. With the electrodes in one location there may be as many as 20 
or 30 twitches per inspiration. At another point there may b e only one. Such 
a single twitch always occurs at the close of or near the end of inspiration. 
When a longer series of twitches occur they begin early in the phase of in- 
spiration. Patient exploration will invariably reveal all intervening variations. 
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In those fibers which contract sufficiently long, an acceleration is clearly 

audible during each inspiration. These results are obtained on the diaphragm 
as well as on all other inspiratory muscles and, therefore, differ significantly 
from those of ADRIAN: and ]~RONK (5). 

Fig. 7 is a typical example of the changes in twitch frequency during 
a single inspiration [ATI<INSO~, BROWN and GESEL~ (9)]. Frequency increases 
gradually np to the middle or end of inspiration, depending somewhat upon 
the duration of contraction, and 
falls to zero at the onset of expira- 
tion. Plotted on the ordinates 
against time on the abscisses, fre- 
quency commonly presents a curve 
of triangular appearance. When 
the electrodes are more widely 
separated, a composite record of 
the activity of many fibers is obtai- 
ned, and like the frequency curve, 
the serrated shadow, as is ilhi- 
strated in fig. 1, presents the same 
Slowly augmenting contour. 

The causes of the slowly 
rising shadow of the electrogram 
of fig. 1 are traceable to the phe- 

Fig. 7, Discrete inspiratory action potentials  of the ex- 
n o m e n a  of acceleration of fre- ternal  intercostal  muscie of the dog, showingthe  siowly 

quency of twitch of the indivi- ~ngmenti~s frequency pa t t e rn  of act ivi ty.  Frectueney 
per second is plot ted immediate ly  above the electrogram. 

dual units and of recruitment of The str iking point is the low ra te  of twitch.  The upper 

new active units which result in eurw~ are of ~racheal pressure and tidal air. Correction 
must  be made for the lag of the spirometer. [ATKIN-SON-, 

a n  increasing coincidence of poten- B~ow~ and GESELL: Amer. J. Physiol. 129, 303 (1940).] 

tials, such as is illustrated in the 
schematic inspiratory fusillades of fig. 8. Twenty-nine fiber units were arbitrarily 
chosen as participating in the eupneic fusillades on fhe-left. Fiber unit @ 1, 
at the bottom of the schema, opens the contraction and goes th~'ough its normal 
course of acceleration. Fiber ~ 2 follows very shortly on ~ 1 an~d Fiber @ 3 
on @ 2, etc. Each fiber begins at its minimum frequency and accelerates 
up to the end of inspiration (in this schema). The fiber units recruited late 
in inspiration, therefore, never reach the maximum high frequency of twitch 
of fiber unit 4~ 1. Th~s is more clearly seen in the sample discharges of units 
1, 7, 14, 21, and 28 in the skeleton fusillade. 

By passing the vertical edge of a card along the fusillade, coincidence 
of potentials will be seen to increase from left to right, as more and more fibers 
are added to the contraction and as the frequency of twitch increases. One 
potential thus adds to the other and raises the level of the electrical record as 
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illustrated in the curve of coincidence of fiber activity below. Since each 
muscle fiber twitch adds its quota of mechanical energy to that  of other simul- 
taneously contracting fibers, as it adds its coincident potentials, the rising 
shadow of a muscle fusillade becomes an index of the strength of muscular 
contraction. This will explain the automatic increase of contraction occurring 
during any single inspiration. 
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Fig. 8. Schemat ic  i n sp i r a to ry  fus i l lades  i l l u s t r a t i ng  t he  phenomena  of increas ing  f requency  of tw i t ch ,  of �9 
r e c ru i tmen t  and  of coincidence of musc le  u n i t  ac t iv i ty .  The  le f t  ha l f  of the  f igure  is  a r ep resen ta t ion  of 
enpnea  and  t he  r i g h t  ha l f  of hyperpnea .  I n sp i r a t i on  progresses  f rom lei.t to  r igh t .  As t h i s  happens  one 
ac t ive  musc le  u n i t  a f t e r  ano the r  is a d d e d  to  t he  con t rac t ion  t h u s  i l l u s t r a t i ng  t he  order ly  progress  of 
r ec ru i tmen t .  The ac t ive  musc le  u n i t s  are  m l m b e r e d  a t  t he  r i g h t  of each  fusi l lade.  E a c h  musc le  u n i t  
increases i ts  f r equency  of ~witch as  i n sp i r a t i on  waxes .  This  is more  r ead i ly  seen in  t he  ske le ton  fusi l lade.  
Pas s ing  a ve r t i ca l  edge a long t he  fus i l lade ,  f rom le f t  to  r igh t ,  es tab l i shes  t he  degree of coincident  a c t i v i t y  
of musc le  un i t s  which  is p l o t t e d  in  the  curve  below. Doubl ing  t he  n u m b e r  of ac t ive  un i t s  doubles  t he  
coincidence of a c t i v i t y  a n d  t h e r e b y  increases  t he  s t r e n g t h  of m u s c u l a r  cont rac t ion .  [~TKINSON, BROWN 

a n d  GESELL: Amer ,  J.  Phys io l .  129, 303 (19~0).] 

But what .are the mechanisms responsible for the progressive increase 
of breathing which occurs from one inspiration to another during a progressive 
O~ lack or COB excess ? They are precisely the same. As the chemical drive 
increases, more and more fibers are involved with each succeeding breath. 
For example, during the progressive an0xemia illustrated in fig. 9, muscle 
fiber ~ 1 begins with 7 twitches in respiration @ 1. In breath 2 the number 
of twitches has increased to 10. In breaths 3, 4, 5 and 6 the twitches have 
reached a maximum steady number of 12. Fiber ~ 2 begins with but a single 
twitch at the end of inspiration g. In breaths 3, 4 and 5 it twitches 3, 4 and 6 
times respectively, and in breath 6 there are 11 twitches in  all. 

The schematic composite fusillades in figure 8 show in greater detail how 
eupnea is thus transformed into hypernea. First of all, it will be noted that  
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twenty-nine additional fiber units have been added to the eupneic contraction 
on the right to conform to an hypothetically increased chemical stimulation. 
But  more than that ,  the initially active fibers have been pressed into greater 
service. Fibers 7, 14, 21 and 28 instead of contracting 8, 5, 3 and 1 times are 
now twitching 10, 8, 6 and 5 times per inspiration and the newly acquired 
fibers, numbers 30 to 58 are topping off the inspiratory act. Not only are the 

Fig.  9. I n s p i r a t o r y  a c t i o n  p o t e n t i a l s  of t h e  e x t e r n a l  i n t e r c o s t a l  musc l e  of t h e  d o g  s h o w i n g  t h e  p h e n o m e n a  
of a c c e l e r a t i o n  of  t w i t c h  of t h e  i n d i v i d u a l  musc l e  u n i t s  a n d  t h e  r e c r u i t m e n t  of  n e w  ac t i ve  u n i t s  d u r i n g  
a n  i nc r ea s ing  c h e m i c a l  s t i m u l a t i o n  p r o d u c e d  b y  r e b r c a t h i n g  a sma l l  v o l u m e  of air .  The  i n d i v i d u a l  a c t i v i t y  
c h a n g e s  of t w o  musc l e  u n i t s  a re  r e a d i l y  fo l lowed.  As  s t i m u l a t i o n  inc reases  t h e  d u r a t i o n  of a c t i v i t y ,  t h e  
n u m b e r  a n d  f r e q u e n c y  of t w i t c h e s  i nc r ea se s  f o r  b o t h  u n i t s .  F o r  f u r t h e r  a n a l y s i s  see t e x t .  [~kTKINSO~, 

BROWl~ a n d  GESELL: A m e r .  J .  Phys io l .  129, 303 (1940).]  

older fibers contributing a greater number  of twitches but  they begin to con- 
tract  earlier in the phase of inspiration. As a mat ter  of fact, the moment  of 
onset of activity determines important ly the number  of times a muscle fiber 
will twitch. 

This advancement  of initial activity of each muscle unit  towards the 
beginning of inspiration is shown in fig. 10 in which the actual action potentials 
of successive respirations during a progressive rebreathing hyperpnea were 
transposed under a single respiratory schema. Unit  @ 1 when first recorded 
began contracting in the middle of inspiration but  as hyperpnea advanced it 
contracted earlier and earlier as shown by the displacement of the curve to 



492 ROBERT GESELL: A Neurophysiologieal Interpretation of the Respiratory Act. 

- INSPIRATION 
i 

"t 

2O 

2t 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

= 32 
w 
= 33 

z 34 

35 

36 

37  

=o 38 

39 

4 0  

41 

42 

43 

44  

45  

46  

47  

48 

49 
50 

51 
i 2 

.% 
5 

8 

14 

19 

21 

24 

25 

28 

27 

29 

31 o. 

31 - 

32 ~ w 
o. 

31 

32 
33 ~ 

34  _~ 

35 7- 
37 ~ 

36 

4o 
42 

42 

42 

47 

F i g .  10. A s e r i a l  t r a n s p o s i t i o n  of  e l e c t r i c a l  
r e c o r d s  of  t h r e e  m u s c l e  u n i t s  d u r i n g  p r o -  
g r e s s i v e  c h e m i c a l  h y p c r p n e a  1ruder  a s i n g l e  
r e s p i r a t o r y  s c h e m a  i l l u s t r a t i n g  p r i m a r i l y  
t h e  p h e n o m e n o n  of  " i n s p i r a t o r y  e n c r o -  
a c h m e n t "  of  m u s c l e  a c t i v i t y .  T h e  i n i t i a l  
t w i t c h e s  of  n n i t s  1, 2 a n d  3 c o n n e c t e d  b y  
c u r v e s  1, 2 a n d  3 s h o w  t h a t  e a c h  of  t h e  re -  
s p e c t i v e  u n i t s  b e g i n  t o  cont l ,  a c t  e a r l i e r  i n  
i n s p i r a t i o n  a s  t h e  e h e m i e M  d r i v e  i n c r e a s e s .  
T h e  p h e n o m e n a  of  r e c r u i t m e n t ,  i n c r e a s i n g  
f r e q u e n c y  a n d  i n c r e a s i n g  c o i n c i d e n t  a c t i v i t y  
a r c  i l l u s t r a t e d  a s  we l l .  [At~TINSON, BROWN 
a n d  GESELL: A m e r .  J .  P h y s i o l .  129,  303 

(19~0) . ]  

ties of 80 or more in the rabbit. 
the rabbit we too found high frequencies of twitch. Bearing in mind the 
high frequency of breathing and general agility of the rabbit it is interesting 

the left. The middle curve shows the in- 
spiratory encroachment of unit @ 2 and 
the lower right hand curve of unit ~$ 3. 

I t  is readily seen that  the total num- 
ber of twitches per inspiration increases for 
each unit as rebreathing continues. The 
course of this increase is better shown in 
fig. 11 in which the total number of twit- 
ehes for these same fibres is plotted on the 
ordinates against time or breath number 
after the beginning of rebreathing on the 
abscissas. The degree of respiratory stimu- 
lation may be assumed to run parallel with 
the curve of tidal air. As each fiber unit 
comes into activity the twitch number in- 
creases, rapidly at first, then decidedly more 
slowly, and ends with a tendency to strike 
a relatively uniform level as compared with 
the more rapidly rising curve of tidal air. 
This happens for each muscle unit regard- 
less of the stage of respiratory stimulation 
at which activity first begins. It is there- 
fore, concluded that there is little agreement 
between tidal air and total twitch number of 
any single muscle unit. 

Maximum twitch frequency changes in 
much the same way (see fig. 12). By maxi- 
mum twitch frequency is meant the highest 
frequency which a single muscle unit attains 
during inspiration. This increases rapidly 
at first with a steadily increasing chemical 
stimulation, then more slowly, and finally 
tends to strike a uniform level. Never have 
we seen a high maximum frequency of twitch 
in the dog. It  ranged between 10 and 20 in 
the intercostals and 15 and 30 in the di- 
aphragm. In this respect our results might 
seem to differ also from those of ADRIAN 
and B~oN~ (5) in which they report frequen- 

But in the few experiments performed upon 
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to speculate whether motor integrations of high tempo do not require a high 
level of frequency activity of the integrating units. 

Since the maximum frequency of twitch of any single unit fails to increase 
as the strength of contraction of the muscle as a whole continues to increase 
with increasing chemical sti- 
mulation, twitch frequency 
cannot be the prime factor 
controlling the strength or 
depth of inspiratory contrac- 
tion. This stands in marked 
contrast to the views of 
ADRIAN and B~ONK (5). The 
prime deciding factor is un- 
doubtedly the sum total of mus- 
cle fiber twitches occurring 
during a contraction. When 
this is plotted for the three 
muscle units under conside- 
ration against intensity of che- 
mical stimulation the curve 
runs parallel with that of tidal 
air. Thus each fiber twitch, 
like each horse added to a 
team, adds its quota of mecha- 
nical energy. This we believe 
constitutes an important diver- 
sion from prevailing views on 
the gradation of diaphrag- 
matic contractions as set forth 
by AI)~IAN and B~osx (5). 
Acceptance o f  the figures of 
SgERRINSTON (10), ECCnES 
and COOpE~ (11), ADRIAN and 
B~oNx (5), that tetanie con- 
traction may quadruple the 
tension of a single twitch, 
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Fig.  11. The th ree  lower curves  show the  re la t ion  of the  number 
of t w i t c h e s  per  musc le  u n i t  on t h e  ord ina tes ,  to  t he  i n t e n s i t y  of 
chemical  s t i m u l a t i o n  on t he  absc issae  as ind ica t ed  by  the  
b r e a t h  n u m b e r  fol lowing t h e  onset  of rebrea th ing .  The n u m b e r  
of tw i t ches  increases  r ap id ly  w h e n  f i r s t  r ec ru i t ed  b u t  more  
s lowly as t he  s t imulus  cont inues  to increase.  Only when  t he  
curve  of t he  t o t a l  n u m b e r  of tw i t ches  of a l l  f ibers  is p lo t t ed  
aga in s t  increas ing  s t imulus  is there  any  correspondence wi th  
t he  curve  of t i d a l  a i r  which  is of course dependent  upon the  
s t r e n g t h  of the  i n sp i r a to ry  contract ions .  [ATK1NSON, BI~OWN 

a n d  (]ESELL: Amer.  J.  Physiol .  129, 303 (1940).] 

yields but a small amount of gradation as compared with the possibilities of 
recruitment. Admitting that the diaphragm has thousands of muscle units and 
that a finely graded contraction can spread progressively from a single unit 
at the close of apnea, to all remaining units during the height of hyperpnea, i t  
is clear that  the gradation producable by recruitment may be many thousand 
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times finer and greater than that  of frequency alone. The force of that  state- 
ment is readily appreciated by listening to the diaphragmatic potentials as 
muscular activity passes through this range- from complete silence to maxi- 
mum hyperpnea. The mechanisms by which the slowly augmenting contrac- 
tion may theoretically be accomplished will be discussed in other sections of 
this paper. 

Attention has already been called to the similarity of appearance of the 
slowly and rapidly augmenting activity patterns. 
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Fig. 12. l ~ a x i m u m  f r equency  of t w i t c h  a t  t h e  he igh t  of inspira t ion,  p lo t t ed  on t h e  ord ina tes ,  aga ins t  
increasing chemica l  s t imula t ion  ind ica ted  b y  t h e  n u m b e r  of b r e a t h s  on t h e  r eb r ea th in g  t a n k  on t h e  abs- 
cissae. T he  lack of correspondence  be twe e n  t he  t w i t c h  of f r equency  of an y  single un i t  an d  t h e  cu rve  of 
t i4a l  air  g ives  significance to t he  para l le l i sm of s um t o t a l  of tw i t ches  and  t ida l  a i r  in Fig. "11. [ATKINSO~', 

t l ~ o w ~  a n d  GESELL: Amer .  5 .Physiol.  129, 303 (1940).] 

expiratory contraction is but a mirror image of the slowly augmenting inspira- 
tory contraction. The contraction begins with a burst of force and the weake- 
ning is but a reversal of the augmentation of contraction. The forces producing 
this sudden burst of force and its subsequent weakening will be considered in 
greater detail under another heading. 

Changes in strength of the steady state contraction depend upon the 
number of units twitching and the frequency of twitch of the respective units 
which may vary extensively. These contractions will also be considered in 
greater detail below. 

In summarizing the activity pattern of inspiratory contractions we may 
say that  frequency of twitch and recruitment and  decruitment of active muscle 
units are the basic mechanisms upon which the integration of breathing are 
built. These tools are not only employed in each eupneic respiration to meet 
changing mechanical resistance but they are used to compensate for chemical 
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threats such as lack of oxygen or excess of carbon dioxide. As we see the 
problem of respiratory control, it consists of determining the specific forces 
and machinery which bring about an orderly adjustment of frequency of 
twitch and of the number of active muscle units twitching. The following 
section showing the existence of an orderly system of frequency and recruitment 
adjustments running throughout the respiratory reflex ares, naturally leads 
one to attempt a simple and fundamental interpretation of the respiratory act. 

4. Central Activity Patterns. 
The only conceivable metl~od of studying the nervous integrating mecha- 

nisms of breathing is to register their activity patterns by electrical methods. This 
. was done by a systematic exploration of.the brain stem including regions well 
below and above the obex of the medulla with extremely fine insulated needles, 
bared only at tile very tips [GEsnLL, BI~IeKnR and MAaEE (12)]. While listening 
for respiratory potentials with the aid of a loud speaker in electrical circuit, 
the needle electrodes were intermittently advanced about 0,1 mm. at ~ time 
into the substance of the brain. When respiratory potentials in phase with 
either inspiration or expiration were heard a photographic record of the dis- 
charge and tidal air changes was made (see fig. 13 and 14). A small lesion 
about I ram. in diameter was then placed by the passage of a weak galvanic 
current between the exposed needle points. This served to identify the source 
of any given set of action potentials on later histological examination. The 
slightest movement of the electrodes during exploration would frequently 
give rise to a change from inspiratory to expiratory potentials or vice versa, 
indicating a high selectivity of the electrodes. 

A preliminary speculation on tile type and original source of potentials 
likely to be encountered in the brain will assist the analysis of potentials to 
be described. Like those of muscle, the central potentials are divided into 
inspiratory and expiratory discharges according to the phase of breathing 
during which they occur. Obviously, inspiratory motor cells must discharge 
to activate the inspiratory muscles and logically, this discharge may be expected 
to be identical with the discharge of corresponding inspiratory muscles. Records 
of the activity of the diaphragm, of the phrenic ner-ce, and of the ventral horn 
cell, accordingly show the same triangular configuration of frequency activity 
and the typical triangular fusillade indicative of a rising coincidence of nerve 
cell activity from recruitment (see fig. 13 A, B, C and D). The ventral horn 
cells are in turn activated by impulses arriving by the reticular spinal tracts 
from the reticular cells near the obex of the medulla. These structures in turn 
show the same slowly augmenting patterns of frequency and recruitment as 
noted in the lo~er motor units (see fig. 13 E and F). Contraction of the inspira- 
tory muscles must give rise to a stretching of GonaI endings due to a rising 
tension in the tendinous insertions. Potentials may, therefore, be expected 



496 ROBERT GESELL: A Neurophys io log i ca l  I n t e r p r e t a t i o n  of the  lZespzratory Act .  

Fig. 13. InspiratorY act iv i ty  pat terns,  peripheral and central,  showing the  typical ly  slow augmentat ion 
of frequency a n d  recruitment activi ty.  The ~niversal incidence of these basic phenomena indicates a 
similari ty and simplicity of motor  integrat ion a t  all  s ta t ions  in the  inspiratery arc. [GESELL, M~kGEE and 

BI~ICKER: Amer. J. Physiol. 128, 615 (1940).] 
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Fig.  14. E x p i r a t o r y  a c t i v i t y  p a t t e r n s  of m o t o r ,  s enso ry  a n d  i n t e r m e d i a t e  s t a t i o n s  of b o t h  r a p i d l y  a u g m e n -  
t i ng  a n d  s t e a d y  s t a t e  t ypes .  Fig .  E a n d  G a re  of spec ia l  i n t e r e s t  in  s h o w i n g  d i sc re t e  d i s cha rges  f r o m  b o t h  
i n s p i r a t o r y  a n d  expiratoI2z s t r u c t u r e s  a t  a s ing le  s e t t i n g  of t h e  e lec t rodes .  ]~ecause t h e  e lec t rodes  a r e  
h i g h l y  select ive s u c h  r e c o r d s  i n d i c a t e  t h e  p r o x i m i t y  e f  i n s p i r a t o r y  a n d  e x p i r a t o r y  s t r~ebures ,  one w i th  

t h e  o the r .  The  p r o l o n g a t i o n  of t h e  s t e a d y  s t a t e  a c t i v i t y  in  fig.  H is also w o r t h y  of no te .  
[GESELL, ~V~AGEE a n d  BRICKER: Amer .  J .  Phys io l .  128, 615 (1940).] 

E rgebn i s se  de r  Phys io log le ,  43. 3 2  
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along the path Of conduction of these signals (see fig. 13 G and I-I). The muscle 
spindle endings of the inspiratory muscles are presumably protected by con- 
traction [MATItEWS (13)]. In the expiratory muscles both GosGI and muscle 
spindle endings may possibly be stimulated by the inspiratory contractions and, 
also give rise to inspiratory potentials. The inflation of the lungs must of 
necessity stretch the vagal proprioceptive endings which discharge in pro- 
portion with the degree of their stretch. I t  is, therefore, reasonable to expect 
potentials wherever any of these signals travel and because the distortion 
of each of the specialized endings must undoubtedly correspond with the 
intensity of the inspiratory contractions, inspiratory activity patterns similar 
to those of the inspiratory muscles are to be anticipated (see fig. 13 I and K). 
Inspection of sample records from such structures as the reticular formation, 
internal arcuate fibers, nucleus cuneatus, parafascicular gray and vagus nerve 
show that inspiratory muscular activity is mirrored in respiratory units through- 
out the respiratory reflex ares. 

This similarity of muscular activity and of activity of the central inte- 
grating structures is a most encouraging observation, for it seems to promise 
that the integration of the respiratory act or any other motor act, may be a 
very simple phenomenon indeed. After all, the use of only two exceedingly 
elementary tools such as frequency and recruitment could readily resolve 
itself into a most elementary integration. I t  is, therefore, with equal interest 
that we note a harmony of activity throughout the expiratory reflex arcs in 
the existence of the rapidly augmenting and steady state activity along the 
expiratory reflex arcs (see fig. 14). 

Just as it is the sum total of muscle activities that counts in work per- 
formed or tension developed, so it is the sum total of neurocellular activities 
that is important in nervous integration which brings this adjustment about; 
and so far as we are able to see parallelism of activity along either the inspiratory 
or expiratory reflex arc is in no way related to synchronization or temporal 
arrangements as have heretofore been assumed to exist. In aII our electrical 
soundings of the brain we could find no supporting evidence for synchroni- 
zation or any other temporal scheme of integration. There are no indications 
whatever of a correspondence between the frequency of discharge of one neuron 
and of that of the next neuron in the chain. I t  is rather the total number of 
impinging signals which determines the frequency of nerve cell discharge. 
In other words the quantitative control responsible for activity gradation 
and coordination is a number and not a temporal factor. This concept is in 
direct conformity with our theory of synaptic drive as opposed to that  of 
synaptic transmission based on temporal arrangements. In our opinion motor 
integration is an example par excellence of a smoothly operating process 
resulting from a train of asynchronous activities, a point which we shall attempt 
to develop as we proceed. 
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5. The Respiratory Center. 
In formulating our concept of the respiratory center the statement of 

S~E~I~GTON and his colleagues that the "Principle of Convergence is the 
basis of coordinated function of the nervous system" must serve as our main 
guide, for certainly the respiratory act is a highly coordinated nervous inte- 
gration which is dependent upon the convergence of a host of varying types 
of signals. This heterogenous mass of signals coming from the carotid and 
aortic bodies, the GoLGI and muscle spindle endings, the vagal stretch receptors, 
the recruiting and reciprocating collaterals and the fiber tracts descending 
from above, all converges upon the scattered reticular cells in the medulla. 
These cells are then assumed to convert these' signals into a new and orderly 
group which travels in turn down the reticulo spinal tracts to activate the 
respiratory muscles in the orderly way already described. 

On the basis of neurohistological findings just described and experimental 
and pathological findings the reticular cells have long been suspected as being 
the coordinating stations for respiratory control. Thus in 1847, LO~GET (14) 
destroyed the pyramids and the restiform bodies in the neighborhood of the 
vagus nucleus, without interfering with breathing, but "the isolated destruction 
of the 'faisceau interm~diaire du bulbe', at  the same level, caused instantaneous 
suspension of breathing". He added that this bundle contained numerous 
nerve cells and gray matter and for that reason appeared to be well suited 
to serve as a center of some particular function. According to MISr,AWSKY (16) 
this appears to be the medial reticular formation. In 1858 FLOURENS (16) 
recognized the dorsalpar t  of the reticular formation just above the obex as 
the center. In 1885 MISLAWSKY (16) placed it in the reticular formation mainly 
internal to the roots of the hypoglossal nerves which would correipond to 
the medial reticular formation. Destruction of this area by pricking abolished 
the respiratory movements immediately while stimulation of the area electri- 
cally resulted in a more rapid rate of respiration. In  1890 LABORDE (17) found 
that destruction of a small region just above the point of the calamus stopped 
respiration. This perhaps corresponds to the medial reticular formation. 
GAD and MAaI~ESCU (18) (1892) noted that only destruction of the reticular 
formation stopped respiration. Cauterizing FLOV~ENS vital node, the external 
part of the alae cinereae and the solitary bundle was without effect (regions 
of FLOVaE~S, LONGET, SCruFF, GIERKE and MISLAWSKY). Electrical stimu- 
lation of the reticular formation produced an acceleration of breathing. In 
1894 A~NI~m~ (19) found that stimulation between the nucleus of VI and the 
calamus accelerated respiration if the electrodes touched the reticular gray. 
K O ~ S T A ~  (20) in 1900 considered the reticular formation as an important 
regulatory mechanism for the nuclei supplying respiratory muscles. After 
section of the spinal cord in its upper part he obtained a degeneration of the 

32* 
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reticular formation in the region BECItTEREW (21) described as his center 
(1908). On the basis of pathological findings in man FINLEY (22) (1931) con- 
eludes that  one of the main integrative levels for respiratory impulses lies in 
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Fig-. 15. P l a n  to  scale of the  m e d u l l a r y  
a rea  p repa red  as described in  t h e  t e x t ,  
showing  t he  re la t ive  pos i t ions  of t he  
i m p o r t a n t  s t r u c t u r e s  refer red  to  in  the  
t e x t ,  and  also the  levels  of the  sect ions 
pub l i shed  b y  Papez.  [I=[ENDERSON and  
CRAIGIE: Amer.  J.  Phys io l .  115, 520 

(1936).] 

the reticular formation. According to PApEz (23) 
and ALLEN (24), the reticulospinal tracts are 
employed to conduct the impulses to the motor 
cells of the respiratory muscles. 

More recently HENDEaSON and CRAmIE (9,5) 
have removed the commissural nucleus com- 
pletely without disturbance of breathing thus 
disposing of CAJALs (26)contention that  the 
respiratory center resides in this structure and 
at the same time supporting the suggestion of 
BEeRTEREW that  the center lies in the reticular 
substance ventral to the nucleus of XII.  By 
other transverse and sagittal lesions they limit 
the respiratory cells to the medial third of the 
medulla from about the level of the junction 
of the middle and upper thirds of the hypoZ 
glossal nucleus to the pyramidal crossing below2 

These experimental findings indicating 
that  the reticular formation serves as the main 
station for the integration of the respiratory 
signals are amply confirmed by the electrical 
soundings of GESELS, B~Ie~ER and MAGEE (12). 
No other structures yielded respiratory poten- 
tials in such abundance. With the aid of these 
potentials they set the upper limit of the center 
across the upper quarter of the N. hypoglossus, 
N. ambiguus and N. faseieulus solitarius (see 
fig. 16). The incidence of respiratory potentials 
extending continously from the medulla through 
the cord prevents similar establishment of the 
lower border, but a line marking the disappea- 
rance of the reticular formation potentials pla- 
ces the lower border at the cephalic edge of the 

pyramidal decussation. The frequent occurrence of potentials in the lateral 
reticular nuclei marking a more lateral extension oi the respiratory center is the 
only point of difference between our results and those of HENDEaSON and C~AmIE. 

The diffuseness or compactness of a center is a matter  of some interest 
in relation to localization upon which the experiments of GESELL, B~ICXEa 
and MAG~,~ seem to shed some light. 
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"Dense riddling of the entire lower medulla in some animals seemed to have no effects 
whatever on breathing and permitted extensive observations. To be sure, the animals deteriorated, 
some very slowly and others rapidly, but  previous decortica~ion seemed more related to collapse 
than did sounding for potentials. The fineness of our electrodes could easily account for the 
lack of damage but repeated galvanic lesions seemed to produce only momentary effects while 
the current was flowing. This immunity to damage is probably related to the structural and 
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Fig. 16. Gross localization of the respiratory center in the dog by the method of electrical sounding. The 
location of inspiratory p o t e n t i a l s  a r e  d e s i g n a t e d  by an open circle and of the expiratory potentials b y  a n  
X. Where both sets of potentials were obtained at one sdtting of the electrodes the position is marked by 
an X enclosed within a circle. This combination is l ike ly  to look like a solid circle. [GEsELL, BRICKER and 

M&GEE: Amer. J. Physiol. 117, 423 (1936).] 

functional organization of the reticular formation. The impression we have gained is that  the 
potentials are relatively few and scattered and that  the anatomical description 'scattered reticular 
gray matter '  is descriptive of its function as well. The relabive scarcity of reticular potentials, 
the large size and spacing of the cells, considered with the copious innervation of muscles as 
represented in the ventral column of the cord suggest a multiple innervarion of the ventral horn 
cells with a high step-up ratio. ' . . . .  ' - -  The absence of a systematic or ]oealized arrangement of 
inspiratory and expiratory potentials, as plotted in fig. 17, indicates a lack of grouping of cells 
into inspiratory and expiratory nuclei and changing potentials with progressive penetration 
of the electrodes yields the same conclusion. This point is illustrated by an example of a single 
sounding of 3ram. extent, which successively tapped off seven sets of potentials in the order 
given-inspiratory, expiratory, expiratory (new set), regular frequency without respiratory rhythm, 
expiratory, inspiratory, and expiratory. The previous conceptions of compact, definitely localized 
inspiratory and expiratory centers, held by some investigators, probably should be revised in 
the light of our findings." 
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In more recent studies on the respiratory center of the eat, PITTS, MAGOUN 
and  RAISON (9,7) also localized the respiratory center in the formatio reticularis 
by exploratory stimulation as illustrated in fig. 16. In disagreement with the 

electrical sounding experiments they claim 
a delineation of this center into sharply de- 
fined expiratory and inspiratory centers. 
Another probable interpretation of their re. 
salts will be discussed in detail in section 24, 

Fig.  17. D o r s a l  v iew of  t h e  lower  b r a i n  
s t e m  of t h e  e a t  w i t h  t h e  ce rebe l lum remo-  
ved .  T h e  l o c a t i o n  of t h e  m a x i m a l i n s p i r a -  
t o r y  ( h e a v y  s t ipp l ing)  a n 4  m ~ x i m a l  ex- 
p i r a t o r y  (light stippling') responses is 
diagrammatically shown projected on the 
floor of the fourth ventricle. To'avoid 
overlapping, the expiratory reactive region 
is indioa.ted only on the l e f t ,  inspiratory 
on/y on  t h e  r i g h t .  On  t h e  r i g h t  s ide  of t h e  
f i gu re  t h e  l e t t e r i n g  f r o m  A to  H ind i ca t e s  
t h e  level  of t h e  sec t ions  s h o w n  in  f ig.  91 
a n d  92. Acous t i c  tube rc le ,  A T ;  b r a c h i u m  
c o n j u n o t i v u m ,  B ;  b r a c h l u m  pon t i s ,  BP; 
f i r s t  ce rv ica l  d o r s a l  r o o t ,  C~; o u n e a t e  nuc -  
leus ,  CN; grac i le  nucleus, GN; in fe r io r  
col l ienlus,  IC; a r e a  p o s t r e m a ,  P ;  r e s t i f o r m  
b o d y ,  R ;  t n b e r e n l u m  e ine reum,  V. [PtTTS, 
N~aou.w a r i a  ~ANSO~: A m e r .  J. Phys io l .  

126,  673 (1929).]  

6. The Origin 
of Respiratory Activity Patterns. 

In section 4 on the activity patterns 
of the motor, sensory and intermediate units 
we attempted to explain why the activity is 
the same along the /all extent of either the 
inspiratory or g xpiratory arc. We now in- 
quire more specifically how each o/the three 
activity patterns originates. Theoretically they 
may arise in two ways- eentrogenically and 
reflexogenieally. They might develop een- 
trogenieally from some peculiar structural 
arrangement or some physico chemical pr o- 
perty of the reticular cells which forces these 
cells to discharge in their characteristic man- 
ner. If, for example, the reticular cells are 
the pace setters of inspiratory activity, it is 
clear that the entire inspiratory arc would be 
forced to follow the activity patterns wh  ~h 
these cells initiate. The inspiratory anterior 
horn ceils and the corresponding muscles 
would necessarily respond in kind to ~he 
motor impulses dispatched from abo-qe by 
the reticular cells and the setting up of stresses 

and strains within the inspiratory muscles would stimulate their propriocep- 
ti~e endings in similar fashion and thus complete the train of like inspiratory 
activities at all of the sensory stations of the inspiratory ares. 

On the other hand the slowly augmenting pattern could be a purely reflexo- 
genie phenomenon. We may picture the reticular cells as beginning inspiratory 
activity with a steady state discharge of relatively low intensity. The inspira- 
tory muscles contract at once. The so distorted GoLQI and vagal endings 
dispatch an increased volume of signals back to the reticular cells and stimulate 
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them to greater activity. The newly augmented contraction then increases 
the proprioceptive distortion and superimposes a second augmentation of 
activity on the reticular cells and thus the contraction continues to increase 
up to the end of the inspiratory phase. : 

Direct experiments [G~s~Ln, ATKISSON and B~ow~ (28)] show that 
slowly augmenting inspiratory activity originates both centrogenically and 
reflexogenical~ly, and that both mechanisms have a mutual interaction leading 
to an accentuation of the inherent inspiratory discharge. The proof of the 
existence of a centrally inherent inspiratory activity is provided with the 

Fig. 18. Act ion potent ia ls  of the  phrenic  nerve  of t he  dog dur ing  comple te  curare  para lys is  designed to 
r e m o v e  all periodic respi ra to iw a f fe ren t  impulses.  The  pers is tence  of t he  slowly a u g m e n t i n g  f requency  
of d ischarge  of t he  ind iv idua l  ne rve  f iber  and  t h e  con t inuance  of t he  slowly a u g m e n t i n g  r ec ru i tmen t  of 
addi t iona l  ac t ive  fibers d e m o n s t r a t e  t he  e ~ s t e n c e  of a cen t ra l  m e c h a n i s m  capable  of  t r ans fo rming  s t e a d y  
dr ives  into the  charac te r i s t i c  insp i ra to ry  ac t i v i t y  found  in t he  physiologically i n t ac t  animal .  [GESELL, 

ATKI~SON and  BROWN: Amer .  J .  Physiol .  128, 629 (1940).] 

help of paralytic injections of curare which abolishes all periodic proprio- 
Ceptive reflexes. The animals are made apneic by artificial ventilation. The 
v~tilation is then stopped and the chemical stimulus allowed to rebuild and 
reinitiate activity of the respiratory center which is then followed electrically in 
the motor nerves of the respiratory muscles. Fig. 18 is an example of phrenic 
nerve activity in a totally paralyzed dog. since both acceleration of the discharge 
frequency and recruitment of nerve cell activity are invariably demonstrable in 
these curarized animals, it must be concluded that there is some central mecha- 
nism capable of discharging rhythmically in the characteristic slowly augmenting 
manner under a steady state environment and steady state refiexogenic drive. 
This mechanism of centrogenic augmentation though tentatively placed in 
the reticular cells of the medulla might also reside in the anterior horn cells. 
Proof of the reflex bolstering of the inherent central discharges will be presented 
in the sections dealing with the afferent drives. 

Of the two expiratory patterns of respiratory activity only the steady 
state type was demonstrable in the absence of periodic sensory impulses. 
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I t  was, therefore, tentatively concluded that this type of activity is dependent 
upon peculiar properties or arrangements of cells in the expiratory half-center 
differing from those of the inspiratory half-center, and that the rapidly aug- 
menting type is dependent upon the play of periodic proprioceptive signals 
on the steady state activity. Proof of the reflexogenie origin of the rapidly 
augmenting expiratory activity will be presented below. 

7. The Eleetrotonic Theory of Nerve Cell Activity. 
The unbelievably high incidence of periodicity in chemical and physical 

systems (some go so far as to say that the steady state is non-existent [HEDaES 
and MEYERS (29)], its omnipresence in lower and higher forms of life, its 
occurrence in the contraction of cilia, flagella, vacuoles and muscle and its 
presence in the changing activity of nerve cells, in the nerve ring of the jelly 
fish [ROUlAdES (30)], in the motor ganglia of the limnlus heart [CARLSON (31)] 
in the vagal lobes of the fish [ADI~IAN and BVYTE~DIJK (32)] and most of all 
in the medulla of the mammal, requires the consideration of automatic activity 
of the respiratory center in any complete system of respiratory integration. 
The theory of automaticity proposed originally by t~OSENTHAL (33) as a con- 
clusion of denervation experiments in the rabbit, supported by MA•CK- 
WALD (34), confirmed by HEV~ANS and BOVCKAERT (35) in the dog, and rid 
of the objection arising from continued irritation of the cut afferent fibers by 
ADRIAN and BUYTENDIJK (32) now stands on firmer ground, and allows more 
detailed speculation on its nature. 

In looking for a mechanism of automatic activity of the respiratory 
center we have re-employed an electrotonie theory of nerve cell discharge 
proposed as early as 1926 [GEsELL (36, 37)]. In subsequent years this theory 
has found increasing experimentaI support and promises to play a most im- 
portant role in neurophysiology. In its present form, it is based on two well 
established facts- first, that metabolic gradients give rise to electrotonic currents, 
and second, that such currents if sufficiently strong produce a rhythmical 
discharge at their point of emergence. According to our theory, [GEsELL (38, 
39, 41)] current flows within the nerve cell from regions of high metabolism 
in the dendrites through the cell body to a region of low metabolic rate at the 
axon hillock (see fig. 19). Meeting high resistance at this point it leaves the 
cell at the axon hillock, and returns in the immediate environment back to 
the numerous dendrites. At the site of emergence the neuromembrane alter- 

nately breaks down and rebuilds, producing periodic activation and recovery, 
thus mimicking the rhythmical discharge so readily demonstrated in the iron 
nerve model of LIr~HE (42). 

I t  is our belief that this simple mechanism of self excitation by self 
engendered electrotonic currents in the respiratory nerve cells may have a 
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universal application to automatic biological activity in general, for we envisage 
the electrotonie current as the master tool of nervous integration. Not only 
is it thought to generate rhythmical signals in the respiratory center but to 
be the possible source of rhythmical firing wherever it occurs-sensory receptors, 
nerve cells in general, heart  muscle etc. I t  is known to be the means of transport 
of signals in nerve fibers and muscle and would well be considered in the 
explanation of brain waves, so intensively studied at this time. 

" '  r - :  /2 

L SELZ:0ENDERE2  LECTROT:2'0 "  C'G%g, gRgL";,O  

A STEADY ELECTROCHEMICAL DRIVE PRODUCING 
A STEADY STATE DISCHARGE 

I I I I I I I I I I I I I I I I I I I I I ! _ _  
Fig. 19. An  eleetrotonie m e c h a n i s m  of ne rve  celt d i scharge  based  on t h e  existence of metabo l ic  and  potent ia l  
gradients .  Conditions pecul iar  to t he  cell gene ra t e  a s t e a d y  f low of cur ren t  a n d  confine i t  to t h e  course 
shown b y  t he  arrows.  T h e  poin t  of ou t f low is a t  t h e  axon  hillock which  t h e  cu r ren t  d ischarges  a t  t h e  

a r b i t r a r y  l r eq ue ne y  shown in the  lower  record.  [GEsELL: Science (N.Y.) 91, 229 (19g0).] 

Bold as such a view may  seem it has the tremendous advantage of narro- 
wing the origin of rhythmicity to a single tool; and unifying and simplifying 
many of our conceptS. Such broad hypothesis rests on substantial biological 
support for  it has long been known that  the quiescent ventricle of the turtle's 
heart responds with rhythmical activity to a constant flow of current. GARTEN 
(48) has shown a similar rhythmical response in the isolated nerve, so often 
seen in the tetanus produced in the demonstration of PFLV~Rs table. The 
results are not surprising for they occur in LlnnlES (44) unbelievably life-like 
inorganic nerve model under the influence of a uniform galvanic current. 
But the clearest proof of the electrotonic theory of nerve cell discharge comes 
from OSTERI~OUT and HILL (45) who applied chemical irritants to the Nitella 
and observed the rhythmical electrical discharges which resulted (see fig. 20 
and its description). They concluded " that  a negative variation may be 
started whenever it is possible to set up along the protoplasm a gradient of 
potential difference sufficiently steep to produce the  necessary outflow of 
current. Successive Variations are thus set up." They s ta ted  further that  
"These facts suggest the possibility of producing successive variations in muscle 
and in nerve in somewhat the same way as in the Nitella. Experiments are 
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being made to test this suggestion". Shortly thereafter An~:~N (46) confirmed 
this suggestion and found that cut nerve fibers respond rhythmically to their 
own current of injury. More recently we have learned of unpublished results 
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F ig .  20. The  m e c h a n i s m  of t h e  r h y t h m i c  d i s c h a r g e  of t h e  Ni te l l a  p r o d u c e d  b y  local ized  c h e m i c a l  i r r i t a t i o n .  
This  i r r i t a t i o n ,  f ig.  B,  g e n e r a t e s  a c i r c u l a t i n g  c n r r e n t  w h i c h  exc i tes  t h e  i n t a c t  c e l l m c m b r a n e  a t  i t s  p o i n t  of 
ou t f low (At fig.  C). The  p o i n t  of o u t f l o w  t h e n  becomes  e lec t r i ca l ly  n e g a t i v e  a n d  i n i t i a t e s  a n e w  ou t f l ow  
a t  A~ fig. D a n d  th l : s  t h e  d i s t u r b a n c e  is p r o p a g a t e d ,  T h e  e lec t r i ca l  r e c o r d  be low s h o w s  t h e  r h y t h m i c a l  
a c t i v a t i o n  oi  t h e  Ni te l la  of t h e  c o n s t a n t  e l ec t ro ton ie  c u r r e n t  of i n j u r y  se t  u p  a t  A0. [OsTEmaOUT a n 4  

~hLL: J .  gen.  Phys io l .  18, 459 (1930).] 

Of KENNETH COLE on heart muscle cultures which he has kindly allowed us 
to cite. At the stage when muscle cells develop rhythmicity a careful exploration 
of the immediate environment of the muscle with monopolar exploration 
reveals local regions of negativity. These negative spots could well provide 
the local circuit already alluded to in the experiments of OST~R~OVT and HILL 
on the NITELLa and initiate the contractions which Cole has observed. 
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8. The Electrical Requirements of Electrotonic Excitation. 
A basic theory of this nature demands a consideration of the electrical 

conditions which exist in and about a nerve cell to determine whether or not 
they meet the necessary requirements. First of all some logical source of 
potential difference and confinement of current to the channels already des- 
cribed must be presented. This is necessary because the present views of 
nerve cell activity assume that  impulses are propagated along the dendr i tes  
and cell bodies just as they are in the nerve fiber (see current monographs and 
journals). We have, therefore looked for conditions which would tend to 
maintain an electrotonic current in well directed external and internal circuits 

and also for conditions which would oppose the development of local circulatory 

currents along the dendrites and cell body such as are demanded by impulse 
conduction in the nerve. 

The high metabolic rate of gray matter  as compared with white [HOnMES 
(47) places it as 10 to 1] serves as the basis of our conception. According to 
some, this metabolic gradient depends upon the distribution of synapses, 
for metabolism is highest and Circulation is most adequate where dendrites 
and their synapses are most numerous [CaAIaIE (48), HOLMES (47), DUNSING 
and WOLFF (48)]. Since the synapses virtually form a continuous covering 
over the cell body and dendrites, it must of necessity follow from the law of 
surface- mass relation that  the synapses are most highly concentrated where 
the calibre of the dendrites is the smallest. The metabolism of the neuron 
should on this basis be highest in its fine dendritic extensions. GERARD (49, 
50, 51) on the other hand is inclined to discount the influence of the synapses 
upon nerve cell metabolism and rely rather on the simple surface mass relation 
of the dendrites themselves to explain the higher metabolism of grey matter. 
Whatever the outcome of this difference of opinion may be, each tapering 
dendrite, widening as it approaches the cell, should provide a potential drop 
and a lowering of the resistance to ease the flow of current towards  the cell 
body. Like tributaries to a stream, they bring their current, which now flows 
still more easily and more diffusedly in the widened lake of cytoplasm. Con- 
fined by the barriers of the neuromembrane plus the double membranes of 
the tightly packed synapses impinging on the neuron, the current converges 
in concentrating lines toward the axon hillock which lies at the end of the 
potential gradient. The excessive longitudinal resistance of the exiting neuraxon, 
the absence of further potential drop in the neuroaxon, and the absence of 
synapses and their electrical resistance at the axon hillock shunts the current 
through the neuron membrane at this point into the outer environment of 
the cell. Thus a current generated by the activity of a great expanse of cellular 
surface is concentrated before its exit at the axon hillock. Ideal conditions 
for local excitation are thus obtained. 
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Here may enter a most significant role of the neurodendrites. Highly 
negative, and spreading like tentacles in all directions, they absorb tile returning 
current. More significantly, they contrive to sweep the current in large circuits 
and add their bit to the avoidance of highly localized membrane circuits so 
fatal to our hypothetical functioning of nerve cells. By thus offering a tremen- 
dous surface, a high dilution of returning currents is accomplished and the 
disorganizing effects catelectrotonie excitation and anelectrotonie blocking of 
outlying fibers are minimized. Moreover the synaptic covering of the dendrites, 
we suggest, works like the myelin sheath in preventing highly localized eircu- 
lating currents necessary for impulse conduction. 

Highly active and important as the dendrites seem to be in the esta- 
blishment of potential drop, there must be adequate provision for metabolic 
exchange. The favorable relation of surface to mass in the fine and tapering 
processes and their extension into highly vascularized tissue have long attracted 
the attention of anatomists (GOLGI) quoted by KAPPE~s, HUBER and CImSBY 
(52). I t  is interesting, therefore, to look upon these delicate and little understood 
structures as generators and conductors of current flowing within the cell, 
as antennae for the absorption of returning currents, as combination villi 
and gills for metabolic exchange, as receiving stations for synaptic drive, 
and as controllers of potential drop. Ideal conditions are present for the nerve 
cell to function as an electrochemical generator of a self exciting current. 

9. The Gradation 
of the Self Engendered Electrotonic Excitation. 

Granted that the electrotonic current, which we have described is capable 
of producing a continuous train ofi nerve cell discharges, it becomes necessary 

t o  determine how that frequency of discharge is graded and how it is inter- 
rupted to produce the rhythmical respiratory act. A gradation of the intensity 
of the electrotonic current would be a possible mechanism of frequency control. 
The direct proportionality of the frequency of discharge of the iron nerve model 
of LILHs to the intensity of the voltage impressed supports that  possibility 
and encourages us to look for comparable situations within the respiratory 
center. Due to the fact that the center is capable of direct chemical stimulation 
as well as reflex excitation, theory requires a search for two mechanisms 
of gradation of the electrotonic excitation current- an inherent electrochemical 
mechanism of metabolic origin and a reflexogenic mechanism possibly building 
upon the former. 

Among the various situations which must be met by the respiratory 
system in its adjustments to changing requirements is an increased metabolism 
consequent upon a rise of temperature. In that  connection the experiments 
of GAaI~EY (53, 54) on the effects of temperature upon the frequency of the 
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rhythmic discharges of the pace setting cardiac ganglion of the Limulus are 
significant (see fig. 21 A, B). They are particularly interesting in that GARRnY 
determined the increased rate of carbon dioxide formation in the ganglion 
as well as the increased frequency of periodic ganglionic discharges and was 

able to correlate the frequency of beat 
4 O  

3 6 - -  

20  

I S  

1 0 - -  

5 

0 

. 

/ i  / 
/ 

5 *  1 0  ~ 1 5  ~ 2 0 *  2 5 "  2 0  ~ 3 5  ~ 

Fig.  21 A. Curves  of t h e  r e l a t ive  veloci t ies  of 
c a r b o n  d iox ide  p r o d u c t i o n  b y  t h e  L i m n l u s  h e a r t  
g a n g l i o n  a t  d i f f e ren t  t e m p e r a t u r e s .  [G.(RREY: J .  

gen .  Phys io l .  8, 49 (1920).] 
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Fig.  21 ]3. Curves  of r e l a t i ve  f r e q u e n c e y  of dis- 
c h a r g e  of  t h e  L i m u l u s  h e a r t  g a n g l i o n  a t  d i f f e ren t  
t e m p e r a t u r e s .  [GAI=tREY: J .  t e n .  Phys io l .  8, 41 

(1920).] 
i 

bolism. The frequency of brain waves is known to show similar relations to 
temperature [HOAGLAND (55)]. 

Our interpretation of results of this kind are based on the experiments 
of HoLlIES in which he concludes that the rate of metabolism in the dendrites 
is ten times that  of the nenraxon. Granting that a rise of temperature in- 
creases the normal rate of metabolism of the dendrites and neuraxon from 
10 and 1 respectively to 20 and 2 a new intensity difference of metabolism, 
from 9 to 18, is established. Theoretically this means a doubling of the poten- 
tial gradient and a doubling of the frequency of discharge of the axon hillock. 
Thus we see the possibility of a simple regulative mechanism capable of con- 
trolling the activity of the respiratory center in proportion to the metabolic 
requirements as produced by temperature fluctuations. 

The mechanism by which carbon dioxide stimulates the respiratory 
center must likewise be  only a matter  of conjecture. If it be assumed that  
carbon dioxide produces a greater degree of depolarisation of the neuroeellular 
membrane at the finer dendrites where metabolism is the highest, than in the 
regions where metabolism is lower an extremely simple mechanism of control 
is at hand. The finer dendrites will turn more negative with respect to the 
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axon hillock, the greater electrotonic current thus established will increase 
the frequency of discharge proportional to the existing pressures of carbon 
dioxyde. 

10. The Electrotonic Theory of Synaptie Drive. 
Granting that  the central chemical control of breathing is basically a 

gradation of self engendered eleetrotonic currents we are virtually forced to 
look for an amplification of this gradation in the reflexogenie chem'eal control 

~ DAROTID BODY 

I I ~\~",, ,~. ~ ~ ' -~"~\  REFLEXOGENIC ELECTROTONIC 

I ql~' - ' l ~ f f  GENTROGENIC ELECTROTONIC 
EXCITING CURRENT 

THE RESULTANT DRIVE PRODUCING A HIGHER FREQUENDY 
OF STEADY STATE DISCHARGE 
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Fig. 22. An  hypo the t i ca l  s chema  of t he  synap t ie  ac t i va t i on  of ne rve  cells. For  s implic i ty  only one t y p e  
of signal is depic ted  as impinging upon  t he  e x c i t a t o r y  end. of a re t i cu la r  cell, n a m e l y  those  arising in t h e  
chemoceptors  of t he  caro t id  body.  These  signals a re  a s s u m e d  to p roduce  a condi t ion of local n e g a t i v i t y  
in t h e  i m m e d i a t e  vic ini ty  of the i r  impingement .  This n e g a t i v i t y  adds  to t h a t  a l r eady  es tabl ished by  t h e  
metabol ic  g rad ien t  of t he  cell. I f  t he  combined  negat iv i t ies  of these  two sources es tabl ishes  a th resho ld  
eleetrotonic cur ren t  t he  cell will fire eon t inuoas ly  a t  t h e  a r b i t r a r y  f r equency  ind ica ted  in the  lower record.  

(GESELL, Blood. K e a r t  and  Circulation.  L a n c a s t e r ,  Pa . :  Science Press  1960.) 

of breattfing. In this search we have invoked the implications of the neuro- 
histological descriptions of RA~o~ Y CAJAL (26), BARTELEMEZ (56), LO~E~T~ 
DE NO ( 5 7 ) ,  BODIAN (58) and others, according to which nerve cells are literally 
covered with an almost continuous layer of hundreds or even thousands of 
tiny boutons. These are the synapses for fibers converging on the cells. 

Since the signals impinging on any single neuron must be temporally 
scattered, without a ghost of a system, the orderly rhythmical outflow of 
impulses at the axon hillock would seem to demand a new and special mechanism 
of transfer of influence from one nerve cell to another. Highly doubtful, 
as we believe it is, that  dendrites and nerve cell bodies conduct impulses in 
the sense that  nerve cells do, we have adopted an entirely new outlook. Each 
impulse impinging on the neuromembrane is pictured as producing a local 
negativity in the immediate region of the exciting benton. Each local nega- 
t ivity adds its tiny quota to the existing inherent electrotonic current in the 
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manner  suggested in fig. 22. I f  the sum of the inherent and reflexogenie 
eleetrotonic current is below threshold value the  cell will fail to fire regardless 
of the number  of signals impinging on the cell. If it increases above tha t  
value it will fire with increasing frequency as the current increases with in- 
creasing impingement of signals. Should the signals straggle the discharge 
will again diminish. 

Such an hypothesis calls for no precise requirements of temporal sequence 
of stimuli demanded by the prevailing theories of synaptic transmission. 

SYNAPTIC CONNECTIONS OF MAUTHNER S CELL i SYNAPTIC CONNECTIONS OF A RETICULAR CELL 
(EQUILIBRIUM) I (RESPIRATION) 

l VESTIBULAR FIBERS, HOMOLATERAL ~ i �9 ~ I, CAROTID BODY CHEMOCEPTORS 
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Fig .  23. A c o m p a r i s o n  of t h e  h e t e r o g e n e o u s  conve rgence  of s igna l s  m~V~AUTttNEI~'N cells Of t h e  f i sh  a n d  in  
t h e  r e t i c u l a r  cells of t h e  r e s p i r a t o r y  cen te r .  T h e  ou t f l ow  of  b u t  one t y p e  of s i gna l  a l o n g  t h e  n e u r a x o n s  
of t h e  p a i r  oI 1E~UT]ZNNR'S cells w h i c h  a re  p r o d u c e d  b y  a h e t e r o g e n e o u s  a n d  a t e m p o r a l  g r o u p  of s igna ls  
is r e g a r d e d  as  ev idence  a g a i n s t  t e m p o r a l  t heo r i e s  of s y n a p t i c  t r a n s m i s s i o n  a n d  in  f a v o r  of t h e  t h e o r y  of 
m a s s  dr ive .  The  e x t e n t  of a c t i v e  s u r f a c e  u n r e l a t e d  to  s u c h  a r r a n g e m e t  of s y n a p t i c  scales  becomes  t h e  
d e t e r m i n i n g  l a c t o r .  (GESELL: H e a r t ,  B lood  a n d  Ci rcu la t ion .  L a n c a s t e r ,  P a . :  Science P res s  1940.) 

Mechanisms of temporal organization, for which there is no evidence, are no~ 
essential. Quantity of current arising from the effects of scattered signals 
of heterogenous sources is the underlying principle. The thoroughly studied 
MA~THNER cells will illustrate our way of thinking more clearly [BA~T~LMEZ (56)] 
(see fig. 23, 32 and 33). These remarkable cells, of which there are only two 
in a single individual, control the equilibrium of the fish. They are gigantic, 
visible to the naked eye, and are provided with thousands of synapses concei- 
vably bringing as many as a million signals per second to each cell. These 
signals arrive in a variety of 12 groups of fibers all related to motor equilibrium 
impinge upon a common neuromembrane which through a common response 
to any negativity regardless of its origin creates but  one new type of signal. 
These leave each cell for all levels of the cord by one neuraxon only. 

These two cells must  be regarded as a center. For simplicity, they are 
unexcelled in revealing the machinery of convergence. They imply a common 
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action of impingement of a large volume of heterogenous signals which according 
to older views is supposed to work by some miraculous temporal arrangement. 
There can be little opportunity of a selective use of signals as suggested by the 
writings of LORENTE de No. Each cell would seem, rather to act in the simple 
fashion of a funnel or adding machine. The faster the inflow of water or figures 
the greater the outflow or sum. It  is with that in mind that  we have arranged 
a diagram comparing the simple center composed of two MAUTHNERs cells 
with the more diffuse respiratory center of reticular cells in the medulla (see 
fig. 23). Each reticular cell is assumed to receive its drive from a comparably 
large variety of fibers: 1. ehemoceptors, 2. pain endings, 9. GoLGI endings, 
4. muscle spindles, 5. proprioeeptive endings of the lungs, 6. pressoreeeptors 
of the carotid sinus and aortic arch, 7. veno-pressor receptors at the heart, 
8. recurrent reexeitation collaterals, 9. recruitment collaterals, 10. reciprocating 
collaterals and others. That a miscellaneous group of signals such as those 
arriving by these fibers could function on a temporal mechanism seems beyond 
all possibility, despite continued attempts of interpretation in that direction. 
For reasons such as these and others to follow, we have substituted the theory 
of synaptic drive for that  of synaptic transmission. 

11. After-Discharge. 
The continued activity of a nerve cell after cessation of stimulation of 

its converging fibers has been a well recognized phenomenon for many years. 
Perhaps the most familiar example is the continued inhibition of the heart 
outlasting faradie stimulation of the peripheral end of the vagus. After-dis- 
charge has been repeatedly described in the higher integrations by SHERRINGTON 
and his colleagues [CREED, DE~NY-BRow~, ECCLES, LIDDELL and SEERmNGTON 
(59). TO quote from BARD (60): 

"This characteristic is found in ahnost all reflexes. When a single shock applied to an 
afferent nerve elicits a motor response, the mechanical and electrical records of the contraction 
reveal repetitive discharges over the motor neurons. Since the stimulus does no~ set up more 
than one impulse in each afferent fiber, it follows that  the motor neurons continue to discharge 
impulses for some time after the single volley of afferent impulses has entered the cord. In  the 
case of the flexor-reflex this after-discharge, as it is called, may last 100 msee. or longer. I t  is 
so pronounced in the crossed extensor reflex that  mere observation of the limb movement suffices 
for its detection. In  the flexor reflex it is not due to the contracting muscle reexeiting itself 
reflexly through stimulation of proprioceptors by its own contraction, for it is not affected by 
deafferenting the muscle by section of the appropriate dorsal roots. In  the crossed extensor 
reflex it is partly due to a proprioceptive autogenous excitation. We must conclude, therefore, 
that  after-discharge is largely the result of a prolonged excitatory conditions somewhere along 
the central pathway." 

The after-discharge following reflex stimulation Of the scratch-reflex 
in fig. 24 may serve as a typical example [S~E~INOTON (61)]. I t  will be seen 
that  the stronger the stimulation the greater is the after-discharge. The dis- 
charges of sympathic ganglia persisting for a minute or more after the end 
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of preganglionie stimulation [BttoNK (62), LARABEE and BRONK (63)] illu- 
strates the phenomenon in a much simpler preparation. Here too duration 
and intensity of the after-discharge vary in proportion to the duration and 

A B 

~'ig. 24. " 'A and  B. Scra tch-ref lex  g r a d e d  b?" in tens i ty  of s t imulus.  The  reflexes were elicited by  unipolar  
f a rad iza t ion  wi th  needle as k a t h o d e  to shoulder  skin. Double shocks a t  r a t e  of 17 per  second were used.  
The  examples  are  t a k e n  f r o m  a series of 12, exhibiting' twelve  g rades  of ampl i tude .  The  twelve  grades  
of in tens i ty  of s t imulus  used  were,  reckoned in uni ts  of K~ONECKER induc tor ium scale, 250, 350,475,690,  
1001, 1900, 3000, ~000, 5200, 6300, 7500. The  examples  in t he  f igure were the  second,  fou r th ,  sixth,  e ighth,  
t e n t h ,  and  twe l f th  of the  series. T ime  above  in f i f ths  of seconds. The  t ime  of appl icat ion of bhe s t imula t ion  
is shown on the  signal line below. I n t e r v a l s  of one m i n u t e  elapsed be tween  c o m m e n c e m e n t  of each reflex. 
The  needle-ka thode  r ema ined  u m n o v e d  t h r o u g h o u t . "  (SHlgRRINGTON: I n t e g r a t i v e  Action of the  Nervous  

Sys tem.  New York :  Charles Scr ibner 's  1906.) 

intensity of the preganglionie excitation. In like manner respiratory reflexes 
outlast electrical stimulation of all types of sensory nerves. After-stoppage of 
breathing from vagal stimulation and after-acceleration from stimulation of 

. . . . . . .  ' ,  t l k t  LLLJ [ " " [ I 'X ~ [ ' [ " " [ ' [ " " L [ [ ' J I [ ] ~ "  [ " .  [ ~ l ' [ i . ~ , l . I [ 

Fig. 25. Repet i t ive  a f te r -d i scharge  f rom a gangl ion cell following 20 see. of preganglionic s t imula t ion  a t  
60 per  see. Continuous record.  L a s t  impulse  27 see. a f t e r  end of s t imulat ion.  T ime:  0,5 see. [L~tR~tBEE 

and  BRONK: Proe.  Soc. exper ,  a. Biol. a. 5'Ied. 88, 921 (1938).] 

the saphenous nerve are readily demonstrable. The phenomenon need not 
necessarily be considered abnormal for it is obser.ved to occur during physio- 
logical stimulation as well. For example the inspiratory discharges cut off 
poorly during hypooxie hyperpnea as compared with eupnea and straggle 
on into the expiratory phase of breathing (see fig. 172). Since such hyperpnea 

Ergebnisse  der  Physiologic.  4=3. 33 
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is a purely reflexogenic response arising in the chemoceptors the continuation 
of inspiratory activity following the main inspiratory discharge may be regarded 
as an after-discharge of the inspiratory half center. In conformity with this 
interpretation it is found that  faradic stimulation of the central end of the 
HERINGs nerve produces hyperpneas which outlast stimulation in proportion 
to the strength and duration of the current employed (GESELL, HA~ILTON 
and B~ASSFIELD (64)] (fig. 26). These particular results show the extent of 
the after-discharge following a moderate stimulation. The decreased hydrogen 
ion concentration of the blood persisting into the period of hyperventilation, 

Fig. 26. Continuation of hyperpnet~ afL#r cessation of faradie stimulation of tIERI~GS nerve despite a 
markedhypocapnia whiehis indieatedbytJae!0grceordof theblood. (GESELL, HAM/LTON and BRA~SFIELD: 

Unpublished.) 

acting alone, should have produced apnea. The results, therefore, permit  
no questioning of the nature of the phenomenon. The short period of sub- 
normal breathing shows that  the after-discharge disappeared before the blood 
had returned to normal acidity. 

I t  is clear that  the phenomenon of after-discharge must  be included in 
a complete understanding of respiratory control or for tha t  mat ter  of nervous 
integration in general. We are rather inclined to regard it as a naturally 
occurring phenomenon of considerable importance. But  on that  point there 
seems to be room for difference of opinion. To quote from BRONK: 

"Because it (after-discharge) seldom appears following frequencies (of stimulation) of less 
than 50 per second it must  be considered a clue to the nature of synaptic processes and nov as 
a phenomenon assoeiat~ed with a naturally activated ganglion." 

In harmony with our theory of eleetrotonic activation of nerve cell 
discharge we see distinct advantages to the processes underlying the pheno- 
menon of after-discharge, for it is quant i ty  of signals irrespective of temporal 
arrangement and, therefore, quanti ty of electrotonie excitation current that  
counts. For that  reason an extension of the effects of a single synaptic dis- 
charge giv6s tha t  discharge a longer driving action. Where coordination is 
of a low order, as in outlying ganglia, after-action of a signal on the neuro- 
membrane permits the cell to operate with the aid of a smaller number  of 
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synapses. For simplicity of explanation we employ a nerve cell with but  a 
single synapse such as illustrated in fig. 0.7, 8. The synapse, known as the 
calyx type, is exceptionally large and covers much of the excitatory pole 
opposite the axon hillock. The calyx synapse is of special interest because 
it excludes all possibility of convergence and, therefore, challenges the statement 
commonly made that  a single synapse or single impulse will not fire a nerve 
cell. -Undoubtedly the calyx Synapse must  have been overlooked in this con- 
neetion. The large active area created by the arrival of a single impulse, 
theoretically at least may be expected to fire the cell, for LII,LIE has established 
in the automatically discharging nerve cell model that  the frequency of dis- 
charge is directly proportionaI to the area of tile active metal exposed to the 
acid, or the amount  of current flowing. 

If it be assumed that  the activity of the neuromembrane underlying 
the calyx synapse be of short duration, we may expect a corresponding short 
lived potential drop between the excitatory pole of the cell and the axon 
hillock. This is indicated by the spikes labelled ,,synapse discharge" (fig. 28). 
As a result, each synaptic discharge would" produce but  one discharge of the 
axon hillock of the receiving cell ~as indicated in the lower record labeled axon 
hillock discharge. That  discharge would occur the moment  the potential drop 
reached threshold value. Since the short lived electrotonic current subsides 
below threshold level during the refractory period of the axon hillock a second 
discharge could not occur. But if the activity of the neuromembrane beneath 
the synapse diminishes more slowly, as indicated in fig. 28-2 the cell would dis- 
charge so long as the electrotonic current continues above the threshold 
strength, at a frequency largely determined by the refractory period of tile 
axon hillock. Lesser prolongation of synaptic activity such as represented 
in 28-3 could not increase the frequency of discharge above that  in 28-1 unless 
the synaptie discharges were accelerated as shown in 28-4. Then the electro- 
tonic current of the receiving cell would remain above threshold value and 
fire the axon hillock at a higher frequency. The rate of discharge would bear 
no relation to the incoming signals however. If next we assume that  the fre- 
quency of axon hillock discharge is capable of varying with the magnitude of 
the eleetrotonie current an irregular synaptic discharge would tend to produce 
an irregularly changing potential drop and therefore an irregular discharge 
of the axon hillock (see fig. 9,8-5). In cells supplied with a dense covering 
of synapses, irregularity would be less probable due to the smoothing out 
eifects of multi tudinous local negativities. Fig. 9,8-6 illustrates our con- 
ception of true after-discharge. When the synapses stop firing the post 
electrotonic current subsides and the frequency of discharge retards and 
disappears the moment  the subthreshold level is reached. In conclusion it 
may be suggested that  after-action at the synapse will be found related to 
magnitude of impingement  of signals on the cell, tha t  the greater the number 

33* 
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Fig'. 27. Variet ies  of  synapses  of pa r t i cu l a r  in te res t  in relaVion to the  discussion of sy:oaptJc af ter -ac t ion  
and  ne rve  cell a f t e r -d i scharge  and  to the  principle of Surface ac t ive  a rea .  (See te,~t page  515. 

N o t e  t r e m e n d o u s  differences in the  size of boutons . )  

" 'F igures  1 to 9 represent  types  of synap t i e  endings  found  in aeustieo-Iate~'ai centers  oi goldfish;  eli 
s ta ined  wi th  a c t i v a t e d  pro targol  m e t h o d  and  d r awn  a t  x 1340. Fig. 3 to 9 coun te r s t a ined  ~4th ~Ialiory- 
azan ;  fig. 3, 4, 5, 6, 8 and  9 f r o m  spec imen 37. 

I La rge  and  small  endfee t  of HELD-z~UERBACI~ Oil t he  ven t r a l  dendr i fe  (d) of ~r ceil. Spe- 
c imen  27. 

2 Club ending of ves t ibu lar  fibel ~ endinK on l a te ra l  dendr i t e  (d) of ~[A_UTHNEnS cell. No te  a r r a n g e m e n t  
of neurofibri ls  in t he  two synap t i e  e lements .  Specimen 21. Photomicrogrs .ph  of sa,me club in fig. 21. 

3 Fine mye l ina t ed  fibers ending on cell of media l  acus t ic  nucleus  by  m e a n s  of  t i n y  endfee t .  
4 Fine mamyelJna ted  f ibers  ending  on per ikuryon  of )L~uT!dN~RS Cell b5 ~ means  of t iny  endfee t  s imi la r  

to  those  of fig. 3. Con]pare wi th  four  smal les t  endings  in fig, 1. 

( N r .  5 to,, 9 see page 517.)  
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of synapses impinging on a single neuron the less sustaining need their after- 
action be to in~ure a regularity of eellular discharge. In this light the pheno- 
menon assumes significance as a stabilizing influence in nervous integration. 

i 2 
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Fig. 28. H y p o t h e t i c a l  s chema  of the  physiological  funct ion  of synapt ie  after-action and  of neuron after- 
discharge. The  condit ions requi red  b y  this  s chema  is a neuron  supplied wi th  b u t  a single synapse of the  
c a l y x t y p e .  The  i m p inge me n t  of a single impulse is a s s u m e d t o  be sufficient to discharge the  seeondaryneuron .  
The  horizontal  line, m a r k e d  threshold ,  indicates  t he  in tens i ty  of t h e  eleetrotonie cu r ren t  requi red  to acti- 
v a t e  t he  cell. The  spikes,  labeled synapse  discharge,  indica te  t h e  m o m e n t a r y  f luc tua t ion  of t h e  electrotonie 
cu r ren t  p roduced  by  t he  i m p i n g e m e n t  of a single impulse.  Th e  axon  hillock discharge shows the  f requency  
of f ir ing of t he  secondary  neuron.  This  is seen to v a r y  wi th  t h e  du ra t ion  of synapt ie  a f te r -ac t !on  and  with 

t he  f r equency  of synap t ic  discharge.  For  f u r t h e r  deta i ls  consul t  tex t .  

12. The Recurrent Collateral as a Challenge to the Theory 
of Synaptic Transmission. 

The phenomenon of after-discharge should have seriously questioned 
the classical views of synaptic conduction, for if there was no evidence that  the 
synapse itself continued to fire after the nerve fiber had delivered its signal, 
how could the continued activity of the nerve cell possibly be explained on 
a highly adjusted temporal arrangement? Vague as the whole subject was, 

5 Large  endfee t  on ve n t r a l  dendr i te  of MAUTtth'ERS ceil. Note  b a n d  of reds ta ined  g ranu l a r  mi tochondr ia  
a t  the  t e rmina l  surfaces  of the  endfeet .  Compare  wi th  la rges t  endfee t  in fig. 1, 18 an d  20. 

6 Cinbqike ending of smal l  m y e l i n a t e d  f iber  ending on per ikaryon  of ~VIAuTItNERS cell. No te  b a n d  of 
mi tochondr ia  a t  t e rmina l  sur face  of ending and  myel in  s h e a t h  (red) inves t ing  axon.  

7 Club ending of large mye l ina t ed  f iber  ending on l a t e ra l  dendr i te  of ~[.~-IJTItNERS cell. Neurofibrils in 
dendr i te  are  cut  t r ansverse ly  and  appea r  as m i n u t e  dots .  Compare  wi th  fig. 2, in which myel in  shea th  and  
lni tochondria  a t  t e rmina l  sur face  of club are  no t  s ta ined.  Specin]en 35. 

8 La rge  mye l ina t ed  ves t ibu la r  f iber  (left) fo rming  a ca lyc i form ending,  embrac ing  por t ion of t angen t i a l  
nucleus cell (right). No te  b a n d  of g r anu l a r  mi tochondr ia  a t  t e rmina l  sur face  of calyx,  and  myel in  shea th  
(red) enveloping axon  (left). 

9 Several  large mye l ina t ed  ves t ibu la r  fibers ending by  mean s  of e lubshaped te rmina l s  on la te ra l  den- 
dr i te  (d) of MAUTHNERS cell. Note  a r r a n g e m e n t  of neurofibrils in axons and  in dendri te ,  and  the  difference 
in the i r  caliber. Dendr i t e  cul~ obl ique ly ."  [BODIAN: J .  comp. Neur .  68, 117 (1937).] 
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the firmly implanted idea that  nerve cells functioned by conducting impulses 
seemed to stand in the way of a new conception, for are not e//ects actually 
conducted from the peripheral receptors through the central nervous system 
to the end organs ? But e[[ects seemed to be confused with impulses for if the 
question is examined critically what evidence is there of the conduction of 
an impulse from one neuron to another when convergence of any marked 
degree occurs. Yet this is the present status of the subject as recently summari- 
zed in the Synaptie Symposium by GASSER (65), ERLANGER (66), B~O~K (62) 
LO~ENTE DE No (67) and FoRBeS (68). Not only are impulses believed to 
travel along the dendrites and cell body to the neuraxon but antidromieally 
from the neuraxon to the dendrites [EcchEs and HoFF (69)], GASSE~ (70), 
C~EED, DENNY B~OWN, EceLEs and SI~ER~INGTON (71)]. And on this pure 

assumption precise quantitative experiments are performed and basic con- 
clusions drawn concerning the nature of the process of synaptie transmission. 

The difficulty of a direct approach to the problem is realized by all. On 
the assumption that  the physiology of the synapse is but a sample of neuro- 
physiology, Lucks was among the first to consider an intensive s tudy of the 
neuraxon as the practical method of approach [see FOl~B~s (68)], GASSER (65) 
has taken the same point, of view as indicated in the opening paper of the 
symposium on Synaptic Transmission. 

"The first question that  would naturally be asked about the synapse is: What is the nature 
of the material coming in contact at its borders ? The answer to the question must come from 
a direct study of the synaptic region of the neuron, and for that  reason ib is a difficult one to 
obtain. As an introduction to the problem, attention has been directed to properties of the 
axon, because of the expectation that  the events which take place in those parts of the neuron 
entering into the synapse may resemble, qualitatively at least, events taking place in other 
parts of the neuron. If  it could be shown that  the expectation has a foundation in fact, to the 
extent to which it holds, axon physiology could be transferred directly to synapse physiology." 

LO~ENTE DE NO (67) comments as follows: 
"The transmission of impulses through any neuron is not an event that  necessarily occurs 

after the activation of any synapse on the neuron. On the contrary, it is an event that  fails to 
take place unless several synapses are activated, and, moreover, unless the ~ctivation complies 
with a set of most rigid and exacting conditions. :Figuratively speaking, i t  may be said r 
synaptie transmission is 'optional' for any neuron; therefore, without detailed knowledge of 
vhe anatomical and physiological conditions that  determine the 'choice', it cannot be predicted 
whether stimulation of fibers of a certain nerve, or of a certain pathway, will result in trans- 
mission; nor can it  be predicted through which anatomical channels the transmission, if at  all, 
will be effected." He states further that  "The soma of the motor neuron is electrically excitable 
and the nerve impulse when entering it is accompanied by ~n electrical sign and that  the impulse 
is locally initiated under the most densely activated zone of  the synaptie scale, and that  from 
there on it spreads over the remainder of the soma and also enters the axon." 

The harriers to a direct approach to the problem have been most effective 
but sometimes nature gives the clue where direct experiments seem almost 
hopeless. I t  is on this very point that  the recurrent collateral seems to bear 
in a most critical way. These most interesting structures which have puzzled 
physiologists are described and illustrated by CAJAL (26) in three varieties 
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of cells- the anterior horn, the Purkinje and pyramidal (see fig. 29 and 30 and 
schema 31). Assume for example that signals from converging fibers A, B 

e 

1 

Fig .  29. F ig .  30. 
Fig .  29 a n d  30. P y r a m i d a l  a n d  P u r k i n j e  cells s h o w i n g  r e c u r r e n t  co l la te ra l s .  (RA~ON y CA~dL: I I is tologie  

d u  sys t~me N e r v e u x ,  Vol.  1. P a r i s :  A. lVfeloine 1909.) 

and C in fig. 31 have set up an excitatory wave in the nerve cell which then 
passes down the perikaryon in the accepted way. On reaching the point E 
the impulse travels back through the 
recurrent collateral to D, which had 
just been activated. The time r~qui- A 
red for the impulse to travel ~he s 
microscopic distance DED must be ~ _  E 
infinitesimally small, meaning that ~ [ 
the returning signal would find D in 
the refractory period and, therefore, 
unresponsive. If on the other hand Fig.  31. S c h e m a  i n d i c a t i n g  t h a t  a n  impu l se  pa s s ing  

p o i n t  D on  i t s  w a y  to  t h e  n e u r a x o n  w o u l d  on  r e t u r n i n g  
w e  a s s u m e  that synaptic activation v ia  t h e  r e c u r r e n t  co l l a t e r a l  f i nd  p o i n t  D r e f r a c t o r y ,  

Query -  tKow do s u c h  imp l i ca t i ons  c o n f o r m  w i t h  t h e  
of the neuromembrane is a relatively t heo r i e s  of s y n a p t i e  t r a n s m i s s i o n  a n d  s y n a p t i e  dr ive  ? 

local phenomenon dependent upon 
the recent arrival of a signal, locus D will be responsive to recurring signals 
for if these discharges are of a relatively low frequency, which is usually the 
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case, D will respond to every recurring signal and thereby increase the ge- 
neral potential drop. 

We, therefore, like to think of each signal returning at D as reestablishing 
activity and, therefore, adding its quota of negativity at that  point. Tha~ 
effect could be at tained by a pure electrical excitation, by increasing the local 
metabolic rate, by a change of permeability or most probably, as we prefer to 
interpret the function of the neuron, by a deposition of acetylcholine. Such a 
deposition of acetylcholine would be comparable to the local application of 
chloroform or KC1 in the Nitella [0STER~OL'~ and HILL (45)] which was seen 
to produce a rhythmic discharge of its covering membrane. The purpose 
which the recurrent collaterals serve is a most interesting speculation. All 
indications point to an automatic mechanism of self excitation which could 
be employed either as a preventive against lowered activity consequent upon 
fatigue or for increasing the activity and the development of fatigue thereby 
providing a cutting of mechanism for the production of rhythmic activity 
such as the respiratory center displays. 

In conclusion we should like to add a pert inent comment  by ForBES (72) 
in his review of spinal reflexes written in 1922, for its bearing on our concept 
of limitation of synaptic action at the neuromembrane. " In  the spinal cat 
with proper controls for electrode polarization the flexion reflex may show 
marked fatigue in a half-minute or so. That  the fatigue is central is proved 
by the fact tha t  immediately after failure of reflex response stimulation of 
the motor nerve will evoke a full-sized contraction of the muscle." 

"SHERmNOr and LEE and EWRL~GHA~ have shown that  such reflex 
fatigue does not involve the motor neuron as a whole, but  only the particular 
channel of approach to it which has been employed. Under SeER~INGTO~s 
direction I found that  fatigue o f  the flexion reflex as evoked through the 
popliteal nerve usually did not impair the response evoked immediately after- 
wards through the peroneal nerve, and vice versa. Indeed, the test reflex 
evoked through one nerve was usually even more vigorous after fatigue of the 
reflex arch through the other nerve than befd~re, although when the fatiguing 
stimuli were above a certain strength the subsequent test reflex showed slight 
impairment.  S~ERRI~GTON concluded from evidence of this sort that  the seat 
of fatigue is in the particular synapse whereby the motor neurone is excited." 

13. An Electrotonic Theory of Nerve Cell Inhibition. 
Should excitation solve itself in terms of increased neurocellular potential 

drop, inhibition must  conversely solve itself into a corresponding decrease of 
potential drop. By allocating the boutons transmitt ing inhibitory signals 
to a region in the immediate proximity of the axon hillock (see fig. 23, 46 and 
58), such an arrangement  is readily consummated. This region then becomes 
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electrically negative in response to "inhibitory" signals as the excitatory end 
of the cell does to its "excitatory" signals. The negativity thus imposed by 

'ghe inhibitory signals diminishes the cellular potential drop from the dendrites 
to the neuroaxon and opposes the outflow of current at the axon hillock. Should 
this current fall below the threshold value the cell would stop discharging. 
Thus excitation and inhibition become fundamentally the same phenomena. 

Fig.  ag.  ' T e r i k a r y o n  of ~IAUTIcINER'N cell showing  de ta i l s  of a x o n  c a p  as  t h e y  a p p e a r  in a select ive 
ne rve  f ibe r  i m p r e g n a t i o n  w i t h  a c t i v a t e d  p r o t a r g o l .  N o t e  i r r e g u l a r  spi ra l  of f ine  f ibers  f o r m i n g  t h e  cen t r a l  
core  of t h e  a x o n  c a p  (sp.). These  f ibers  e n t e r  t h e  sp i ra l  as  a b u n d l e  (s. b.) wh ich  ar ises  in t h e  s u p r a c o m m i s -  
sm'a l  p a r t  of t h e  fasc ieu lus  l ong i tud ina l i s  media l i s ,  a n d  l eave  t h e  sp i ra l  t o  t e r m i n a t e  on t h e  a x o n  hi l lock 
b y  m e a n s  of t i n y  end fee t  (S). Also no t e  t h e  u n m y e l i n a t e d  co l l a t e ra l s  (U.C.) w h i c h  ar ise  f r o m  V I I I  f ibers  
a n d  r a d i a t e  t o w a r d  the  a x o n  h i l lock  a r o u n d  w h i c h  t h e y  t e r m i n a t e  b l u n t l y  (see fig.  33), o r  b y  m e a n s  of 
endfee t .  L .E . ,  l a rge  end fee t ;  e., m y e l i n a t e 4  c lub  end ing .  O t h e r  l egends  as  in  fig.  33. Speein]cn 17. X.  720 . "  

[BODL~h': J .  comp .  N e u t .  68, 117 (1937).]  

The effects of excitatory and inhibitory signals would differ only as a result 
of their geographical impingement upon the cell. 

But this controt of potential drop which we have outlined is not merely 
speculation. Again MAUTHNER'S cells assume tile greatest interest and impor- 
tance for these truly remarkable cells give support to the eleetrotonic theory of 
inhibition as they do to electrotonic excitation. A very conspicuous group 
of fibers advancing in special formation, winding about the axon hillock and 
ending in a mass of tiny boutons has excited the curiosity of neurohisto- 
logists [see fig. g2 and 33 by BODIAN (58)]. On a purely structural basis this 
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arrangement suggested a localization of function in the nerve cell, excitation 
in the dendritic end and inhibition on the axon hillock end. 

The strategic position of these hypothetical inhibitory boutons at the 
axon hillock is interesting in that an impressed negativity at a point of conver- 
gence where the current leaves the cell must be very effective. The extremely 
small size of the inhibitory boutons (see fig. 33) fortunately allows room for 

Fig.  33. ' T e r i k a r y o n  of MAUTHNER'S cell, s h o w i n g  a x o n  h i l lock  (h), a x o n  (a), c e n t r a l  p o r t i o n  of a x o n  cap  (sp),  
a n d  t i n y  t e r m i n a l  f ee t  (e) of f ine  n n m y l i n a t e d  f ibers  in  c e n t r a l  p a r t  of a x o n  cap .  m. ,  b e g i n n i n g  of mye l in  
s h e a t h  of  M~VTg~rE~s f iber ;  gl., g l ia ;  c. d. ,  c a p  d e n d r i t e ;  L .E . ,  l a r g e  e n d f o o f .  Spec imen  37. X 1440 ."  

[BoDL~N: J .  comp .  N e u r ,  68, 117 (1937).] 

the impingement of a large number of boueons in the limRed region of the 
axon hillock. This would seem essential for a highly graded inhibition. Looking 
for analogous arrangements in higher forms the basket-like connection around 
the body of the PvR~I~-a~ cells assume a new interest (see fig. 84 by CaJaL (26) ]. 
Until histological evidence is found, pro or con, it will be well to bear in mind 
that the dendrites represent by far the greatest portion of the active surface 
area of a neuron, therefore an alternative arral~gement of connections is possible 
in which the inhibitory boutons might be stationed at the base of each dendrite 
instead of at the axon hillock. Highly concentrated increased negativities at 
these restricted areas would block the descending currents in each dendrite 
and thereby the total outflow of current a~ the axon hillock. 

For simplicity of representation in our schemas we have connected all 
such fibers as are believed to be excitatory to the excitatory pole of the reticular 
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cell and such fibers as may possibly be inhibitory to the inhibitory pole (see 

fig. 46). 
The question may well be asked how can an impressed negativity at 

the axon hillock produce inhibition without causing excitation of the neuraxon 
beyond? The answer is given arbitrarily in our schema (fig. 35) where a 
threshold stimulus of 10 M.V. is assumed to be necessary to fire the axon 
hillock (see Section A) and 
a similar potential drop 
between the firing hillock 
and number I node of RA•- 
v I ~  is assumed to be he-" 
cessary to fire the neuraxon 
proper. The continuous vol- 
tage drop is assumed to 
fire the hillock at a fre- 
quency of 10 per second. 
Each increase of 1. M.V. 
potential drop between the 
dendrites and axon hillock, 
let us say from peripheral 
chemoeeptor signals, will 
add one extra discharge 
per second. So at 20M.V. 
potential drop the rate 

would increase to 20 per Fig. 34. Basket connections about cell bodies of PUB, KINJE cell. 
s e c o n d  (see Section B). I t  (~AMo~ y CAJAL: tIistologie dn syst6me Nerveux, Vol.1, p. 735. 

Paris: A. Meloine 1909.) 
is obvious that  this acce- 

lerated rate of firing might be reduced in two ways, by  withdrawing reflex- 
ogenic drive from the dendritic end or by increasing the negativity at the 
axon hillock. A reduction of 15 M.V. of reflexogenic drive from the 20 M.V. 
potential drop to 5 M.V. would for example produce a stimulation defici~ 
of 5 M.V. or an inhibitory asset of the same value. This would need to be 
overcome before reexcitation could occur.' Or if we begin with a lower potential 
drop of 10 M.V. the same results would be accomplished by impressing a steady 
negativity of 5 M.V. at the axon hillock through the inhibitory boutons (see 
Section C). Here, as in the first example, the cellular potential drop would 
be 5 M.V. below par and, therefore, the axon hillock would not fire. Sustained 
negativity at the axon hillock would also establish an electrotonie current 
between the axon hillock and node @ 1 with a potential drop of 5 M.V. which 
would be 5 M.V. short of the amount required to fire the neuraxon. Another 
and much simpler conception meet ing the requirements of inhibition is to 
assume that the potential gradient required to fire the axon hillock is low as 



524 ROBERT GESELL: A Neurophysiologiea,1 Interpretation of the Respiratory Act. 

ELECTRICAL FIELDS OF- DISCHARGING N. ERVE CELL AND NEURAXONE 

f 

POTENTIAL DROPS OF DISCHARGING NERVE CELL AND NEURAXONE 

M.V. A, CENTRALLY GENERATED POTENTIAL DROP 

FR EQ UAENCY OF 
2 0  DISCHARGE 

~ B .  CENTRALLY :ENERATED POTENTIAL DROP 

~ ASED BY REFLEXOGENIC EXCITATION 

tO / ~ C. CENTRALLY GENERATED POTENTIAL DROP 

Fig. 35. Schema  i l lus t ra t ing the  eleetrotonie mechan i sm of inhibition. See t ex t  for details.  

OPPOSING rNHIBITORY VO, LTAGE 

//, ~,/ ~'.'o:I/11/ f, / /,/,I//I ,?' ,~' ij~l 

Fig. 36. Inorgan ic  model  demons t ra t ing  t h a t  app rox ima t ion  of vol tage  opposing the  outflow of currel t 
a t  the  " a x o n  hi l lock"  will r e t a rd  or stop the  r h y t h m i c  discharges f rom the  " n e r v e  cell".  The appl icat ion 

of such inhib i tory  vo l tage  fails to s t imula te  the  " n e u r a x o n "  beyond.  

compared with that required to fire the neuraxon. This would allow a relatively 
high continuing negativity at the axon hillock without the danger of discharging 

the neuraxon. 
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This arbitrary explanation of inhibition is supported by our inorganic 
nerve model (fig. 36) (GmsELL, Unpublished). A plate of Armco iron is covered 
with paraffin except for the areas indicated "cell body",  "axon hillock" and 
"nodes of Ranvier".  When such a model is placed in nitric acid the activity 
of the large area of exposed metal corresponding to the cell body and its den- 
drites periodically excites the axon hillock. Each discharge of the axon hillock 
is then propogated with the greatest velocity from node to node as postulated 
by LILLIE. Just  as LILLIE showed tha t  the amount  of active area and, 
therefore, the amount  of current flowing, determines the frequency of firing 
we have shown that  suppression of this current by approximating an opposing 
voltage will retard or stop the discharge of the axon hillock completely with- 
out setting up new discharges in the neighboring "nodes of Ranvier".  

14. An Hypothetical Structural Basis of Respiratory 
Activity Patterns. 

Assuming that the continuing discharge of the reticular cells is the basic 
activity upon which the respiratory act is built, it becomes desirable to de- 

Fig. 37. Rhy thmica l l y  grouped  discharges of the isolated nerve  ~iber au tomat i ca l ly  developing in response 
to the cur ren t  of in ju ry  a t t h e  cut  end of the  nerve.  [ADP, I_~N: Proc. roy.  Soe. Lond.  106 (B), 596 (1930)], 

termine the mechanism for periodically accelerating and interrupting.this 
train of discharges. We have already shown that some central mechanism 
exists which is capable of responding in a rhythmical way to the steady chemical 
drives of centrogenic and reflexogenic origin. This was established in the 
curare experiments in which periodic signals were completely eliminated. Such 
a central mechanism is generally thought  to reside in the reticular formation 
of the medulla. But  the nature of the slowly augmenting acceleration and 
recruitment of the inspiratory contraction must  still be determined. 

ADmASs (46) records (see fig. 37) of the response of the isolated nerve 
fiber to its own current of injury shows groupings of impulses of diminishing 
frequency, indicating a decreasing ability of the nerve fiber to respond to a 
steady flow of current. GASSEa (73 and 74) has shown the importance of 
previous activity of nerve fibers in the production of rhythmic activity by a 
superimposed induction shock upon a continuing discharge (see fig. 38). Grouped 
discharges may actually come to an end as a result of sheer exhaustion of the 
nerve and its failure to respond to prevailing stimulation. In this respect the 
isolated nerve, may be no different from the respiratory center for such has 



526 ROBERT GESELL: A Neurophysiologieal Interpretation of the Respiratory Act. 

been the theory in regard to breathing. The end of an inspiratory discharge 
in a vagotomized animal ]n which the so-called inhibitory reflexes are eliminated 

is assumed to occur when the center has spent 
itself. 

To these chemical mechanisms of interrup- 
tion we have added an hypothetical structural 
mechanism which gives some faint promise of 
explaining not only interruption but acceleration 
of frequency discharge as well. I refer to the re- 
current collateral whose function is still a matter  
of pure speculation. The idea is best followed 
with the help of figures 39 and 40. The recur- 
rent collaterals are pictured as carrying signals Fig'. 38. P e r i o d i c i t y  s u p e r i m p o s e d  

%lpon a d i s c h a r g i n g  n e r v e  fiber by back to the dendrites of the cell, thereby inerea- 
a single i n d u c t i o n  shock.  (GAssE~: 

H a r v e y  L e c t u r e )  1936. sing the sum total of signals impinging on the cell. 
The resulting increased cellular potential drop 

increases the frequency of the axon hillock discharge. The increasing recur- 
rent signals in turn increase the potential drop still more which increases 
the rate of discharge and the number of recurrent signals and so on. The 

CAROTID BODY 

/ I +-REC RENT OOLLATE~AL 

t < k k ~ ' ~ [ ~ A / ) < E L E G T R O T O N I C  EXCITING CURRENT 

AFFERENT I / I I 

RECURRENT' I II / ! ..SIGNALS BEG IO0 I10 I 210 331 464 610 [ / / 7 7 1  948 1143 1357 5931185B 

PERIODIC DISCHARGES OF AXON HILLOCK (FREQUENCY CURVE. BELOW) 

I I IIII]111111 I I I I I I I I I I I I I  I I I I I I I I I I I I I  I I  I IIIIIIIIII 

Fig.  39. A n  h y p o t h e t i c a l  m e c h a n i s m  of r h y t h m i c a l  acce le ra t ion  a n d  i n t e r r u p t i o n  of t he  s t e a d y  s t a t e  
discharge. I~eenrrent collaterals carry signals from the neuraxon back to the excitatory end of the neuron 
thereby increasing the electrotonic excitation current up to the end of the inspiratory discharge. See 

text for further explanation. (GESELL: Heart, Blood and Circulation. 1940.) 

progressive nature of the self augmenting cycle is shown schematically in 
fig. 39. This effect cannot continue indefinitely. Its very nature implies a 
self limitation, set by the peculiar properties of the neuromembrane which is 
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firing at the axon hillock. The ability of the cell body to meet  the increa- 
sing needs of repair must  play a most important  role. Progressively increasing 
activity raises the threshold of excitation at a rate disproportionate to the 
increasing electrotonie Current due to growing exhaustion (see fig. 40). In- 
creasing electrotonie current fails to maintain its lead. I t  crosses under the 
more abruptly rising curve of threshold of excitation and the cell stops firing 
at once. The reexcitation component  which had been built to high values, 
therefore, suddenly weakens which delays further firing until the threshold 

uJ 
I K z  
r i s e  

o=5 
Z I - -  

~ 

O t z :  
~ Z  
V- I -  

W 

INSPIRATORY EXPIRATORY 
PHASE PAUSE 

Fig. 40. Graph showing the hypothetical changes in the eleetrotonic excitation current and the threshold 
o~ excitation creating acceleration of frequency and interruption or[ the steady state discharge. See text.  

[ATKINIgON~ BROWN and GESELL: Amer. J. Physiol. 129, 303 (1940).] 

of excitability falls below the more slowing diminishing electrotonic current. 
The cell then fires and the cycle repeats itself again. 

15. A Central Neurostructural Basis for Recruitment. 
Acceleration of frequency is but  the smaller part  of increasing muscle 

power in the slowly augmenting type of contraction. Recrui tment  of additional 
elements, in our experience, is by all odds the more important  of the two. 
Though separate phenomena, acceleration and recruitment are inextricable, 
for acceleration of one or more reticular cells may be the deciding factor for 
the recruitment of another. What  then is a simple mechanism of recruitment ? 
Highly sensitive reticular cells are placed at the head of the reticular columns 
to act as pace setters for the group (see fig. 41). These cells may be assumed 
to possess a high potential gradient and a responsive neuromembrane. Slight 
differences in sensitivity may possibly start the inspiratory fusillade now in 
one cell and now in another. The stream of signals once started, let us say 
in cell @ 1, descends in a reticulo-spinal neuraxon to its group of anterior 
horn cells. On its way, this stream supplies signals by collaterals to the exci- 
tatory pole of cell @ 9, which is still quiescent, but  near the threshold of ac- 
tivity. In due time, as the collateral signals from cell @ 1 take effect, cell @ 2 
begins to fire. Cell :~ 2 then sets off cell @ 3 in a similar way. Recrui tment  
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HERING'S NERVE 

~COLLATERAL 

Fig. 41. An  hypothe t ica l  me c ha n i s m  of r e c ru i tme n t  in the  insp i ra tory  hals center  dependent  upon seNa! 
connections of the  re t icular  cells wi th  recrui t ing  collaterals. Note  hypothe t ica l  g r ada t ion  of imp in g emen t  
of chemoceptor signals on inspiratory reticular cells. (Eight synaptie connections from the chemo- 
ceptors have been allotted to reticular cell @ I, seven to cell :~5 2 and six to cell @ 3.) Such an arrangement 
would assist in maintaining the pace setters at the llead of the reticular eolunm, l~ecruiting collaterals 
were omitted on the exI)iratory half center (see fig. &3 and 46) to con1~orm with the steady state pattern 
of ac t iv i ty .  Graded  i m p i n g e m e n t  of chemoeep tor  fibers in the  exp i r a to ry  center  would  however  be suitable 
for add ing  new ac t ive  exp i ra to ry  nnits  wi th  increasing chemical  s t imulat ion,  bu t  t h a t  has been omi t t ed  

in the  d iagram.  For  fu r the r  details see t e x t .  (GESELL: H e a r t ,  Blood an d  Circulation. 1940.) 

Fig. 42. I n t e r m o t o r  connections described by  R~'Tz~us and LE.~HOSSEK. (From RA~[O~ ~ Y CAJAL: 
It istologie du syst~me Nerveux ,  Vol. 1. Paris :  A. 1VIeloine 1909.) 
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thus continues down the reticular column until cell @ 1 ceases to fire. Ab- 
sence of signals frbm Cell ~ I withdraws heavy support  from cell !t~ 2 and brings 
it to rest by red hcgion of  its electrotonic current below threshold value. Cell 
@ 3 follows suit. Decrui tment  is more rapid than recruitment as might be 
expected from the sudden falling off ,of cell @ 1 .  As anatomical basis of the 
mechanism of recruitment (fig. 49.) is reproduced showing the purely inter- 
motor connections of RETzIvs and V. LENHOSSEI< (26). 

16. Central Reciprocating Interaction 
of the Respiratory Half-Centers. 

I t  is customary to think of breathing as a balanced motor act in which 
inspiration and expiration transpire in closely regulated reciprocal relations 
even though expiratory activity in the muscles is sometime missing and often 
weak. Granting a total absence of contraction of the expiratory muscles the 
probability still remains that  the expiratory half-center in the medulla is 
actually discharging, though not vigorously enough to fire the expiratory 
motor cells in the spinal cord. That  being the ease, the phasic shift which 
we are about to describe may always play a par t  in the integration of the 
respiratory act. 

The mechanism we propose is this (see fig. 43). The pace setter (cell @ 1) 
on the inspiratory side leads off. I t  provides signals by way of the reciprocating 
collaterals to the inhibitory poles of an antagonistic expiratory reticular cell 
which, let us say at that  moment ,  is active. The result of such an arrangement 
is reciprocal inhibition. As inspiration waxes the inhibitory action on the 
opposing cell increases in proport ion to the number of inspiratory signals ira- 
pinging on the expiratory neuron. But  that  is only one-half of the mechanism, 
for the expiratory reticular neuraxon is connected by a collateral to the inhi- 
bitory pole of its inspiratory mate. As the expiratory reticular celt is inhibited 
and lowers its rate of firing it withdraws its restraint on inspiratory cell @ 1. 
This is t an tamount  to excitation, for it is irrelevant, as we have seen, whether 
the inhibitory pole turns less negative or the excitatory pole more negative. 
Inspiratory cells thus draw their own excitation from their opposing cells. This 
should be a most positive arrangement of reciprocating activity. Conceivably 
it could be a highly important  adjunct  to hyperpnea for when the expiratory 
muscles are very active quick reciprocal shiRs in activity are imperative. As 
we shall see it seems to be part  and parcet of the phenomenon of rebound. 

This mechanism of central reciprocating activity is very different from the 
reflex reciprocal inhibition originally proposed by SHERRISGTON (61). I t  is more 
like that  advanced by BRows (75 and 76) for rhythmic activity of the cord. 
Our mechanism however is more inclusive in that  it recognizes reciprocal 
activation as well as reciprocal inhibition and presents specific means by 

Ergebnisse der Physiologie. 34. 34 
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which the reciprocating activities may be accomplished. Our concept of 
reciprocal inhibition differs more fundamentally from that advanced by GassER 
(73). His view calls for dual afferent connections with internuncial neurons 
plus a synchronizing mechanism for shifting the afferent excitation alternately 
from the flexor to the extensor neuron. In our o 9mien the requirement of a 

CAROTID BODY . / / ~  ~ ]  7 x"~.~ "~" 11 '''/ I ~ ~CAROTID BODY 
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Fig. 43. Schem~ showing hypothe t ic~l  connect ions for  r e c ru l tme~ t  ~ 4  for  reciprocaI  inhibit ion anct 
e x c i t a t i o n  be tween  half-centers.  Note  t h a t  rec iprocat ing connect ions a re  a s su med  to exist  bo th  in the 
cen te r  and  cord. I t  is not  illogical to a s sume  recrui t ing collaterals in the  cord as well as in the  center.  F c r  

fuller discussion see text .  (GESELL." Hea r t ,  Blood an d  Circulation. 1940.) 

synchronizing mechanism eliminates his theory as a possibility. At least we, 
like WYss (93), have been unable to discover the existence of this phenomenon 
described by ADRIAN and BUONK (6) and RIJ~A~T (8) either in muscle or 

nerve centers. 
Our concept raises a still more important issue, namely, is direct reflex 

inhibition of motor integrations an established phenomenon of major importance ? 
TO us it seems infinitely more simple and more certain to look upon motor 
reflexes as positively driven activities. A flexion reflex elicited during the 
course of an extensor thrust would, in that  light, not produce a direct reflex 
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inhibition of the extensors bu~ working through the reciprocating connections 
of the half-centers would set up an indirect or reciprocal inhibition of the 
flexor reflex. Only under very special conditions, to be described below, are 
we able to reconcile a d~reet or non-reciprocal inhibition with our views of 
motor integration. 

17. The Central Excitatory State and the Central 
Inhibitory State. 

Much has been written on the central excitatory state and central in- 
hibitory state. They are without question the outstanding phenomen a of 
nervous integration yet  little is known of their fundamental nature. To quote 
from the selected writings of Sir C~ARLES S•ERRI•GTON, central excitatory 
state is but a convenient. 

"Name given to an enduring condition set up by a centripetal volley in the reflex centre. 
The experimental evidence for its existence is as follows: 

(a) When separated by certain intervals (usually not longer than 20 a), two centripetal 
volleys (either in the same or different afferent nerves) evoke a reflex discharge from motoneurones 
which do not respond to either volley alone (S~ERm~CG~O~, BR~MER, ECCL~.S and SHER~r~r 

(b) When two centripetal volleys are separated by certain intervals (usually not longer 
than 20 a), the central reflex-time of the response to the second volley is greatly shortened (even 
to less than 0,5 a) (EccL~S and SH~m~GTON). 

Both these experiments show tha~ an excitatory condition set up by the first centripetal 
volley in the reflex "centre" persiste until the arrival of the second volley. On account of this 
property of existing for some time, this central excitatory condition is called the central excitatory 
state, c. e.s. The experimental observations (a) and (b) also show that for some motoneurones the 
c. e. s. produced by one centripetal volley sums with that produced by another volley. Since 
this happens under the most varied conditions, ib can be concluded tha~ in any motoneurones 
there is a summation of the c. e. s. produced by individual centripetal impulses which are separated 
by a sufficiently shor~ interval." [S~v.RRI~GTON (77)]. 

Inhibition is analysed in much  the same way as is excitation. 
"A single inhibitory afferent volley was pitted against a single excitatory volley of known 

strength, at different intervals of time and in different strengths: Its effect was also analysed in 
relation to an antidromic volley. The reflex tested was the flexion induced by stimulation of 
an afferent nerve in the same limb, inhibited by stimulation of the corresponding afferent in the 
opposite limb (spinal cat). The inhibitory influence on the motoneurone is called the central 
inhibitory state ('c.i.s.')." [SHERRr~CGrO~ (77)]. 

In relation to our views, expressed above, on the role of direct reflex 
inhibition it is pertinent to suggest that  inhibition so studied is of central 
reciprocal origin i. e. a homolateral flexion reflex elicited by reflex excitation 
of the homolateral flexor center is inhibited by a contralateral flexion reflex 
elicited by reflex excitation of the contrareflex center. No direct reflex inhibition 
would be involved. 

C.E.S. and C.LS. are compared by Sr~EgmNGWO~ and his associates in 
the following way. 

" In  many respects e.e.s, and e.i.s, are analogous states, b u t  they differ fundamentally 
in certain features. In  the following respects c.e.s, and c.i.s, are analogous: 

34* 
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1. c.e.s,  and  c.i.s, are only produced when nerve impulses in the ~erminal branches of 
one neurone are incident  on a neurone next  in series-i, e., a t  synapses. However, there is yet  no 
experimental  evidence for the  existence of inhibit ion with neurones other t han  motoneurones. 

2. The c. e.s. or c.i .s ,  produced by  a single impulse undergoes a gradual  subsidence. With  
flexor motonenrones the  ra te  of subsidence for c.e.s.  (Er and S~R~INGTO~) is several 
times more rapid t han  the ra te  for c.i.s. 

3. The c.e.s, or c.i.s, produced by one impulse sums respectively with the  c.e.s, or 
c. i.s. produced by other impulses arriving by either the  same or other  nerve fibres ending on 
t h a t  same motoneurone. I t  may  be t h a t  there is on]y summat ion between the  c.e.s, or c.i.s. 
produced a t  immediately adjacent  synapses. 

4. As a consequence of summat ion many  grades of intensi ty of ei ther c. e.s. or c.i .s,  may 
be produced on a motoneurone. 

5. When c.e.s, and  c.i.s, are opposed to each other, there is an inact ivat ion of certain 
quanti t ies of each. This mutua l  inact ivat ion is likely to be quant i ta t ive,  in which case there 
is a true algebraic summat ion between the  c.e.s, and  the  c.i.s, of a motoneurone. I t  follows 
t ha t  c.e.s, and  c.i.s, cannot  coexist in the  same place for any  appreciable time. I t  may  be t ha t  
there is a quant i ta t ive  interaction between the c.e.s, produced by  one exci tatory impulse and  
the  c.i.s, produced by one inhibi tory impulse, bu t  such a relationship is a t  present pure hypo- 

thesis. 
I n  tim following respects c.e.s, and c. i.s. differ fundamenta l ly :  
1. I f  the  c.e.s, of a motoneurone reaches a sufficient intensity, t hen  it  gives rise to the 

discharge of an impulse from t h a t  motoneurone. :No corresponding action is known for c.i.s. 
I t  has no direct effect on the motoneurone-i t  melely inactivates c.e.s.  

2. An  impulse passing antidromieally up a motor  nerve fibre to a motoneurone inactivates 
the  c.e.s,  of t h a t  motonenronc, bu t  does not  affect the  c . i .s ."  [SItEnn~OTO~ (77)]. 

According ~o S~E~I~GTON and his group: 
"There  are some differences of opinion about  the nature  of c. e.s. The extreme views are 

perhaps represented as follows: 
1. Tha t  the  electrical responses of successive nerve-impulses summate,  on analogy witll 

the 're~en~ion of act ion-current '  of crustacean nerve, or the  negative after-potential  of verte- 

bra te  nerve. 
2. Tha t  each nerve-impulse produces a quan tum of exciting agent, a chemical substance, 

which sums with other  quan ta  formed a t  the  same or neighbouring points by  o ther  impulses. 
The disappearance of c.e.s, after an  antidromJc impulse shows t ha t  c. e. s. mus t  a[. least 

be largely restricted to those parts  of the motoneurone which are accessible to such an  impulse 
i.e. to the  surface membrane of the  perikaryon and  dendrites, for, in analogy to peripheral nerve, 
the  impulse should traverse the surface membrane  of the motoneurone. I t  does not  seem possible 
t h a t  a chemical substance, such as is postula ted in the  second hypothesis, would be restricted 
to the  surface membrane  of the  motoneurone or be inact ivated  by  an  antidromic impulse. 

I n  criticism of the firs~ hypothesis i t  m ay  be pointed out  t h a t  the  negative after-potential  
of ver tebra te  nerve is possibly an  abnormal  condition of excised peripheral nerve resulting from 
absence of blood-supply and  fatigue, as is shown by its close relat ion to the supernormal  phase. 
Again, i~ is improbable t l ~ t  an  ant idromic impulse would diminish negative after-potential,  
bu t  ra ther  t ha t  i t  would add  to the  existing negative after-potential .  There is another  process 
in peripheral  nerve which may  give a clue ~o the  na ture  of c.e.s., namely the local excitatory 
s~ate. I t  is an  exci tatory process localized to the  s t imulated region of the  excitable tissue, and 
it  is capable of summation.  Al though very short  in durat ion in peripheral  nerve (about 1 a at  
most), i t  is longer in other  excitable tissues, e.g. i t  has a durat ion of a t  least 8 a in heart-muscle. 
Moreover, the  removal  of local excitatory s ta te  a t  a point  by  the  passage of a nerve-lmpulse is 
~nalogous to the  disappearance of c. e. s. af ter  an  ant idromie volley or a reflex discharge. Thus 
it  seems likely the  c. e.s. is a specialized manifestat ion of the  local exci tatory state. According 
to the  membrane  theory of nerve conduction ~he local exoif~atory s ta te  is a part ial  depolari- 
zation of the  membrane  surrounding ~he axis cylinders of nerve-fibres. By analogy, c.e.s, is 
probably a depolarization of those parts  of the surface membranes of motoneurones on which 
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excitatory impulses impinges, i.e. the synaptic membranes. I t  has been stated that some sum- 
mation of the e.e.s, is produced by excitatory impulses reaching different synapses of the same 
motoneurone. The mechanism of this summation is not clear, but it must be remembered that 
the surface membrane of the motoneurone is common to all its synapses, so that a change at any 
one synapse, e.g. due to the formation of c.e.s., could be accompanied by changes at other 
s~mapses." [CR~ED, D]~Y-B~OW~, ECCL~S, IJIDDELL and S~IS~RI~I~GTON (59)]. 

Although gradation of C.E.S. is readily demonstrable in the subliminal 
range it has not been recognized in the supraliminal range. I t  is held tha t  
C.E.S. exists only in the subliminal range for "present concepts indicate that  
it is not possible to have C.E.S. of supraliminal value. As soon as the threshold 
is reached, a discharge will set up with a consequent disappearance of C.E.S." 
[C~EED, DE~Y-BRowN, ECCLES, LIDDELL and SHERR~GTO~ (59)]. 

Our concept of C.E.S. and C.I.S. is based on our electrotonic theory of 
nerve cell activation and differs in several fundamental  aspects from tha t  of 
S~ERRI~'G~O~. We propose that  the eleetrotonie excitation current is in 
reality the central excitatory State. It, therefore, cannot be limited to the 
subliminal range but  must  extend from zero level to that  of the strongest 
excitatory current which obtains. Nor does our theory agree with the disappea- 
rance of C.E.S. each time a cell discharges. While it is probable that  the 
electrotonic current would fluctuate with each cell discharge we picture a 
relatively uniform eleetrotonic current or C.E.S. during a uniform or steady 
state impingement of signals. The frequency of cellular discharge under 
such conditions would be determined by the duration of the refractory period 
of the axon hillock and by the intensity of the electrotonic current. Should 
the electrotonic current increase as a result of a greater impingement of impulses 
on the motoneurone the resulting local negativities at the base of each synapse 
would sum, irrespective of their geographical proximity to each other or 
independent  of their temporal arrangement. There would be but  one essential 
to nerve cell activity namely:  a sufficient active nenromembrane surface to 
set up an electrotonic current of threshold value. Once the threshold electro- 
tonic current is reached, the frequency of discharge will increase with the 
intensity of the electrotonic current or C.E.S. (see fig. 43A). 

Such reasoning indicates why a conditioning centripetal volley should 
under satisfactory conditions virtually eliminate the, latent period of the 
second volley. (It is cut "even to less than 0.5 a" according to ECCLES and 
SHE~UINaTO~). For example (see fig. 43A) should the first "conditioning" 
centripetal volley bring the C.E.S. or electrotonic current of the motoneurone 
just under the threshold electrotonie current tha t  cell would be on the very 
verge of firing. So when the second volley arrives virtually no time would be 
lost in eticiting a discharge (Fig. 43A). 

On the basis of our electrotonie theory of "excitat ion" and "inhibit ion" 
there is every reason to expect the greatest similarity between C.E.S. and 
C.I.S. such as that  described above by SttEt~aIN~TON et al. As we have already 
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suggested C.E.S. and C.I.S. are identical phenomena and differ only in geo- 
graphical distribution. Effects of inhibitory impulse may, therefore, be ex- 
pected to sum and subside at the axon hillock in the same way as do the 
effects of excitatory impulses at the excitatory end of the motoneurone. So 
too is a mutual quantitative inactivation to be expected wherever C.E.S. and 
C.I.S. interact. Reciprocating machinery ensuring such coordinated mutual 
inactivation has been discussed above. 

Differences of C.E.S. and C.I.S. described by S~tERnlNGTO~ may be 
more apparent than real. For example it is held that C.E.S. gives rise to 
a discharge and that  no corresponding action is known for C.I.S. " I t  has no 
direct effect upon the motoneurone - -  it merely inactivates C.E.S." [S~Ea~ING- 
TON (77)]. Our theory holds that "excitatory" impulses i.e. those impinging 
on the excitatory end of the motorneurone and the "inhibitory" impulses i.e. 
those impinging on the inhibitory end of the motorneurone produce local 
negativities or "neuromembrane activities" of a similar nature at the base 
of the synapse where they impinge. Furthermore, we have offered evidence 
in Section 23 for the view that a sudden withdrawal of inhibitory signals is 
capable of activating a nerve cell just as is a sudden arrival of excitatory 
signals. This concept is employed as an explanation of rebound, a most im- 
portant phenomenon in the turning of the phase of any rhythmic activity 
such as breathing. 

18. The Dual Driving Action (Inspiratory and Expiratory) 
of the Chemoceptor Signals. 

With the aid of our hypothesis of reciprocating activity between half- 
centers serving as a prelude, we may now return more specifically to the role 
of sensory impulses in motor integration. Reference to figures 41, 43 and 46 
will show that we have dispatched the impulses coming from the chemo- 
ceptors to the excitatory poles of both the inspiratory and expiratory reticular 
cells. The need of such dual connections is indicated by the selective excitatory 
action of cyanide on the inspiratory and expiratory act dependent upon the 
moment of its arrival at the carotid body [GEsELL and WmTS'(78)] (see fig 44 
and 45). Injected during the inspiratory phase it augments the inspiratory act 
which is then in progress (fig. 44). Reaching the carotid body during expiration 
it increases the expiration which is under way (fig. 45). It  is thus concluded that 
both inspiratory and expiratory reticular cells are susceptible to reflexogenic 
drive of chemoceptive origin, that inspiratory and expiratory reticular cells are 
under continual bombardement from the outlying chemoceptors but that only 
one group is capable of firing at a time [GEsnLL and WroTE (78)]. For further 
evidence of dual stimulation by the carotid body consult figures 26 and 88, 
showing an increase in both inspiratory and expiratory activity as a result of 
electrical stimulation of HERI~'Gs nerve. The relative weakness and scarcity 
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of eupneic expiratory contractions as compared with the inspiratory con- 
tractions revealed in our statistical analysis of potential patterns indicates 

Fig,  At. E l e c t r o g r a m  of t he  t r a n s c o s t a r  (an e x p i r a t o r y  musc le )  a n d  the  i n t e rna l  i n t e rcos t a l  (an i n s p i r a t o r y  
muscle)  showing  in tense  a c t i v a t i o n  of t he  i n t e r n a l  i n t e rcos t a l  w h e n  cyan ide  is i n j ec t ed  in to  t h e  c a r o t i d  
a r t e r y  to  r e a c h  the  c h e m o c e p t o r s  d u r i n g  t h e  i n s p i r a t o r y  p h a s e  of b r e a t h i n g .  The  i n sp i r a t i on  w h i c h  was  
in p rogres s  w a s  m a r k e d l y  s t r e n g t h e n e d  a n d  p ro longed .  T . C .  e l e c t r o g r a m  of t r a n s c o s t a r  musc le ,  I . I .  
e l e c t r o g r a m  of i n t e rna l  i n t e rcos t a l  muscle .  T . P .  t r a c h e a l  p ressure .  T . A .  t ida l  air .  [GESIgLL a n d  WHITE" 

A m e r .  J .  Phys io l .  122, 48 (1938).] 

that  relatively few chemoceptors connect with the expiratory reticular cells. 
On the other hand, the fact that expiratory contractions may be increased 

Fig. :45.  E l e c t r o g r a m  of t he  i n t e rna l  i n t e rcos t a l  (an i n s p i r a t o r y  muscle)  a n d  the  t r a n s s t e r n i  (an exp i ra -  
t o r y  muscle)  showing  in tens i f i ca t ion  of t h e  e x p i r a t o r y  a c t  w h i c h  w a s  in  p rogres s  w h e n  cyan ide  in jec ted  
in to  t h e  c a r o t i d  a r t e r y  r e a c h e d  the  c h e m o c e p t o r s  d u r i n g  the  e x p i r a t o r y  phase .  The  fo l lowing i n sp i r a t i on  
is g r e a t l y  p r o l o n g e d  in to  a t y p i c a l  apneus i s  due  to  t he  su s t a ined  chemica l  s t i m u l a t i o n  of t he  chemocep to r s .  

The  v a g u s  ne rves  were  cu t .  [GESELL a n d  "vVItITE: Amer .  J .  Phys io l .  102, 48 (1938).] 

by 0 2 lack or CO 2 excess at the chemoceptors indicates the possibilities o~ 
this drive in hyperpnea. 
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At first thought,  one might  conclude that  the strongel; the dual peri- 
pheral chemical drive the greater will be the tendency for both sides to fire 
simultaneously but  strangely enough the converse would seem to be the ease. 
This rests on the efficiency of the reciprocating relations between "half-centers". 
The greater the activity of the two halves the greater becomes their recipro- 
cating activity. For example, a powerful and rapidly developing inspiratory 

discharge exerts a proportionately power- 
ful and rapidly developing inhibitory effect 
upon ~he expiratory side. If at the onset 
of this powerful inspiratory discharge the 
expiratory cells are at a high state Of acti- 
vity they are capable of producing a power- 
ful stimulation of the inspiratory cells by 
their sudden and effeetive withdrawal of 
negativity at the axon hillock from these 
cells. The result of such interaction should 
be an extremely effective shift from one 
phase of activity to the other. 

Fig. 46. Respiratory excursions of the chest 
and abdomen recorded with encircling bands 
showing increased inspiratory and expiratory 
act iv i ty  on central  faradic  s t imula t ion  of the 
saphenous nerve. Upstroke indicates an ex- 
piratory excursion and downstroke an in- 
spiratory excursion, [Gll]SELL and MOYER: 

Quart. J. exper. Physiol. 25, 1 (1935).] 

19. The Double Driving Action 
of the Nocieeptor Signals. 

If it can be established that  other 
sensory fibers impinge upon both half- 
centers of respiration such as described for 
the chemoeeptors, dual respiratory drive 
becomes a most  important  principle. I t  
is, therefore, of interest to note the effects of 
faradic stimulation of the saphenous nerve 

upon respirato�9 movements of the dog (GESELL and MOYER, 79). Fig. 48 
shows six respiratory records made with the aid of bands encircling the torso. 
Records 1, 2 and 3 are from the chest, 4, 5, 6 are from the abdomen. Upstroke indi- 
cates inspiration. Stimulation clearly increases both inspiratory and expiratory 
activity for the respiratory excursions increase beyond the normal inspiratory 
and expiratory positions. Granting that the effects are primarily due to the 
pain fibers coursing in cutaneo sensory nerves, it must be concluded, as it 
was for the chemoceptors, that the pain endings are connected with both 
half centers of respiration. Fain fibers have accordingly been connected to 
both inspiratory and expiratory reticular cells in our schema (fig. 47). A 
continuous train of pain signals, like the chemoceptor signals, produces rhyth- 
mic breathing by virtue of the reciprocating interaction of half centers which 
allows excitation of but one half-center at a time to the exclusion of the other. 
The action of continuing trains of pain signals on breathing is no doubt similar 
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to that upon rhythmic spinal reflexes. As is well known a flexion reflex set 
up by painful stimulation of the pad of the foot will often turn to rhythmie 

INSPiRATORY EXPIRATORY 
RETICULAR RETICULAR 
CELLS ,'ELLS IVAGUS ENDIN VAGUSENDING'~ Q "~ L~ ~ - 

C~AROTID ~ ~ "-.  4qli . , .  : ,  < . O A R O T , D  
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Fig.  47. H y p o t h e t i c a l  s u m m a r y  of the  i n t e g r a t i o n  of t he  r e s p i r a t o r y  a c t  showing  the  m a j o r  sensory  m o t o r  
a n d  cen t r a l  connec t ions .  E x c i t a t o r y  a f fe ren t s  a r e  c o n n e c t e d  to  t he  exc4 ta to ry  poles of b o t h  i n s p i r a t o r y  
a n d  e x p i r a t o r y  r e t i cu l a r  cells. I n h i b i t o r y  a f fe ren t s  a re  c o n n e c t e d  to  t he  i n h i b i t o r y  poles in  b o t h  centers .  
Some a f fe ren t s ,  such  as  t hose  coming  I t e m  the  GOLGI a n d  musc le  sp indle  endings are c o n n e c t e d  w i th  t h e  
a n t e r i o r  h o r n  cells as  well. F o r  a comple te  d iscuss ion see t ex t .  (GESELL: H e a r t ,  B lood  a n d  Circula t ion .  1940.) 

stepping (see figure 77) [SHE~RINTO~ (61)]. Continous stimulation provide~ 
the drive and the reciprocating mechanism provides the shift. 

20. The Reflexogenie Support of the Vagal 
Proprioceptive Signals. 

The profound effects of elimination of vagal function by vagotomy or 
block, the marked changes in breathing produced by artificial central stimu- 
lation of these nerves, and the modification of breatlfing produced by inflation 
or deflation of the lungs leave no question of the importance of the vagus 
nerves in the control of breathing. This was generally recognized early in 
the 19th Century as it is today, but the variability of results obtained with 
snch simple procedures, then as now, leave many questions to be answered. 
The inspiratory effects of stimulation of the central end of the vagus so com- 
monly described were difficult to reconcile with the prolonged expiratory 
pauses noted by others. For these very same reasons the past and present 
studies of vagal physiology still have much in common. 

] : ~ O S E N T H A L s  , , A t h e m b e w e g u n g  und ihre Beziehung zum Nervus Vagus" (38), 
published in 1862 is the first thorough and systematic attempt to explain 
the control of breathing. ROSn~THAL thought that he had learned why so 
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many workers had arrived at divergent findings for when he stimulated the 
superior laryngeal nerve he too was able to obtain the expiratory effects des- 
cribed for stimulation of the vagus nerve. He, therefore, concluded that 
when electrical excitation is strictly localized to the pulmonary vagal fibers 
inspiration is invariably produced. Only when current escapes to the superior 
laryngeal nerve, is expiration or inhibition of inspiration produced. 

ROSENTHAL had demonstrated that extensive sensory denervation caused 
little change in breathing and, therefore, concluded that the respiratory center 
possessed the power of rhythmical automatic discharge when it was exposed 
to its natural stimulus of oxygen lack. He pictured a continous resistance 
to this discharge under the control of the pulmonary vagal fibers. A lowering 

~,ODDEN IN3PIRATION .SLOWLY OEV~.LOPING EXPIRATORY CONTRACTION 

Fig, 48. Tracheal pressure record showing increasing expiratory act ivi ty  as a result of increasing in- 
spiratory filling of the lungs. The tracing reads from right to left. I t  was obtained with the use of a respira- 
tory valve allowing movement  of air  into the lungs only. This old record of HI~I~G and BRgUE~ (Sitzgsber. 
ksl. Akad. Wiss. 58 II ,  909 (1868)] demonstrating a progressively increasing intensi ty of expiratory con- 
traction may  be compared with advantage to "the electrogram of an expiratory muscle during a prolonged 

expiration produccd by artificial inflation (Jig. 68). 

of this resistance by an increase in vagal activity was thought to increase the 
frequency of breathing, at the same time decreasing the depth of inspiration 
in direct proportion to the increase of frequency. The vagus nerves had no 
part in determining the total pulmonary ventilation. That was purely a central 
function depending upon the degree of oxygen lack. Like a tipping bucket, 
the center may be set for different ways of spilling. Thus ROS~NT~An believed 
that electrical stimulation of the vagus nerve decreases the resistance to the 
central discharges producing frequent but smaller discharges. Vagotomy on 
the other hand increases the resistance and produces less frequent but larger 

discharges. 
Only six years later I-IERING and BI~EUEI~ (80) proposed their famous 

theory of ,,Die Selbsteuerung der Atmung durch den Nervus Vagus" based 
largely on three simple findings: (1) inhibition of inspiration and excitation 
of expiration by artificial inflation of the lungs, (2) excitation of inspiration 
and inhibition of expiration on artificial deflation, and (3) slowing and dee- 
pening of respiration after vagotomy. According to their theory the normal 
inflation of the lungs during ordinary eupnea inhibits and cuts short the act 
of inspiration and excites the following expiration. Normal deflation of the 
lungs during the phase of expiration inhibits and cuts short the expiratory 
act and ushers in the following inspiration. This simple and direct theory 
seemed to reconcile the inspiratory and expiratory effects of central electrical 
stimulation of the vagus nerves described by so many. An original record 
by FIEmNG and BREu~ showing the expiratory action of puhnonary inflation 
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is shown in fig. 48. The curve, which reads from right to left, is one of intra- 
tracheal pressure of a rabbit in which inspiration alone was allowed. As the 
lungs inflate with each inspiration, breathing is slowed by the "inhibition" 
of inspiration and the intratracheal pressure rises gradually long after each 
inflation, showing that active expiratory contraction is taking place (see 
table 1). 

Table ]. Theor i e s  of p u l m o n a r y  v a g a l  func t ion .  

Inspira~ory 
Inflation 

Expiratory 
Deflation 

HERING a n d  / 
GAD ~EAD ADRIAN 

BREUER 
~880 1889 1933 

1868 

1. Inhibition 
of Inspiration 

2. Excitation 
of Expiration 

3. Inhibition 
of Expiration 

4. Excitation 
of Inspiration 

Inhibition of 
Inspiration 

Sole 
Mechanism 

Inhibition of 
Inspiration 
Primary 

Mechanism 

Inhibition of 
Inspiration 

Primary 
Mechanism 

Minor 
Importance 

Minor 
Importance 

A summary of the outstanding studies of the reflex vagal control of breathing. Both pulmonary 
inflation and deflation are recognized as sources of reflex control by all of these studies with the 
exception of those of GAD. HE~ISG and BaEVE~ gave importance to both controls but contrary 
to general opinion they did not insist upon the existence of two separate corresponding sets of 
vagat fibers. GAD ignored the reflexes arising from expiratory deflation entirely. While HEAD 
and ADRIA~ recognized the existence of such reflexes they assigned a relatively small role to 
them, a role confined perhaps to abnormally small lung volumes. The identification of two 
sets of endings with two sets of respiratory reflexes has not been attained but LARSELLS histo- 
logical description of pulmonary endings to which functions have not yet been assigned is not 
opposed to such possibilities. Our findings assign a predominant role to the afferent vagal im- 
pulses coming from the so called stretch receptors. These impulses impinging upon both inspiratory 
and expiratory half centers exert an alternating stimulating action on the individual center~ 
as determined by the phase of activity which is prevailing. This view, however, does not exclude 
the possibility of other vagal reflexes. The fact that excessive deflation of the lungs produces 
a greater respiratory response than double vagal block, is suggestive of the existence of an in- 
dependent collapse reflex (Mov]~ and G]~SELL, Unpublished). 

GAD (81) in 1880 had demonstrated to his own satisfaction that pul- 
monary inflation actually elicited expiratory contraction and thus offered 
data supporting the views of HERING and BREUEm But he refused to place 
interpretation on his results which HERING and BREUER did on theirs. He 
could not convince himself that  the expiratory contractions were strong 
enough to collapse the" lungs sufficiently to set up an expiratory inhibitory 
and inspiratory excitatory reflex. He dropped the role of expiration as a 
factor of control and looked upon breathing as a purely inspiratory pheno- 
menon. Like ROSE~T~AL, he assumed central automaticity of discharge 
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and a single modifying action of the vagus nerves. This action is inhibi- 
tory, developing during each natural inflation of the lungs and automati- 
cally shortens each inspiratory discharge. The inhibitory action of the 
vagus is thought to continue with decreasing intensity throughout the expi- 
ratory phase. Only as the "after-inhibition" wears off does central chemical 
stimulavion gain the upper hand once more and start a new inspiratory dis- 
charge. This is in turn checked by the next filling of the lungs. These experi- 
ments of GAD mark the beginning of a growing emphasis of the inspiratory 
inhibitory action of the vagal stretch reflex. Why GADS experiments should 
have been interpreted as they were is hard to see for he showed not only that 

Fig. ~9. Normal respiratory discharge of a single tiber of the vagus ot a deeerebrate cat. White line signals 
respiration and moves upwards when lungs expand (tambour connected to air reservoir). Time marker 

gives ~/4 see. intervMs. [ADRIAN: J. ot Physiol. 79, 332 (1933).] 

the inspiratory act proceeds at a higher velocity when the vagi are intact but 
that inflation of the lungs called forth expiratory activity as well. These 
surely are inspiratory excitatory and expiratory excitatory phenomena. B~t 
what was his proof o/ inspiratory inhibition ?!/ 

In 1889 HEAD (82) published his experiments "On the Regulation of 
Respiration". This was the second classical paper on this subject to appear 
from HEI{INOs laboratory. He found that pulmonary inflation produces a 
prolonged pause in which inspiratory activity stops and that deflation produ- 
ced a pause in which inspiratory activity was strong. Ultimately rhythm 
is established in both conditions indicating that  automaticity is a central 
phenomenon. HEAD, like GAD, abandons the role of the expiratory half center 
in the control of breathing and regards breathing as a purely inspiratory 
phenomenon. HEt{IlX-G and BREvet{, it will be recalled, state that an increase 
of intrapulmonary pressure provokes expiratory activity. ItEAD states that 
the inspiratory activity ceases when the lungs are inflated. Here lies the real 
issue in the problem of vagal function. 

HEAD ends his theoretical discussion of the regulation of respiration as 
follows. 

"In  eonelusion, the vagi produced two effects upon the centre during normal bregthing. 
Firstly, eaeh inspiratory eont`raetion is checked when it. has reached certain height` owing to the 
stimulus caused by the dilatation of the lungs, and secondly, the inspiratory vitality of the centre 
is increased owing to these frequently repeated inMbitory stimuli:" 

The next very important study of vagM function was that of AD~IA.~ (83) 
on the "Afferent Impulses of the Vagus and their Effects upon Respiration" 
for he showed the manner in which the stretch receptors fire with changing 
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volume of the lungs. A sample record of the gradually increasing discharge 
of a single receptor during normal inspiration of the rabbit is illustrated in 

50 

,1s 

fig. 49. With the more 
sudden emptying of the 
lungs during expiration the 
frequency falls some what 
more rapidly to zero. The 
activity of the receptors 
varies in different prepa- 
rations. Some may show 
continuous discharges upon 
which the respiratory fine- 
tuations are superimposed 
while others stop firing du- 

A 

I 
ees. 5 

]3 
Fig ,  50. F r e s u e n c y  of impulses  in  single f ibres  os the  c a t ' s  v a g u s  
d u r i n g  n o r m a l  b r ea th ing .  Two p r e p a r a t i o n s  b o t h  dece reb ra t e .  I n  

ring the expiratory pause, p r e p a r a t i o n  A the  lungs  col lapse suf f ic ien t ly  to  abol i sh  all  r e s idua l  
T h e  c u r v e s  o f  f r e q u e n c y  o f  a c t i v i t y  of t h e  s t r e t ch  r ecep to r  d u r i n g  the  so-cal led " e x p i r a t o r y  

p a u s e " .  I n  p r e p a r a t i o n  B the  s t r e t ch  r e c e p t o r  r ema ins  d i s t o r t ed  
t h e s e  t w o  types are plotted for  i t  con t inues  to  d i scharge  t h r o u g h o u t  the  en t i re  e x p i r a t o r y  

in fig. 50A and B. phase. ~AD~A-~': J. of Physiol. 79, 33~ (19a3).] 

By direct experiment, ADRIAN finds that  artificial inflation of the lungs 
timed to come at the beginning of a natural inspiration checks that  inspiratory 

]Pig. 51. D i scha rge  of m o t o r  impulses  in  the  top  roo t  of t he  ph ren i c  ne rve  c u t  d is ta l ly ,  n e c e r e b r a t e  ca t .  
All r ecords  a t  s ame  speed.  A. b o t h  vag i  b l o c k e d - w i t h  novoca ine .  Slow r h y t h m  (27 per ta in . )  u n a f f e c t e d  
b y  s u d d e n  in f l a t ion  of t he  lungs .  D o w n w a r d  m o v e m e n t  of s ignal  m a r k s  inf la t ion .  B. Vag i  i n t ac t .  N o r m a l  
b r e a t h i n g  58 per  ra in .  (3. Vag i  i n t ac t .  Pe r iod i c  in f l a t ion  of l ungs  t i m e d  so as  t o  i nh ib i t  e a c h  m o t o r  dis-  
cha rge .  D o w n s t r o k e  of s ignal  shows inf la t ion ,  The  r a t e  increases  to  90 per  ra in .  D. Af t e r  11 see. t h e  
per iodic  in f l a t ion  is s topped .  The  r a t e  falls a t  once to  48 per  min .  T ime m a r k e r  (top record)  gives 1/~ sec. 

in te rva l s .  (ADRIAN: J ,  Of Phys io l .  79, 332 (1933).] 

act and steps up the frequency of breathing (see fig. 51). He interprets the 
vagus in much the same way as did HEAD for he belieYes the "dominant  acti- 
vity of the vagus is due to the stretch receptors". 
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"They are inhibitory, but they can influence rhythm in either direction because inhibition 
of the phase of activity will shorten this part of the cycle and tend to hasten its return, but in- 
hibition during the phase of rebuilding will delay i t ."  "The maximum inhibitory effect occurs 
during the phase of activity and, therefore, the rhythm is usually quicker wi th  intact than with 
cut vagi. The motor discharge will be curtailed, there will have been a smaller expenditure of 
active material and it is reasonable to suppose that  less time will be taken in preparing for a fresh 
outburst. Thus a series of brief inhibitions at each expansion of the lungs should give a cycle 
consisting of brief motor discharges repeated at short intervals; whereas the absence of all in- 
hibition should give longer discharges spaced at greater intervals." 

"The opposite effect will be produced if the inhibitory message acts throughout the period 
when the center is recharging, for this will tend to delay the appearance of a fresh discharge. 

Fig. 52. Effects of continuous faradie and periodic faradic stimulation of the central end of the vagus nerve. 
Continuous stimulation produces "apnea" in the expiratory position. Stimulation timed to occur only 
during the inspiratory l~hase accelerates the frequency of breathing. [I~ILLEI~'BRAND and BOYD: Amcr. 

J. Physiol. l l6,  380 (1936).] 

Thus the rhythm, in so far as it is determined by the stretch receptors, will be most rapid when 
the inhibitory effect rises sharply at each inspiration and falls to zero at expiration." 

See fig. 50A and B. 

L i k e  t{0SENTlCIAL, GAD and H E A D ,  ADRIAN looks upon normal breathing 
as a purely inspiratory process. The:phenomenon of expiration is barely men- 
tioned. He states that "normally the expiratory activity occurs as an after 
effect of the inspiratory" and that. "An explanation on these lines was in fact 
given in the classical paper published by HENRY HEAD from HERINGs labora- 
tory in 1889 though it appeared then that the expiratory endings might 
play some part in the effect." The equally important fact that inspiration 
follows on expiration was not considered. 

A significant point of agreement in the theories of ttE~ING and BREUER, 
GAD, HEAD and AI)RIAN is the emphasis of the role of inhibition of inspiration 
in the control of breathing. This view is more recently supported by the experi- 
ments of ttILLENBRAND and BoYD (84) and BoYD and MAASKE (85). By auto- 
matically delivering tetanic stimulation to the central end of the cut vagi 
during the phase of inspiration, they were able to cut each inspiration short 
(see fig. 52) and thereby accelerate the frequency of breathing. The results 
are similar to the acceleration of breathing produced by artificial inspiratory 
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inflation of the lungs described by ADRIAN. Continuous stimulation, stopped 
breathing in the expiratory position. 

According to the views of many workers in the field of vagal physiology 
'a single set of vagal receptors is considered adequate for a logical explanation 
of the control of breathing. AnRIA~ particularly is of this opinion. HA~- 
MOVDA and WILson (86, 87, 88), however, are of the opposite mind for they 
have been able to change the usual inhibition of breathing produced by faradie 
stimulation of the central end of the vagus nerve into one of accelerated brea- 
thing by a graded cold block placed central to the point of stimulation. At 

Fig.  53. E x c i t a t i o n  of super io r  l a r y n g e a l  a n d  v a g u s  nerves  pe r iphe ra l l y  to  a cooled a rea .  Dog  ~,6 kg .  
Medina l  1 g. 1. s t e t h o g r a p h  r eco rd ;  2. s ignal  ( f a rad iza t ion) ;  3. t ime  10 sec. V, s t i m n l a t i o n  of c en t r a l  
e n d  Of cut, r i g h t  cerv ica l  vagus .  S . L . ,  s t i m u l a t i o n  of c en t r a l  e n d  of r i g h t  supe r io r  l a ryngea l .  A,  b o t h  
nerves  on  t h e r m o d e  a t  10 ~ C. B ,  t h e r m o d e  a t  3 ~ C. a f t e r  sec t ion  of lef t  v a g u s  (bo th  vag i  n o w  cut) .  S t imu-  
l a t i o n  b y  f a r a d i z i n g  w i t h  coil a t  5 cm.  pe r i phe ra l  to  t h e  eoole4  reg ion  of t h e  nerves .  [ H A ~ O U D A  a n d  

WILSON: J .  of Phys io l .  85, 62 (1935).] 

blocking temperatures of approximately 5 o C the inhibitory effect disappears 
and is substituted by one of acceleration (see fig. 53 and its legend). They 
conclude there exist "two functionally opposite types of vagus nerve endings 
in the lungs, the one augmentor, the other inhibitory of respiration, the former 
being excited by any changes in the volume of the lungs, the latter only by 
the increased tension of the lung tissues produced by expansion". The histo- 
logical description of several types of pulmonary endings by LARSEL5 (89) 
is not averse to the views of HAMMOUDA and WILSON yet their findings are 
capable of another interpretation. We shall return to this point at a more 
opportune moment. 

Of special interest are the findings Of HESS (90, 91 and 92) and his group. 
They arrive at a new interpretation of vagaI function through their studies 
of diaphragmatic tone during pneumothorax. Super-inflation of the lungs 
not only produces the well-known slow and deep respiratory movements but 
in addition an elevation of the diaphragm, indicative of a loss of diaphrag- 
matic tone. Release of air from the distended lungs increases ~he frequency 
and decreases the depth of breathing and increases the tonic activity of the 
diaphragm. Diaphragmatic tone varies inversely with the volume of the lungs 
or its equivalent, the intensity of vagal ending activity. This phenomenon 
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is as demonstrable in the apneie as it is in the eupneic animal (see fig. 54). 
Thus HEss refuses to accept the theory of vagaI interruption of breathing such 

Fig. 54, Tonus changes of the  d i aph ragm resulting" f rom lmlg vo lume  changes dur ing hyooeapnie  apace .  
U p o n  i:ffl~tion of the  lungs (lower curve  in fig. 54a) the dia, p h r a g m  relaxes a f te r  s, laLent, period of 0,22 scooted, 
Upon  wi thd rawing  air  f rom the  hlngs (lower curve  in fig. 54b) 'the d i a p h r a g m  contracts  to its fo rmer  

position. Three  seconds int.erverxe be tween  figures ~ and  b, [HESS; Pfliigers Arch,  2~6, 198 (1930).] 

Fig. 55. 

Fig. 56. 

Fig. 55 al~tl 56. Effects of afferent  s t imula t ion  of the  vagus  nerve  on respirat ion.  A Increas ing  f requency  
of s t imula t ion  f rom 66 to 200 per  second. B Decreasing f requency.  [Vr pfliigers =kreh. ~42, 215 (1939).] 

as originally proposed by HERINO and Bt{EUER. He is rather of tile opinion 
tha t  the yogi determine the ,,Tonuslage" of the diaphragm and thus the fre- 
quency and depth of breathing. 
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The limited freedom of movement of a highty tonic diaphragm and the 
corresponding small amplitude of contraction determines a short period of 
contraction and, therefore, a high frequency of breathing. The unlimited 
freedom of movement of a fully relaxed diaphragm on the other hand allows 
powerful and more infrequent contractions. 

,,Damit ist die tIauptwirkung des Vagus in tier Regulierung yon Atemtiefe und Atemfrequenz 
klargelege, und zwar im Sinne einer Tonisierung und nicht einer Schaltfunktion!" 

More recently [WYss (198)] the effects of the vagal stretch reflex have 
been correlated with the normal frequency of discharge of the stretch receptors 
of the lungs as demonstrated by ADRIAN. As is known 
from this work the frequency of vagaI discharge establi- 
shed in the rabbit varies from approximately 50 or less 
per second with the lungs in their normal expiratory po- 
sition to about 350 in the highly inflated condition. 
Duplicating such activity by electrical stimulation of the 
vagus nerve WYss (93) finds, as shown in fig. 55, that  a 
low frequency of stimulation of approximately 50 per se- 
tend produces a highly tonic contraction of the diaphragm 
interrupted by frequent elonic contractions. A progres- Pig. 57. mghf~eq~eney 
sire increase in frequency of stimulation produces a pro- stim~ation o~ the cen- 

tral end of the vagus at 
gressivety increasing relaxation of the diaphragm during left slows Ureathing in 

the expiratory position the expiratory pause and an increasing amplitude of w~ile lew ~reqnenoy 
contraction. WYss concludes that ,,Die Reizeffekte stim- stim.l~tion a~oderates 
men sehr weitgehend mit den HEssschen Lungendehnungs- itinspiratoryWith the lungSposition.in the 

reflexen iiberein". RICE (174) also finds that frequency of [RIcE:Amer.J. Physiol. 
124, 535 (1938).] 

stimulation determines the nature of the response (see 
fig. 57). High frequency slowed breathing determines in the expiratory posi- 
tion and low frequency accelerated it in the inspiratory position. 

Our views on vagal function are very different from any so far proposed 
for we look upon the vagal stretch reflex as a purely excitatory phenomenon 
[GESELL (38, 39, 40, 41 and 94)]. As already pictured for the ehemoceptors 
and nociceptors we see the impulses initiated in the stretch receptors of the 
lungs distributed to both inspiratory and expiratory half centers (see fig. 58). 
During inspiration, while the lungs are expanding, the inspiratory center is 
stimulated with an increasing intensity proportional to the increasing dis- 
charges of the vagal proprioceptive endings. During the expiratory phase 
of breathing the vagal drive is shifted to the expiratory half  center which 
is now stimulated with decreasing intensity proportional to the waning acti- 
vity of the vagal endings. 

The experimental proof of this theory of vagal action is abundant. The 
most direct comes from the more recent studies of the action potentials of 
inspiratory and expiratory muscles [WoRzNIAK and GESEH~ (97)]. For example 

Ergebnisse der Physiologic. 43. 35 
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the weak eupneic contraction of the diaphragm, represented in the action 
potentials of the phrenic nerve in fig. 59A is markedly increased in strength, 
by a superinflation of the lungs during the following inspiratory act. This 
augmentation of the inspiratory contraction is no doubt due to a strengthening 
of the normal vagal stretch reflex for if the vagus nerves are blocked the 
effects are missing. Fig. 59 B shows that  augmented frequency of twitch and 

1 ETOH}" 
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Fig. 58. Schemat ic  represen ta t ion  of the  centra l  connections of the  vaga l  s t re tch  receptors  an d  the i r  
quan t i t a t i ve  distr ibut ion.  Because the  va gus  is a powerful  exp i ra to ry  nerve  copious connections are  
a l lo t ted to the  exp i ra to ry  side. Because the  normal  s t re tch  reflex which  occurs dur ing each inspirat ion 
is capable of a qnickening wi thou t  a deepening of inspira t ion the  vaga l  fihere are  a r r anged  in a w a y  designed 
to faci l i tate a rap id  deve lopment  of the  insp i ra tory  discharge. Note  t h a t  re t icular  cell =~= 1 receives only 
one vaga l  fiber, t h a t  ceil =~= 2 receives 2 fibers, etc. T h a t  would t end  to br ing  the  electrotonie exci ta t ion  
cur ren ts  of all cells close to t h a t  of pace se t te r  =~ 1 as the  lungs s t re tch  an d  allow the  insp i ra to ry  w a v e  to 

pass t h r o u g h  the  center  ~t  & grea te r  speed. [GESELL: Univ .  gOSp. Bull. (Michigan) 5, 12 (1939).] 

recruitment of new active units participate in the strengthening of contraction. 
During eupnea, muscle unit ~ 1 twitched but six times and at a relatively low 
frequency. In the second inspiration it twitched twice as often, at ~ higher 
frequency and for a longer period of time. One new active unit was momen- 
tarily recruited at the very end of the discharge. 

In fig. 60 a similar strengthening of the expiratory contraction of the 
internal abdominal oblique muscle occurs when the lungs are inflated dm'ing 
the expiratory phase. A new steady state of activity is established in which 
the individual units twitch at a higher steady state frequency and in which 
new active units are added. The augmented frequencies of the individual 
units indicate a greater stimulation of the individual cells of the expiratory 
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Fig.  59. R e c o r d  A.  A u g m e n t a t i o n  of t h e  n o r m a l  i n s p i r a t o r y  fus i l lade  of t h e  p h r e n i c  nerve ,  a t  t h e  left ,  
to  a power fu l  d i scha rge ,  a t  t he  r igh t ,  b y  ar t i f ic ia l  supe r in f l a t i on  of t he  Iungs .  I n f l a t i o n  is p r o d u c e d  b y  
w e i g h t i n g  the  m e r c u r y  s p i r o m e t e r  (fig. 64) j u s t  a s  i n s p i r a t i o n  begins .  The  degree  of i n f l a t i on  a n d  t h e  

t r a c h e a l  p ressure  c h a n g e  a re  i n d i c a t e d  b y  the  t ida l  a i r  a n d  t r a c h e a l  p ressure  records .  
R e c o r d  B.  A s imi la r  a u g m e n t a t i o n  of i n s p i r a t i o n  b y  a s u p e r i m p o s e d  i n s p i r a t o r y  in f l a t ion  of t he  lungs  
r e c o r d e d  d i r ec t ly  f r o m  t h e  i n t e rna l  i n t e r cos t a l  muscle .  C o m p a r i s o n  of t h e  n o r m a l  a n d  mod i f i ed  c o n t r a c t i o n  
shows  t h a t  a c c e l e r a t e d  f r e q u e n c y  of t w i t c h  a n d  r e c r u i t m e n t  p a r t i c i p a t e  in  t h e  s t r e n g t h e n i n g  of t h e  con-  
t r a c t i o n .  The  n e w l y  r ec ru i t ed  u n i t  g ives  on ly  one t w i t c h ,  seen b e t w e e n  t w i t c h  8 a n d  9 of musc le  u n i t  :~: 1. 

[WORZNIAK a n d  GESELL: A m e r .  J .  Phys ioL  126, 658 (1939).]  

half center and thus explain the recruiting of new active units out of ~he sub- 
liminal fringe. 

35* 
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While such results as these are readily obtained, they are by no means 
uniform. Augmentat ion of expiratory activity, as a mat ter  of fact, is often 
replaced by inhibition due, we believe, to interfering stretch reflexes set up in 
the proprioceptive endings of the muscles studied. At least, the results become 
more uniform when studies are made in the larynx where local stretching is 
easily avoided during pulmonary inflation. In these experiments rhythmic 
artificial 'ventilation proved to be a most  valuable procedure for revealing 
the principles of proprioceptive drive. As is well-known, expiration is readily 

Fig. 60. Augmentation of expiratory activity by superinflation of tile lungs, timed to come during the 
expiratory phase. The first discharge and the introductory twitches of the second discharge represent 
normal expiratory activity of the steady state type registered in the internal abdominal oblique muscle. 
Careful inspection of the eleetrogram will show an immediate acceleration of discharge of unit @ 1 and 
t be  r e c r u i t m e n t  of a n  a d d i t i o n a l  ac t ive  u n i t  @ 2, w h e n  s u p e r i n i l a t i o n  of the  lungs  occurs .  The  a u g m e n t e d  
expiratory activity is accompanied b y  a prolongation of the expiratory phase, which is interrupted by 
i n sp i r a t i on  j u s t  p r eced ing  the  e n d  of t he  pe r iod  of supe r in f l a t i on  of t he  lungs .  The  e x p i r a t o r y  d i scharges  
fo l lowing m f l o a d i n g  of t he  lungs  a re  s t r o n g e r  t h a n  the  p re in f l a t i on  d i scharges  due  to  the  a s p h y x i a l  c h a n g e s  
w h i c h  develop  d u r i n g  the  p r o l o n g e d  e x p i r a t o r y  a c t i v i t y .  This  d i s appea r s  in. a few b r e a t h s .  [V~'ORZNIAK 

a n d  GESELL: Amer .  J .  Phys io l .  126, 658 (1939).]  

brought into phase with the pump. When that  happens, as was the case in 
fig. 61, the thyroarytenoid muscle, which is expiratory in function, responded 
in a beautifully mechanized way with increasing frequency of twitch with 
each inflation of the lungs. Upon collapse of the lungs, which is more sudden 
than  the preceding inflation, the discharge fell off with corresponding abrupt- 
ness. Comparison with Fig. 49 will show how nicely the electrogram of the 
thyroarytenoid muscle follows the electrogram of the vagus sensory fiber in 
the rabbit. I t  is thus evident that  an expiratory muscle can be made to con- 
tract in the slowly augmenting manner  typical of an inspiratory muscle if 
proper conditions are provided. So too, it can be made to contract in the 
rapidly augmenting manner under conditions of waning vagal drive normally 
obtaining during expiration. Artificial ventilation e.g. may establish respi- 
ratory rhy thm in which inspiratory activity is in phase with inflation of the 
lungs and even if the pump is temporarily stopped breathing may continue 
momentari ly in the same tempo while the lungs are completely collapsed 
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(see fig. 62). In this state of lung deflation vagal drive is zero. We may 
then compare expiratory contraction occurring during zero vagal drive and 

Fig.  61. V a g a l  ref lexogenic  dr ive  of a n  expiratory musc le  d u r i n g  per iodic  ar t i f ic ia l  in f la t ion  of t h e  lungs .  
The  s lowly  inc reas ing  in f la t ion  , i n d i c a t e d  b y  the  r i s ing  g r a d i e n t  of t he  u p p e r  r ecord  co r responds  w i t h  t h e  
e j ec t i on  s t roke  of t he  p u m p .  Pass ive  e las t ic  e m p t y i n g  of t he  lungs  t h r o u g h  a n  a u t o m a t i c a l l y  opened  
v a l v e  p roceeds  w i t h  g r e a t e r  speed.  The  f r e q u e n c y  of t w i t c h  of t h e  t h y r o a r y t e n o i d  musc le  co r r e sponds  
w i t h  t h e  e x p e c t e d  degree  of s t r e t ch  of t he  p u l m o n a r y  v a g a l  end ings  a n d  dup l i ca t e s  ADRIANS records  of 
v a g a l  :[iber d i s cha rge  (fig. 49). The  s lower  fa l l ing  off of v a g a l  f ibe r  d i scha rge  in  A~I~IXNS e x p e r i m e n t s  is 
p r o b a b l y  due  to a s lower  e m p t y i n g  of t he  lungs .  The  r eco rd  of t h y r o a r y t e n o i 4  a c t i v i t y  w a s  o b t a i n e d  w i t h  
the  a n i m a l  in  t he  apne ie  cond i t ion .  I n  c o n j u n c t i o n  w i t h  the  f ind ings  of HESS (fig. 54) i t  shows t h a t  b o t h  
c lonic  ~ n d  ton ic  a c t i v i t y  of r e s p i r a t o r y  muscles ,  i n s p i r a t o r y  a n d  e x p i r a t o r y  a re  el ici table  t h r o u g h  t h e  

v a g a l  s t r e t ch  reflex.  [WORZNIAK a n d  GESELL: Amer .  J .  Phys io l .  126, 658 (1939).1 

F ig .  62. Vaga]  re f lexogenie  dr ive  of a n  expiratory muscle  d u r i n g  per iod ic  ar~ificiaI ven t i l a t i on  of t he  
lungs  w i t h  t h e  a n i m a l  in  t he  n o n - a p n e i c  s ta te .  I n  th i s  r eco rd  i n s p i r a t o r y  a c t i v i t y ,  u p p e r  e l e c t rog ram,  is in  
p h a s e  w i t h  the  in f l a t ion  s t roke  of t he  p u m p .  Def la t ion  of t he  lungs  a n d  the re fo re  d imin i sh ing  v a g a l  dr ive  
occurs  in  n o r m a l  t ime  re la t ion  w i th  the  e x p i r a t o r y  a c t i v i t y  a t  B a n d  E.  B e t w e e n  B a n d  E the re  a r e  t w o  
comple t e  r e s p i r a t o r y  cycles  d u r i n g  w h i c h  the  lungs  a re  comp le t e ly  col lapsed.  V a g a l  e x p i r a t o r y  d r ive  for  
e x p i r a t i o n  C a n d  D is, the re fore ,  zero.  The  s t e a d y  s t a t e  e x p i r a t o r y  a c t i v i t y  a t  C a n d  D a n d  the  r a p i d l y  
a u g m e n t i n g  a c t i v i t y  a t  B a n d  E c o n f o r m  wi th  c o r r e s p o n d i n g  v a g a l  a c t i v i t y .  [WORZNIAK a n d  GEI~ELL: 

Amer .  J .  Phys io l .  126, 658 (1939).]  

during normal vagal drive of waning intensity. Inspection of the records show 
that expirations B and E occurring during waning vagal drive correspond 
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with the theoretically expected rapidly augmenting type and that the inter- 
vening expirations C and D occurring during uniform zero vagal drive corre- 
spond with the theoretically expected steady state type of activity. These 
experiments, therefore, confirm the tentative hypothesis that the rapidly 
augmenting pattern of expiratory activity is a proprioceptive modification 
of the steady state activity. 

Results obtained by rhythmic faradie stimulation of the central end of 
the vagus nerve are equally impressive. The acceleration produced by such 

Fig.  63. :Effects of a f f e r en t  s t i m u l a t i o n  of t he  v a g u s  ne rve  in  the  v a g o t o m i z e d  dog.  The t w o  i n t r o d u c t o r y  
r e sp i r a t i ons  show s lowly  deve lop ing  insp i ra t ions ,  a p n e u s t i c  in  a p p e a r a n c e .  F a r a d i c  s t i m u l a t i o n  app l i ed  
a t  the  b e g i n n i n g  of i n s p i r a t i o n  acce le ra tes  t h a t  a c t  t r e m e n d o u s l y .  Ar t i f ic ia l  i n t e r r u p t i o n  of e ach  s t i m u l a t i o n  
before  the  onse t  of exp i r a t i on ,  as in  3 to  19, acce le ra tes  t he  f r e q u e n c y  of b r e a t h i n g ,  even  in  t he  ear l ier  
i n sp i r a t i ons  where  the  t ida l  a i r  is s l igh t ly  inc reased .  F a r a d i c  s t i m u l a t i o n  acce le ra tes  t he  ve loc i ty  of the  
i n s p i r a t o r y  a c t  r ega rd less  of t he  p a r t i c u l a r  p h a s e  of i n sp i r a t ion  d u r i n g  w h i c h  i t  occurs  (see r e sp i r a t i ons  
19 a n d  25). P r o l o n g a t i o n  of s t i m u l a t i o n  in to  the  e x p i r a t o r y  p h a s e  r e t a r d s  t he  f r e q u e n c y  of b r e a t h i n g  
b y  p r o l o n g i n g  the  e x p i r a t o r y  p h a s e  (see r e s p i r a t i o n  21). [GESELL, STEFFENSEN a n d  BROOKItAI~T: 

Amer .  J .  Phys io l .  120, 105 (1938).] 

stimulation in the vagotomized animal has been interpreted by others as an 
inhibitory phenomenon, but it will be seen that each stimulation increases 
the velocity of each inspiratory act to an extraordinary degree, and also the 
frequency of breathing despite a slight increase in depth of breathing. Breathing 
is markedly slowed only when stimulation is prolonged into the expiratory 
phase. This is due, as already suggested, to excitation of the expiratory half 
center and its associated reciprocal inhibition of the inspiratory half center. 

Older unpublished findings of MOYE~ and GESELL now become more 
understandable (see fig. 65). In these observations on the dog the lungs are 
first inflated during eupneic breathing by weighting a specially constructed 
steel spirometer made to float on mercury (fig. 64). The vagi are then blocked 
and later deblocked, and after an interval of two minutes blocked and de- 
blocked again. Finally the excessive pressure on the lungs is released. The 
records, from above downward, are costal, and abdominal respiratory ex- 
cursions made with encircling bands, tidal air excursions made with the weighted 
spirometer, and mean blood pressure. Downstroke in the respiratory records 



The Reflexogenic Support of the Vagal Proprioceptive Signals. 551 

indicates inspiration. The degree of inflation is visible in the tidal air record 
below. 

Pulmonary  inflation produces two immediate effects-cessation of breathing 
and a constriction of the abdomen. The first effect has, in the past, been 
regarded as a direct inhibitory action of ~ q 
the vagi on the inspiratory half center ~ ' t  
(GAD, HEAD and  ADRIAN and others), but  
the contraction of the abdominal expira- 
tory muscles and the extremely powerful 
respiration which bursts through the apnea, 
all overlooked by these workers, speak 
against such interpretation. Certainly the 
contraction of the expiratory muscles must  
be interpreted as an excitatory action (see / f  ~ ' ~  r~ ~ i~ l 
in fig. 68). Thus granting a reciprocating 
activity between the inspiratory and ex- 
piratory half centers the " inhibi t ion" is -- 
readily understood. 

The extremely rapid and powerful ~ f t 
respiratory act interrupting the apnea is a 
most striking phenomenon. Note how 
sharply the spirometer record descends 
(fig. 65) and how forcibly the air is re- i 
expelled without  a moment 's  pause. This 
unusually abrupt  intensification of inspi- ~ . . . . .  L . . . .  r 
ration and expirat ion cannot be explai . . . .  
ned by an increased chemical drive ensuing ~ - ~  
from the preceding apnea for these striking 
effects disappear in ~he following vagal Fig. 6~. Steel mercury spirometer used for 

studying effects of graded positive and negative 
b l o c k  d u r i n g  w h i c h  c h e m i c a l  s t i m u l a t i o n  intrapulmonary pressures. A Wall of steel 

spirometer. B Inner cylinder for receiving 
is very similar. The  abrupt  stacatto weights supported at E. C and D Concentric 
breathing changes into a more smoothly steel tubes. The space between these tubes 

contains the mercury on which the spirometer 
swinging respiration, as noted by the lesser is floated. F Pan for counterweighting to pro- 
inspiratory and expiratory gradients and duee negative intrapulmonary pressures. 

[GESELL and MOYER: Quart. J. exper. 
the greater spreading of the limbs. We Physiol. eb, 13 (1935).1 
are consequently forced to conclude that  
the augmented vagal discharge produced by superinflation of the lungs is t h e  
cause of the extreme speeding of the inspiratory and expiratory acts. Thus it 
becomes Clear why the normal inspiratory act proceeds at a higher velocity as 
compared with that  following vagal block when regal  drive is missing as was 
earlier noted by GAD (81), •ICI=[OLNON and BREZlN (120), GESELL, STEFFENBEN 

- - - A  
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and BI~OOKHART (105). An interesting illustration on that point is seen in fig. 66, 
in which the velocities of inspiratory and expiratory contractions in a single 
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animal correspond with three intensities of vagal drive - -  1. zero drive, during 
vagotomy, 2. normal drive, during eupnea and 3. supernormal drive, during super- 
inflation. The inspiratory and expiratory gradients tell the changes which 
occurred. For completeness, it should however be added that frequently 
expiration is actually retarded by superinflation of the lungs. We attribute 
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such results to other conflicting proprioeeptive reflexes set up in the muscles 
themselves. 

The mechanism by which vagal reflexes augment contractions would 
seem to be relatively simple. 

EXPIRATORY . 
GRADfENTS "-) 66 

76" 

Iokaom,:rs ~ 

The neuro-mechanical circuit will illustrate 

72" 

5E" 

o 3  ~ 

e 

ZERO DRIVE NORMAL DRIVE AUGMENTED DRIVE 
(VAGAL BLOCK) (EUPNEIC BREATHING) (LUNGS INFLATED I 

Fig. 66. Velocities of inspJra tory  and exp i r a to ry  cont rac t ions  under  three  intensit ies of vagal  drive. (Mo3~;g~ 
and  GEI~ELL: Unpubl ished.)  

(fig. 67). As a beginning the inspiratory reticular cells are pictured as firing 
in the slowly augmenting inherent pattern of discharge, demonstrated in the 
curare experiments. The in- 
spiratory me,or celts and mus- 
cles must necessarily follow 
suit. As the lungs distend, the 
degree of activation of the 
individual stretch receptors 
increases. The signals so set 
up travel on to the primary 
sensory nuclei and establish 
the slowy augmenting pattern 
of activity at these stations. 
This activity is in turn reIayed 
back to the inspiratory reti- 
cular cells and thus superim- 
poses upon the original reticu- 
lar cell discharge. The com- 
plete result is a circulating self 
accumulative action which stee- 
pens the activity of the inspi- 
rarefy half-center (see fig. 174). 

v,ooo I [ I  
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Fig. 67. A hypothe t ica l  neuromechauicM circuit  i l lustrat ing 
how the  vaga l  cefle~c dr ive b~zilds upon fhe slowly a u g m e n t i n g  
discharge of the insp i ra tory  center.  I n sp i r a to ry  con t rac t ion  
s t re tches the  vaga l  endings which fire back  on the  center  to 
increase cont rac t ion  still more  an d  so on. (GESELL: I-Ieart~ 

Blood an d  Circulation, 1940.) 

It may be asked- if the vagal proprioeeptor signals are excitatory why 
do they not increase, instead of decrease, the depth of breathing ? Oftentimes 
they actually do bring about a deeper respiration, witness, for example, the 
strong inspiration bursting out of vagal apnea in fig. 65. Though the vagi 
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drive and intensify inspiratory contraction, they also check the act. Depth 
of breathing becomes a matter of balance between drive and check. Further- 
more drive and check are ~most intimately related: if our theory developed in 
section 14 is correct. As proposed there the recurrent collateral signals increase 
the frequency of discharge and by a process of exhaustion produce a dispro- 
portionate rise of the excitatory threshold as compared with that of the 

Fig.  68. P r o l o n g a t i o n  of e x p i r a t o r y  a c t i v i t y  b y  a n  in tens i f i ca t ion  of t he  v a g a l  s t r e t c h  ref lex ( sus ta ined  
i n f l a t i on  of t he  lungs)  p lus  a p rogress ive  s t r e n g t h e n i n g  of t he  e x p i r a t o r y  c o n t r a c t i o n  b y  the  a d d i t i v e  a c t i o n  
of t he  i nc r ea s ing  a s p h y x i M  chemica l  dr ive.  R e c o r d  1 is a n o r m a l  exp i r a t ion .  Reco rds  2, 3, 4 a n d  5 r ep resen t  
t he  dua l  p r o p r i o c e p t i v e  a n d  chemica l  m o d i f i c a t i o n  of t he  n o r m a l  exp i r a t i on .  The  b e g i n n i n g  of t he  mod i f i ed  
e x p i r a t i o n s  is w e a k e r  t h a n  the  n o r m a l  p r eced ing  exp i r a t i on ,  d i f fer ing  in  t h a t  r e spec t  h ' o m  the  resul t s  of 
fig. 60. This  d i f ference  is p r o b a b l y  a t t r i b u t a b l e  to  a s t r o n g e r  opposing" a c t i o n  of t he  i n h i b i t o r y  musc l e  
sp indle  ref lex  in  fig.  68 ( sea  below) w h i c h  h o w e v e r  is s o o n  overcome:  A,  B,  C, D, E a n d  F m a r k  the  
r e c r u i t m e n t  of n e w  a c t i v e  musc le  un i t s .  No te  the  g r a d u a l  i nc reas ing  f r e q u e n c y  of severa l  u n i t s  co r respon-  

d ing  w i t h  i nc reas ing  chemica l  dr ive.  [XVoRzNIAK a n d  GESELL: Amer .  J .  Phys io l .  126, 659 (1939).]  

accompanying rising electrotonic current. Thus.working in conjunction with 
the recurrent collateral the vagus would assist in the interruption of the con- 
tinuous discharge of the reticular cells. As exhaustion of these cells increases 
with each inspiratory discharge, the vagal drive upon the expiratory cells 
also increases, thus building a potential reciprocal inspiratory inhibitory action 
of increasing strength. The slightest weakening of the inspiratory discharge 
would release the expiratory cells from their state of inhibition whereupon 
they would instantly discharge. By virtue of reciprocal inhibition the in- 
spiratory discharge would come suddenly to .an end. Thus we look upon 
interruption of inspiration as a combined effect of exhaustion through direct 
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reflex stimulation plus inhibition created indirectly through excitation of the 
expiratory half center. 

21. The Reflexogenic Support of the GoLw Signals. 
LITTLE is known of tile function of the GoLor endings and muscle spindles. 

As CREED, DENNY-B~OWN, ECCLES, LIDDELL and SHERRINGTON (59) have 
said. " I n  the existing state of our knowledge it would evidently be rash to 

A 
h 

Fig. 69, A d i a g r a m  showing  the  m e c h a n i c a l  con- 
d i t ions  o b t a i n i n g  w h e n  musc le  end-o rgan~  a r c  dis- 
Posed " i n  se r i e s"  w i th  the  t en s ion  s u p p o r t i n g  
e lements .  U n d e r  these  c i r c u m s t a n c e s  t ens ion ,  
w h e t h e r  ac t i ve  or  pass ive ,  will a f f ec t  t he  e n d o r g a n s  
i nd i sc r imina t e ly ,  a a n d  b,  skele ta l  musc le  f ibres ;  

A anterior horn cell. [FULTON and PI-SL~2~ER; 
Amer. J. Physiol. 83, 554 (1928).] 

Fig.  70. A d i a g r a m  to show the  m e c h a n i c a l  con-  
d i t ions  obta in ing '  w h e n  a musc le  e n d - o r g a n  is 
a r r a n g e d  " i n  p a r a l l e l "  w i t h  the  t e n s i o n  s u p p o r t i n g  
e lements ,  a a n d  b,  ske le ta l  musc le  f ibres ;  s a f f e r en t  
e n d - o r g a n  a s soc i a t e4  w i t h  a f ibre  r u n n i n g  para l le l  
w i th  a a n d  b (e. g. ,  a n  i n t r a f u s a l  f ibre) ;  A 

a n t e r i o r  h o r n  cell. [FULTOI~" a n d  PI-SUI~ER: 
A m e r .  J ,  l>hysiol. 83, 554 (1928).] 

altempt to specify the reflex functions of any of the proprioceptive endings 
which hav-e been describe&" Neverbhelsss, it seems desirable ~o /9repose a 
temporary hypothesis in line with the reinforcing Principles laid down for the 
vagal endings. FULTON-and P~ SU~ER (96) have called attention to the parallel 
arrangement of the muscle spindles and the contractile muscle fibers and to 
the theoretical reduction of strain on these receptors accompanying muscular 
contraction (see fig. 70). Muscle spindle firing should accordingly diminish 
during contraction as demonstrated by MATTItEWS (18). The firing of the 
GOLaI endings should on the other hand increase with increasing tension 
accompanying muscular contraction (see fig. 69), On that basis we have 
assmned that it is the stimulation of the GOLaI endings which gives rise to 
the well-known stretch reflex. This reflex we believe is important in the 
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adjustment of the mechanics of breathing. As normal inspiration progresses and 
meets with increasing resistance, the inspiratory GOLGI signals increase in 
numbers and thereby provide the accessory reflex drive needed to overcome 
the increasing resistance. On that basis the mechanism becomes nothing more 
than a purposively graded stretch reflex such as already postulated for the 
vagal stretch reflex. Evidence supporting this view is found in the com- 
parison of action potentials of inspiratory muscles-first during a normal in- 
spiration when little resistance is met and second during occlusion of the 

Fig, 71. A u g m e n t a t i o n  of GOLGI reflexogenic suppor t  of insp i ra tory  contract ion,  i l lus t ra ted in the  electro- 
g r a m  of the  ex te rna l  in tercosta l  muscle.  Occlusion of the  t r achea  is designed to increase the  tension and  
discharge of the  GOLGI endings.  Free b rea th ing  occurs in b rea ths  1 a n d  4 ; obs t ruc ted  b rea th ing  in brea ths  
2 and  3. TA represents  t idal  a ir  and  T. P. t r achea  pressure.  Inspec t ion  of the  e lec t rogram shows a n  earl ier  
and  more  f r equen t  twi t ch  of muscle  uni t  @ 1 and  a r e c ru i tmen t  of new ac t ive  uni ts  in the  obs t ruc ted  in- 
spirations.  R e c r u i t m e n t  is g rea te r  in b rea th  3 t h a n  in b rea th  4, ano the r  example  of the  addi t ion  of chemical  
to propr iocept ive  dr ive  (compare  wi th  fig. 68). The  g rea te r  post-occlusion as compared  wi th  the  pre- 
occlusion discharge is a n  expression of the  a u g m e n t e d  chemical  drive. [WoRz~'I_~K and  GESELL: Amer .  

J .  Physiol.  126, 568 (1939).] 

trachea when resistance is enormously increased (see fig. 71). The increased 
frequency of twitch and of recruitment during obstructed breathing is similar 
to that noted for the vagal stretch reflex and to that of increasing chemical 
stimulation. The increased inspiratory activity is undoubtedly due to the 
muscle stretch reflex for the effects are still obtainable after double vagotomy. 
It  is, therefore, concluded that  at least two proprioceptive reinforcing reflexes 
exist which are available for overcoming such resistance as may develop during 
the course of an inspiration, one coming through the vagal endings of the 
lungs and the other through the GonGi endings of the muscle. It  is most 
significant that the phenomena of accelerated frequency of twitch and of 
recruitment of new active units evoked by a modification of proprioeeptive 
activity are as readily demonstrable throughout the stations of the inspiratory 
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arcs as are the basic patterns of activity in eupnea [MAGEE, BRICKER and 
GESELL (97)]. Fig. 72 e.g. compares the phenomenon of accelaration of 

Fig .  72. A u g m e n t a t i o n  of GOLOI ref lexogenie  s u p p o r t  of i n s p l r a t o r y  c o n t r a c t i o n  as  revea led  b y  t h e  accele-  
r a t i o n  a n d  p r o l o n g a t i o n  of i n s p i r a t o r y  d i scharges  in  t he  l a t e r a l  r e t i cu l a r  nuc leus .  The  midd l e  r eco rd  
shows  r e s p i r a t o r y  a c t i v i t y  d u r i n g  t r a c h e a l  occlusion.  The  end  records  show the  n o r m a l  a n d  r e c o v e r y  

contro ls .  [MAGEE, BRICKER a n d  GESELL: Amer .  J .  Phys io l .  1"29, 415 (1940).] 

discharge in the lateral reticular nucleus during normal and obstructed in- 
spiration. Fig. 73 shows both acceleration and recruitment in the internal 
arcuate fibers. The demonstration of 
increased activity in this sensory region 
is important  in revealing that  impulses 
giving rise to the respiratory stretch 
reflexes ascend the cord, to impinge on 
the secondary sensory nuclei (see fig'. 74). 
From there the effects are most pro- 
bably relayed to the reticular cells and 
thus on to the ventral horn cells. 

The train of events occurring in 
the neuro-mechanical circuit during a 
normal inspiratory act are pictured as 
follows. The reticular and ventral horn 
cells begin to discharge in the slowly 
augmenting fashion and the inspiratory 

Fig.  73. A u g m e n t a t i o n  of GOLGI re f lexogenic  
muscles follow suit. But  the m o m e n t  s u p p o r t  of i n s p i r a t o r y  c o n t r a c t i o n s  a t  a s enso ry  

they begin t o  c o n t r a c t  they s t r e t c h  s t a t i o n  of t he  i n s p i r a t o r y  ref lex  a rc .  [M~-GEE, 
BRICKER a n d  GESELL: Amer .  J .  Phys io l .  129, 

their own GoLGI endings and dispatch 415 (1940) 
the signals so generated through the 
sensory circuit back to the reticular cells. The reflexly intensified discharge 
whips up the ventral horn cells and so the muscles, to greater activity, 
which in turn increases the ou tpu t  of GoLGI signals impinging on the center. 
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This self-augmenting cycle thus tends to steepen the gradient of the inspiratory 
discharge in a manner analogous to that described for the vagus nerve (see 
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Fig. 74. An hypothetical  neuromeehanical circuit of GoLGI reflexogenie support of respiratory contraction, 
Muscular contraction increases the act iv i ty  of the GOLGI endings which increases the ac t iv i ty  of the 

corresponding reticular cells etc. [~Vo~z~L~K a n d  GESELL: Amer, J. Physiol. 126, 568 (1939).] 

f~g. ]74). As HESS (90) and FL~Isc~ (99) have stated,: the automatic dis- 
charges of the respiratory center are but incompleted integrations. 0nly as 

the respiratory act unfolds it is 
corrected and adapted to the me- 
chanical conditions which develop. 
The speed and accuracy of the 
resulting proprioceptive reflexes 
has been demonstrated by FLEISCtt 
with the aid of his pneumotachi- 
gram (see fig. 75). For example, 
an introduction of resistance to 
the movement of air during in- 
spiration and expiration increases 

Fig. 75. Inspirat ion a,ctivating reflex in vagotomized the strength of the inspiratory 
dog. A resistance to inspiration is introduced a t  point 
I - - I .  For purely mechanical reasons the P (or negative and expiratory contractions r e -  

pressure) curve rises up to point 2 and the stream velocity speetively a n d  t h u s  t e n d  t o  main- 
(P. T.) diminishes np to point I I ,  Between points 2--3 
( I I - - I I I )  an inspiration act ivat ing reflex develops wtLich r a i n  a constant flow of air regard- 
increases the stream velocity and the tracheal negative 

pressure. [FI,EISOH: Era. Physiol. 36, 249 (1934).] less Of the resistance encountered. 
Conversely, reduction of the resi- 

stance to the flow of air decreases the power of the inspiratory and expira- 
tory contractions and again tends to maintain a constant flow of air. 

It  is only reasonable to expect that  shorter arcs als0 exist which connect 
the GOLGI endings with the ventral horns directly through the cord. We 
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should so interpret  the recent results of FISEISCI~ and TRIPOD (100) who have 
demonstrated the existence of corrective respiratory reflexes after transection 
of the cord, vagi and dorsal cervical roots. 

22. The Reflexogenic Support of the Muscle Spindles. 
If the stresses and strains of the spindles of a contracting muscle are 

removed as the muscle shortens [FULTON and PI SUNER (96) and MATTHEWS (13)] 
and if the signals arising in the spindles are inhibitory, it follows that  inhibition 
must  be removed in an inspiratory muscle in direct proportion to the degree 
of its shortening. Should this mechanism actually prevail it will be noticed 
tha t  it is the only instance of direct reflex inhibition which we have so far 
presented. Even so, the reflex need not be regarded solely as a purely inhibi- 
tory phenomenon for contraction may actually be reinforced by a removal 
of the initial inhibition. The expiratory muscles would, however, be stretched 
and thereby inhibited thus allowing efficient reciproc-ating activities. In 
accordance with this concept we tentatively connected the muscle spindles 
of the inspiratory and expiratory muscles to the inhibitory poles of the inspira- 
tory and expiratory reticular cells respectively. Similar connections were 
made with inspiratory and expiratory motor  ,cells i n the cord (see fig. 47). 

If it be true that  an inspiratory cootraeti0n iS augmented by an automatic 
removal of a direct inhibi~'ory r@flex, what  can be the purpose of a direct in- 
hibitory reflex, particularly since the Go~oI and muscle spindle reflexes would 
seem to serve the same purpose ? We are inclined to regard the muscle spindle 
reflex as primarily protective and only secondarily employed for the purpose 
of drive. For example a powerful flexor contraction meeting insurmountable 
resistance, driven all the harder by the increasing GOLGI reflex, might  lead 
to rupture were it not for the opposing reflex initiated by the protective stret- 
ching of the muscle spindles. 

23. A Comparison of the Respiratory Act with Rhythmic 
Motor Activities of the Spinal Cord. 

For a number of years GRAHAM T. BROWN (t01 and 102) has called 
at tent ion to a similarity of respiration and the rhythmic activities of the cord. 
According to him, both sets of motor integrations are coupled activities, in 
which opposing muscles are under the control of half centers reciprocally 
interconnected. These interconnections not only accomplish the necessary 
reciprocal inhibition, but  play a part  in the rhythmic turning of each phase 
of contraction as well. If we may accordingly think of inspiratory contractions 
as representing flexor activity and expiratory contraction as extensor activity, 
much may be gained by a further comparison of the respiratory act with the 
spinal cord activity, for each similarity that  can be ~ established adds that  
much basic material for the interpretation of the respiratory act. 
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One important point in common to breathing and the rhythmic activities 
of the cord is their elieitation by a continuing or steady type of stimulation. 

Thus we call attention 
to the elicitation of 
"rhythmic movements 
of the leg of a decapi- 
tated frog which had 
been immersed in 0,5 
per thousand solution 
of sulphuric acid" by 
~':[ARCt~WALD (34) (see 

Fig.  76. R h y t h m i c a l  leg m o v e m e n t s  of a d e c a p i t a t e d  f rog  whose  legs fig. 76). The invariable 
are  i m m e r s e d  in a w e a k  so lu t ion  of su lphur i e  acid .  rhythmic response of 

[M~tlCeKWALD: Z. Biol. 5, 149 (1887).] 

the scratch reflex to 

such stimuli as high frequency electrical shocks, galvanic current and a beam 
of light as demonstrated by SHER~I~GTON is seen in fig. 24. The elicitation of 

the stepping reflex by faradie stimulation 
shown in figure 77 is in turn comparable 
to the elicitation of breathing during 
acapnic apnea produced by similar stimu- 
lation of the central end of the saphe- 
nous nerve [GESELL and MOYER (79)] 
(see fig. 126). Some mechanism, there- 
fore, resides in the central gray axis stem, 
in both cord and medulla oblongata, 
which is capable of responding in a rhyth- 
mic way to a steady type of excitation. 
We have already considered hypotheti- 

Fig.  77. Crossed  s t epp ing- re f l ex  (spinal  dog) 
el ic i ted b y  u n i p o l a r  f a r a d i z a t i o n  of t he  oppos i t e  c a ]  possibilities o f  t h e  machinery i n v o l v e d  

foot .  The  f lexions  of t h e  l imb  succeed  e a c h  o t h e r  which now may be analyzed in greater 
a t  a r a t e  of a b o u t  f ive t imes  in  two  s e c o n d s - a b o u t  
ha l f  t h e  f r e q u e n c y  t h e y  exh ib i t  in  t he  s c r a t ch -  detail. 
reflex.  The  " a f t e r - d i s c h a r g e "  of t h e  ref lex in-  
e ludes  fou r  " s t e p s " ,  t h e  l a s t  be ing  of smal l  A most important point of agree- 
a m p l i t u d e  a n d  slow, as  w i t h  t h e  f ina l  b e a t s  of m e n t  between respiratory and spinal 
t h e  sc ra tch- re f l ex .  T ime m a r k e d  be low in  
seconds .  A b o v e  the  t ime  line is t he  s ignal  line, activity is the graded response to s e n -  
s h o w i n g  the  pe r iod  of a p p l i c a t i o n  of t he  s t imu-  
lus.  (SttERI~INGTON: Integrative Action of the s0ry stimulation, e.g.  an injection of 
Nervous System. New York: Scribner's Sons cyanide limited to one carotid body pro- 

1906.) 
duees about half the respiratory stimu- 

lation of that produced by injection into both carotid bodies. A strong elec- 
trical stimulation of HEnIN~S nerve or of the central end of a cutaneo 
sensory nerve, such as the saphenous, activating a large number of fibers 
produces greater hyperpnea than does weaker stimulation. The results are 
similar to those of graded stimulation of the scratch reflex illustrated by 
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SHERRINGTON in fig. 94. As in the spinal reflexes, both frequency and strength 
of breathing increase with increasing strength of excitatory stiinulation. 

We have seen that signals, regardless of their origin, add their effects 
to those of others which impinge upon the excitatory end of common neuron. 
PAIN and GoLGI signals may add their excitation to those of the ehemoceptor, 
thus increasing the sum total of reflexogenic drive of the respiratory neuron. 
Such complementing action of widely differing receptors was recognized by 
NAG~r, (103) (1894) in the reflexes of the actinian. Surface receptors, one 
receptive for tactual stimuli, the other for certain chemical stimuli coexist 
in the tentacles and the reflexes elicited through combination of mechanical 
with chemical stimuli seem to combine harmoniously and mutually reinforce 
each other. SIIEItRINGTON remarks that in the case of the flexion reflex the 
receptive field includes not only reflex arcs arising in the surface field, but 
proprioceptive reflex arcs arising in the depth of the limb which mutually 
reinforce each others action. This is nothing more than a substantiation, in 
the lower spinal centers, of the principle of synaptie drive advanced for the 
respiratory neurons, namely that the activity of a discharging nerve cell is 
primarily related to the sum total of excitatory impulses impinging on the 
cell, rather than to a temporal arrangement of impingement. 

We have referred to the marked after-discharge continuing after t he  
end of stimulation of the central end of }IERINGs nerve (see fig. P6). That 
phenomenon is common to all respiratory reflexes and is unmistakably seen 
following the end of stimulation of the saphenous nerve in fig. 84. The degree 
of after-discharge varies with the intensity and duration of sensory stimu- 
lation both for the respiratory and lower spinal reflexes. That is evident on 
comparison of SI~E~RI~aTONs findings on the scratch reflex (fig. 25) and the 
respiratory records just described. 

While it is true that the theoretically denervated respiratory center and 
~he deafferented cord seem capable of a rhythmic activity of their own, both 
rhythms, as just observed, are nevertheless capable of gross modification by 
artificial sensory stimulation. Stoppage of breathing by either a predomi- 
nantly inspiratory stimulus such as chemical stimulation of the carotid body 
or by a powerful expiratory stimulus such as stretching of the lungs during 
the expiratory phase represent extreme examples of Such change. Fig. 45 
illustrates a prologation of inspiration produced by intracarotid injection of 
cyanide in a vagotomized dog. Fig. 79 shows asma]ler  effect produced by 
intravenous injection. Prolonged expiratory tetanus from pulmonary inflation 
was shown in fig. 60 and 68. Electrical stimulation of any nerve capable of 
producing powerful expiratory activity will produce identical effects whether 
that stimulation be continuous as in sustained pulmonary ,inflation or whether 
it be an interrupted stimulus, such a~ seen in fig. 78 (I-IAI~II~TON and GE- 
SELL (104)]. In this instance four groups of faradic stimuli were delivered 

Ergebnisse tier Phys~oloffie. 43. 36 
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to the central end of the superior laryngeal nerve with a resulting increased 
expiratory effect following each stimulation. Upstroke represents inspiration. 

I t  is concluded from such well-known results as have just been enumerated 
that prolongation of either inspiratory or expiratory activity will tend to decrease 

Fig.  78. Ac t ive  e x p i r a t i o n  e l ic i ted  b y  four  g r o u p s  of f a r a d i e  s t imul i  appI ied  to  t he  c e n t r a l  e n d  of t h e  
supe r io r  l a r y n g e a l  ne rve  of t h e  dog.  U p s t r o k e  r ep re sen t s  i n sp i r a t ions .  [HAMILTON a n d  GESELL: A m e r .  

J .  Phys io l .  129, 373 (19~0).] 

the frequency of breathing. Following a combined line of reasoning it might 
seem as logical to conclude that  simultaneous application of the inspiratory 
and expiratory stimulation, each of which produce retardation of breathing, 

Fig.  79. Fig .  80. 

F ig .  79 and. 80, R e t a r d a t i o n  of b r e a t h i n g  r e su l t i ng  f r o m  i n t r a v e n o u s  in jec t ion  of s o d i u m  c y a n i d e  in  a 
v a g o t o m i z e d  dog  (fig. 79) a n d  r e t a r d a t i o n  of b r e a t h i n g  r e su l t i ng  f r o m  a f fe ren t  s t i m u l a t i o n  of t he  v a g u s  
n e r v e  (first  p a r t  of fig. 80). Cyau lde  i n j ec t ed  d u r i n g  v a g M  s lowing  n o w  p r o d u c e s  the  so-cMled " p a r a d o x i c a l  
a c c e l e r a t i o n "  of GESELL, STEFFENSEN anc~ BROOKItART, I .e.  one s lowing  effect  a d d e d  to  a n o t h e r  s lowing  
ef fec t  p r o d u c e s  acce le ra t ion .  [GENELL, STI~FFENSEN a n d  BROOg.HART: Amer ,  J .  Phys io l .  120, 105 (1938).]  

would produce a still greater retardation. The results are diametrically opposite 
~ G E S E L L ,  STEFFENNEN and B~OO~A~T (105)]. An example of such findings 
is shown in figures 79 and 80. The dog is vagotomized. Cyanide injection by 
itself will be seen to slow the frequency of breathing from 16,7 to 11,3 per 
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minute primarily due to a prolongation of inspiration. Likewise, electrical 
stimulation of the central end of the vagus nerve by itself is seen to slow the 
frequency of breathing from 16,2 to 6,7 as a result of a prolongation of the 
expiratory phase. When cyanide was next injected during a period of slow 
breathing produced by vagal stimulation the frequency of breathing suddenly 
increased from 6,7 to 40, when the cyanide reached the carotid body. The 
duration of inspiration and expiration are each reduced in time even though 
both are increased in depth. This constitutes a most 
elementary and beautiful example of the interplay 
of two steady state stimuli combining to produce 
a most effective type of breathing. It is further- 
more significant that the artificial condition here 
supplied are very similar to those obtaining during 
oxygen lack in which the chemicat stimulus, like 
cyanide, provides the necessaxy force to call forth 
deep inspirations and the deep inspirations by stret- 
ching the pulmonary proprioeeptive endings provide 
the expiratory drive supplied by electrical stimu- 
lation of the vagus nerve. 

Unable at the time to appreciate the  signifi- 
cance of the production of acceleration by the com- 
bination of two retarding effects we called the phe- 
nomenon "paradoxical acceleration". But at the 
present moment any other result must seem para- 
doxical to us, for with the aid of our newer concep- 
tions of breathing we can visualize the center acting 
like a pendulum between two springs, one, the in- 

Ffg. 81. i figurative d~gram of 
the rhythm control el breathing 
in which the  sw ing  of the pen- 
du lum to the right  is expiration 
and the  swing to the left is in- 

sp irat ion .  The m~ehanical forces  
of the springs pushing the  pen- 
du lum from one side to the other  
are to  be compared with the  
electronic forces of the half 
centers  (GESELL: Unpublished.) 

spiratory force, pushing it to the left and the other, the expiratory force, 
pushing it to the right (see fig. 81). If these forces are strong and evenly 
balanced, the pendulum will vibrate with great force and with a frequency 
differing from its own inherent rhythm. If the forces are weak and evenly 
balanced the  pendulum will swing more gently and slowly at its own period 
in accord with its length. Our problem is to develop the details of respira- 
tory rhythm in harmony with electrochemical forces along the lines which we 
have attempted to develop figuratively with the aid of mechanical concepts. 

Stimulation of the superior laryngeal nerve or vagus increases the electro- 
tonic excitation current of the expiratory cells because these nerves have 
copious expiratory connections. This of itself stiffens the expiratory spring 
and pushes the pendulum to the right. At the same time the stimulation 
reduces the eleetrotonic exciting current in the inspiratory half center through 
reciprocal inhibition which is comparable to a softening of the inspiratory 
spring. The pendulum thus swings still further to the right. The same reasoning 

36* 
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may be used for a predominantly inspiratory stimulation such as arises in 
*he eIlemoceptors of the carotid body. 

How then may other effects be tentatively explained, such as the accen- 
tuated expiratory action produced by the addition of the stimulation of the 
saphenous nerve to that  of the superior laryngeal nerve in fig. 82? The 
pendulum (mechanical or electrochemical) is already to the right, due to 
the push of the superior laryngeal nerve. Upon excitation of the saphenous 

Fig.  82. Ef fec t s  of s a p h e n o u s  s t i m u l a t i o n  w h e n  a d d e d  fo s t i m u l a t i o n  of t h e  supe r io r  l a r y n g e M  n e r v e  
a l r e a d y  in  p rogress .  Super io r  l a r y n g e a l  s t i m u l a t i o n  elicits  a w e a k  e x p i r a t o r y  c o n t r a c t i o n  seen b y  ca re fu l  

i n s p e c t i o n  of t h e  r e c o r d  w h i c h  p r e v e n t s  t he  occu r r ence  of in sp i r a t ion .  W h e n  t h e  s a p h e n o u s  n e r v e  is n o w  
s t i m u l a t e d ,  i t s  e x p i r a t o r y  c o m p o n e n t  is a d d e d  to  t he  p ~ d o m i n a t i n g  e x p i r a t o r y  ref lex  i n i t i a t e d  b y  t h e  
p r eced ing  s t i m u l a t i o n  of t h e  supe r io r  l a r y n g e a l  n e r v e  as  i n d i c a t e d  b y  t h e  gene ra l  depress ion  of t he  record .  

[HAMILTON a n d  GESELL: Amer .  J .  Phys io l .  129, 373 (1940).] 

nerve two additional forces are added - one new push to the right, for the 
nociceptors are connected to the expiratory half center, and another new 
push to the left for the nociceptors are also connected to the inspiratory half 
center. The proof of this double push has already been presented in the in- 
creased depth of both expiration and inspiration upon stimulation of the 
saphenous nerve. The expiratory component of the saphenous nerve is thus 
added to the prevailing expiratory reflex or push of the superior laryngeal 
nerve and increases the compression of the chest. One force adds to ~ the other 
just as the chemical stimulus of asphyxia which is capable of producing either 
inspiratory or expiratory activity was seen to add itself to the predominantly 
expiratory reflex evoked by pulmonary inflation in fig. 68. Small inspi- 
rations break through as the chemical stimulus increases. 

What  happens if the pendulum is swinging on its own inherent rhythm 
as in fig. 88 A where both vagus nerves are cut and a series of faradic shocks 
are delivered to HE~I~os nerve at regular intervals? Respiration can fall 
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into phase with stimulation as it frequently does if the frequency of breathing 
and stimulation are approximately matched in which event the results are 
unsuitable for the present purpose. But  failing to conform with the artificial 
rhythm of stimulation each group of shocks will fall in varying time relation 
with the respiratory cycle and thus introduce a varying set of conditions 

Fig. 83 A. 

Fig. 83 B. 

Fig. 83. Effects of rhythmic afferent stimniation of BERI:CGS nerve and the vagus nerve in which stimtt- 
iations fall in a hit or miss manner into varying positions in th0 inspiratory and expiratory phases. When 
stimulation accidentally falls into a favorable position in the inspiratory phase, the inspiratory component 
adds harmoniously to the  existent  inspiratory ac t i v i t y .  When s t imulat ion falls 4uto a favorable position 
in the expiratory phase, the expiratory component adds harmoniously to the existent expiratory activity. 

[HA3fILTON and GESELL; •iTler. J. Physiol .  129, 373 (1940).] 

such as presented in fig. 83A. To interpret the varying response to stimu- 
lation two pointsmust be kept in mind. During the active phase of expiration 
the inspiratory half center is reciprocally inhibited and due to the low inten- 
sity of its electrotonic excitation current it is relatively unsusceptible to stimuli. 
The expiratory center is for the moment dominating the respiratory cycle 
and, therefore, is freely open to further stimulation. During the phase of 
active inspiration the conditions are reversed, the inspiratory half center is 
then open to further stimulation while the expiratory half center is barred. 
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It  will be seen at once that  those stimulations falling with expiration 
actually increase the depth of expiration despite the fact that the ehemo- 
ceptors are predominantly inspiratory excitatory in function. And those 
stimulations occurring during the inspiratory phase increase the intensity of 
inspiratory activity. Turning to fig. 83 B in which the central end of the 
vagus nerve is stimulated one is impressed again with the irregularity of 
breathing. Particularly outstanding are the two deep inspirations at A and 
B representing harmonious additions of inspiratory activity to the central 

Fig. 8~. A transformation of a sustained expiratory act iv i ty  produced by a periodic st imulat ion of the 
superior laryngeal nerve into rhythmic  breathing in phase wi th  superior laryngeal s t imulat ion by an 
addit ional  continuous st imulat ion of the saphenous nerve, tt~AMYLTO~ and GESELL: Amer. J. Physiol. 

129, 373 (1940).] 

spontaneous inspiratory activity. Expressed mechanically, the pendulum is 
given an added push as it is swinging in the inspiratory direction. Looking 
next for a possible cause of the series of slightly exaggerated expiratory excur- 
sions at the end of the record one sees that  each regal drive comes at the 
beginning of expiration, a suitable moment for pushing the pendulum in the 
expiratory direction. One is reminded of the need of "pumping the swing" 
at, the right moment to accumulate the desired exhiliration. 

The results which are obtained upon combined stimulation of nerves 
are by no means uniform e. g. in fig. 84 the  addition of a continuous stimu- 
lation of the saphenous nerve to the expiratory action of rhythmic stimulation 
of the superior laryngeal nerve, not only accentuated the existent expiratory 
action, but brought about a rhythmic breathing in phase with the laryngeal 
stimulation. These results are most probably explained by the presence of 
a relatively strong inspiratory component in the saphenous nerve capable 
of initiating an inspiration between stimulations of the superior laryngeal 
nerve. As inspiration proceeds it becomes increasingly susceptible to inter- 
ruption by the rhythmic expiratory stimulus of the superior laryngeal nerve 
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which accomplishes that end. Expiration in turn becomes susceptible to 
interruption by the continuous inspiratory stimulation of the saphenous 
nerve etc. 

If we have interpreted the literature correctly there are two mechanisms 
of inhibition, one arising through the reciprocating connections in the 
manner described by Brown and the other arising more directly by simple 

It 

L 

Fig.  85. D i a g r a m  i n d i c a t i n g  connec t ions  a n d  ac t i ons  of t w o  ~f fe ren t  sp ina l  root-cel ls ,  a a n d  a ' ,  in  regard 
to  t h e i r  ref lex inf luence  o n  the  e x t e n s o r  a n d  f l exor  musc les  of t he  t w o  knees ,  a ,  root-cel l  a f f e r en t  f r o m  sk in  
be low knee ;  a ' ,  root-cel l  a f f e r en t  f r o m  f lexor  musc le  of knee,  i. e., in  h a m s t r i n g  ne rve ;  e a n d  e ' ,  e f fe ren t  
n e u r o n e s  to  t h e  e x t e n s o r  musc les  of t he  knee,  lef t  a n d  r i g h t ;  g a n d  g ' ,  e f fe ren t  n c u r o n e s  to  t h e  f l exor  musc le s ;  
E a n d  E ' ,  e x t e n s o r  musc le s ;  F a n d  F ' ,  f l exor  muscles .  The  " S c h a l t z e l l e n "  (v. MOXAKOW) p r o b a b l y  between 
t h e  a f f e r en t  a n d  e f fe ren t  root-cei ls  a re  for  s impl i c i ty  omi t t ed .  The  s ign  + ind ica tes  t h a t  a t  t h e  s y n a p s e  
w h i c h  i t  m a r k s  the  a f f e r en t  f ibre  a ( and  a ' )  exci tes  t he  m o t o r  n e u r o n e  t o  d i s c h a r g i n g  a c t i v i t y ,  whe rea s  
t h e  s ign- ind ica tes  t h a t  a t  t he  s y n a p s e  w h i c h  i t  m a r k s  the  a f f e r en t  f ibre  a ( and  a ' )  inh ib i t s  t he  d i s c h a r g i n g  
a c t i v i t y  of t he  m o t o r  neu roncs .  The  ef fec t  of s t r y c h n i n e  a n d  of t e t a n u s  t o x i n  is to  c o n v e r t  t h e  m i n u s  s ign  
in to  plus  s ign.  (SHERRINGTO~': I n t e g r a t i v e  A c t i o n  of t he  N e r v o u s  Sys t em.  N e w  Y o r k :  Sc r ibne r ' s  1906.) 

reflex action. Although the former is well accepted the second is also regarded 
as important. S~EgRINGWON believes that the  more direct simple reflex in- 
hibition builds on to the central reciprocating mechanism. Such reflex in- 
hibition is always reciprocal, thanks to the double connections depicted in 
fig. 85. The afferent fibers branching as they enter the cord deliver the 
impulses arising in individual muscle sensory endings to antagonistic motor 
cells in the cord. One branch excitatory and the other inhibitory, permits 
excitation of one muscle group and a corresponding relaxation of the other. 
I t  is particularly on this issue that we differed with SHERmNGTON in attempting 
to explain so called vagal inhibition of breathing for we prefer to adopt the 
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principle of reflex drive, in which power operates the integrating mechanism 
with relatively little use of brakes. An arrangement of this kind would allo- 
cate but one function to most receptors, namely that  of drive. The muscle 
spindle reflex, to which we have already referred, may be an exception more 
apparent than real due to its special protective use. The sinus stretch reflex 
would be another exception (see page 600), again more apparent than real, 
for it is unrelated to the fundamentals of motor integration proper. 

Fig. 86. Effects  of prolonged and  s t rong periodic centra l  s t imulat ions  of the  vagus  ne rve  in t e r rup ted  b y  
shor t  periods of no st imlflat ion.  E a c h  s t imula t ion  produces  a powerful  exp i ra to ry  compression of the  
lungs followed b y  a n  a b r u p t  insp i ra to ry  contract ion.  The  powerful  insp i ra tory  con t rac t ion  appear ing  
dur ing  t he  silent periods of s t imula t ion  has  been in te rp re ted  as rebound.  The  results are  to be  c o m p a r e d  
wi th  those  of SOWTON a n d  SHERI~INGTOI, v in fig. 87. [I~tA~III,TON and  GESELL: Amer .  J .  lPhysiol. 129, 373 

(1940).] 

We now come to a most interesting record, fig. 86, in which stimulation 
of the central end of the vagus nerve produces powerful expiratory contractions 
followed immediately by powerful inspiratory contractions at the cessation 
of each stimulation. Directly underneath this figure we have placed a strikingly 
similar series of muscular contractions, fig. 87, labeled "Knee-Extensions 
by Rebound: Isolated Extensor Muscle" which represent the results on the 
spinal reflex recorded by SOWTON and SUERmNGTON (107). 

If we were to at tempt an explanation of rebound it would arrange itself 
about the reciprocal interconnections of the half centers. Stimulation of the 
vagus nerve would be pictured as firing synapses on both inspiratory and 
expiratory neurons but only the expiratory cells would discharge due to the 
fact that  the expiratory phase is in progress, therefore, reciprocally inhibiting 
the inspiratory cells. If now we assume that  Change, as well as the strength 
of electrotonic current, is important in exciting the axon hillock it becomes 
apparent that  a cessation of activity of the expiratory half center must have 
an excitatory effect upon the inspiratory half center. This was mentioned 
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in our introductory discussion of the workings of the reciprocating connections. 
It  was concluded that  one center not only inhibited the other but in that  
process actually excited itself by reducing the inhibitory action of its opposing 
center. In this mechanism we see an explanation of rebound. By suddenly 
withdrawing its inhibitory potentials from the axon hillocks of the inspiratory 
cells at the close of expiratory activity, the expiratory half center thereby 
actually increases the electrotonic current in the cells of the inspiratory half 
center. The sudden increase 
of electrotonic current thus 
discharges these cells. 

Finally we must con- 
sider ttA~rOUDAs and WI~- 
so~s views on the control of 
the frequency of breathing. - 
I t  is necessary to recall that  
they insist upon the existence 
of a specific acceleratory nerve 
whose function presumably is ~ie. 
that  of controlling frequency 
of breathing. These fibers are 
thought to differ from ordi- 
nary cutaneo sensory nerves, 
which are also known to pro- 
duce acceleration of breathing 
when electrically stimulated. 
Our main argument against the 
views of ttAMMOUDA and WIL- 
SON is our belief that  sensory 

87. K n e e - E x t e n s i o u s  b y  R e b o u n d s :  I s o l a t e d  :Extensor  
3~uscle. On  a p p l y i n g  the  e lect r ica l  s t l m u l a t i o n  (first  r ise of t h e  
s ignal  line) to  t he  foo t -nerve ,  , t h e  m y o g r a m  line falls a n d  
r e m a i n s  d o w n  d u r i n g  t h e  s t imu la t i o  n,  s h o w i n g  t h e  ref lex  
i nh ib i t i on  of t he  t onus .  A f t e r  t h ree  seconds  the  s t imu lus  is 
d i s con t i nued  (fall of t h e  s igna l  l ine);  a p o s t - i n h i b i t o r y  re-  
b o u n d  c o n t r a c t i o n  ensues  d u r i n g  th i s  d i s c o n t i n u a n c e  of t he  
s t imu la t i on .  This  c o n t r a c t i o n  is t h e n  c u t  d o w n  b y  r e a p p l i c a t i o n  
of t he  s t imulus  (second rise of s ignal  line), t h e  musc le  be ing  
a g a i n  r e l axed  b y  inh ib i t ion .  On  w i t h d r a w a l  of th i s  s t i m u l a t i o n  
a r e b o u n d  c o n t r a c t i o n  reensues.  This  is r e p e a t e d  e leven t imes ,  
e ach  lapse  of t h e  s t imu lus  g i v i n g  a n  ac t i ve  e x t e n s i o n  of t he  
knee .  Dece reb ra t e  ca t .  T i m e m a r k e d a b o v e i n s e e o n d s .  SowTo• 
a n d  SIIEt~RINGTON. (SI~ERRI~ZGTON: Selected W r i t i n g s  of Sir  

C~ARLES SHERRINGTGN. N e w  Y o r k :  I t o e b e r  1940.) 

accelerator nerves, pure and simple, are non-existent, not merely for respi- 
ration but for any rhythmic nervous integration such as the scratch or stepping 
reflex. We rather look upon rhythm as a balance between the activity of half 
centers which in turn is dependent upon the individual intensities of stimulation 
of the half centers. Until that  conception fails it would seem more advisable 
to interpret the results of HA••OUDA and WI~so~ on graded cold block, to 
coincidental changing proportions of inspiratory and expiratory excitatory 
components. 

In that  connection it may not be amiss to suggest why stimulation of 
cutaneo sensory nerves is often so effective in producing a marked increased 
frequency of breathing, even with the vagi blocked. The inspiratory and 
expiratory components of cutaneo sensory nerves are often well balanced. In 
contrast, ttERISGs nerve though Squally excitatory is predominantly inspi- 
ratory. It, therefore, is effective in creating a high frequency of breathing 
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only when properly combined with an expiratory component from other 
sources. Recovery from a strong inspiration may be very prolonged indeed 
(see fig. 88). 

Fig. 88. Faradic stimulation of lcIEmNGS nerve produce very deep inspirations, Expirations are increased 
to a smaller extent. Note that the Irequeney of breathing was diminished. This may be due to the prolonged 

recovery following each deep inspiration. (GESELL, IzI&MILTON and ]3RASS151ELD: Unpublished.) 

24. The Individual Localization of the Inspiratory 
and Expiratory Centers. 

The evidence indicating the location of the primary respiratory center 
in the reticular substance o~ the lower medulla has already been presented. 
In that  discussion we commented briefly on the diffuse structural arrange- 
ment of the center and the structural intermixture of the inspiratory and 
expiratory hMf-centers. The/unctional division into twin centers- the inspiratory 
and expiratory half centers has been considered in much greater detail. At 
this particalar moment we are concerned with the delimitation of these indi- 
vidual centers, not so much in relation to neuro anatomy itself, but rather in 
relation to physiological principles which have recently become involved [see 
PrrTs, MAGOUN and RAISON (27, 108, 109)]. 

MA•eKWALD (34) 110) was among the first to be interested in this problem. 
In attempting to elucidate the mechanism of inspiratory spasms, now more 
commonly known as apneusis, he stimulated the medulla electrically. The 
following are some of his comments. 

"If,  after the medulla oblongata had been successfully divided above the respiratory centre, 
the vagi were cut in the neck, so tha t  respiratory spasms appeared, and if then the medulla was 
stimulated rhythmically or continuously with intermit tent  shocks, one was ~lways successful 
in modifying the respiratory spasms and in  liberating rhythmic respirations." - -  "Air.hough on 
the whole, direct stimulation of tile medulla oblonga~a brought forth more inspiratory movements, 
yet I often saw such plain and active expirations appear tha t  I could not doubt the existence 



The I n d i v i d u a l  Loca l i za t ion  of the  I n s p i r a t o r y  and  E x p i r a t o r y  Centers .  571 

of a n  e x p i r a t o r y  center  of r e sp i ra t ion  as wel l  as an  i n s p i r a t o r y  one ."  - -  " T h e  m o s t  i m p o r t a n t  

f ac t  ga ined  by  d i rec t  s t i m u l a t i o n  of the  r e sp i r a to ry  center  is that, the center can only be electrically 
stimulated in the same way as i/the stimuli came/tom the centripetal nerves and, there/ore, we stimulate 
only the sensory ganglionic part o~ the centre with intermittent current." 

The italics are ours. 
Examples of his findings are illustrated" in fig. 89, 90, 97, and 98. 

Fig. 89 shows how periodic breathing is transformed into regular and .more 

Fig. 89. Lower tracing A shows irregular slow periodic breathing which is transformed into regular hi, ca- 
thing by faradic st imulation of the medulla as shown in the upper treacing B. [~ARCKWALD; Z. Biol. 5, 

149 (1887).] 

frequent breathing by faradic stimulation of the medulla, whether the stimu- 
lation be continuous or rhythmic. Normal breathing is accelerated by similar 

Fig. 90. The rhythmical  breathing shown in the lower tracing is produced by faradie st imulat ion of the 
medulla after combined transection of the brain above the respiratory center and vagotomy. The upper 
record is an inspiratoiT spasm in which st imulat ion is missing-. [MARCl~WALD: Z. Biol. 5, 149 (1887).] 

stimulation. MARCKWALD then compares the similarity of these results wi~h 
those obtained by stimulation of sensory nerves. Inspiratory spasms produced 
by transection of the medulla and vagus nerves are also interrupted by con- 
tinuous or rhythmic stimulation (see fig. 90 and 97). The smooth, long, 
drawn out curve in fig. 90 shows the prolonged inspiratory tetanus resulting 
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from the transections and the lower curve shows how these spasms are inter- 
rupted by electrical stimulation of the medulla.. Similar interruption of in- 
spiratory spasms by continuous faradic stimulation of the superior laryngeal 
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nerve are illustrated in fig. 98. When central stimulus is increased, rhythmic 
breathing may give way to an "exquisite inspiratory cramp" such as described 
in the experiments of PITTS, MAGOVN and RANSON (see their fig. 107A). 

PITTS, MAGOU~ and RASSON have recently taken issue with MAliCK- 
WALD in maintaining that the respiratory responses which they obtain on 
stimulating the medulla are not due to the stimulation of sensory structures, 
but to direct stimulation of the center itself. Their results may be summarized 
in their own words and figures. 

"Many varieties of respiratory responses were obtained. In  s if one considers all the 
possible combinations of increases, decreases and no change, in rate, amplitude, midposition etc., 
each can be foun4 in the medulla and an at tempt  to indicate localization would lead to confusion 
and detract from the more precise localization of maximal reactions. Consequently we have 
chosen to consider the 2 types of response shown in fig. 1 A, B and 1 E, F, G (see our fig. 107) 
as maximM types if the apnea maintains without interruption for the duration of the test 
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s t imu lus ,  i .e . ,  12 to 18 seconds  or  m o r e  a n d  if, in  t h e  case of inspi ra t io  n t he  over insp i ra t i0n  

a m o u n t s  ~o 75 ce. or  more ,  a n d  i f  in t h e  case of  exp i ra t ion  the" pos i t ion  of res t  is in  aV leas t  

a s  g r ea t  a degree  of exp i r a t ion  as  t h a t  of  n o r m a l  r e sp i ra t ioh  p x e e e d i n g  s t i m u l a t i o n . "  
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Figs. 91 and 92. Sections of the medulla of the cat taken at  1 ram. intervals from 2 mm.  above the cephalic 
end of the  inferior olive to 1 ram. below the caudal end of the  inferior olive. Betwe6n sections G and t t  
is an  interval of 2 ram. The plane of the sections is sloping downward and forward 15 degrees from the 
verticle coronal plane of the HO~SLEu coordinates. The relation of these sections to surface 
ana tomy of the medulla is shown on the right side of fig. 17. Solid circles, maximal  expiratory reactions; 
solid triangles, maximal  inspiratory reactions; hollo~v circleS, submaximal  expira~()ry reactions;  hollow 
triangles, submaximal  inspiratory reactions ? plus ~igns, midp~ositional changes, i~ e., reductions in ampli- 
tude or apnea. Cuneate nucleus, CN; corticospinal tract,  C S, media~l longitudinal fasciculus, F;  gracile 
ntmleus, GN ; hypoglossal nucleus, YI ; intercallate n~cleus, I ;  inferior olive, tO ; lateral cuneate nucleus, 
LCN; lateral reticular nucleus, LN;  lateral vestibular nucleus, L yes; ~aedial lemnise~s, M; anotor nucleus 
of vagus,  MX ; medial vestibular nucleus, M yes; area postrema, P ;  rcstiform body, R;  tractus solitarius, S ; 
spinal vestibular tract  and nucleus, S yes; spinal;tract 0f the  trige minal nerVe, V; ventral  cochlear nucleus 

VCo. [PITTS, MAGOUr: aud:R~*S0N: Ainer. J. PhysioI. 126, 673 (1939).] 

" T h e  loca t ion  of t hese  m a x i m a l  i n sp i r a to ry  a n d  e x p i r a t o r y  responses  c an  be briefly s u m -  
mar i zed  as  be ing . in  t he  re t icu la r  f o rma t i on  of  t he  m e d u l l a  in  t h e  r eg ion  over  ~he inferior  olive, 
t h e  e x p i r a t o r y  region ly ing  dorsal  to,  s l igh t ly  cephal ic  to,  a n d  c u p p e d  over  t h e  cephal i  c e n d  of 
the  in sp i r a to ry  region wh ich  i tself  lies as a p la te  over  t h e  dorsa l  su r face  of t h e  uppe r  four - f i f ths  
of t h e  inferior  ol ive (see fig. 17). R o u g h  ca lcula t ions  ind ica te  t h a t  t h e  inspi ra~ory  a n d  exp i r a to ry  
regions  occupy  each  a b o u t  30 cu. ram.  of t h e  re t icu la r  fo rma t ion .  I t  m u s t  be  e m p h a s i z e d  t h a t  
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these maximal responses are obtained from no other region of the brain stem than that shown in 
fig. 3 B, C, D and 4 E, F, G (our fig. 91 and 92). Our exploration has extended from a level in 
front of the hypothalamus to the cervical cord." 

They  add 

"I t  must be emphasized that wit.h a stimulus intensi~y of 8 volts a~'240 stimuli per second 
there is little spread of current beyond the tips of the electrodes. In fact we routinely observed 
in certain regions a complete reversal of response from expiration to inspiration on moving the 
tips of the electrodes 1 ram." 

I t  will be well for the reader  to Visualize the exact  requi rements  of delimi- 

nat ing a mass of 30 cu. ram. into separate  inspi ra tory  centers. This mass 

if spherical would have  a d iameter  of approx imate ly  3 ram. 

At  the same meet ing in which PITTS, MAGOUN and RANSON made  their  

pre l iminary report ,  BROOKI~ART (1]1) described his results obta ined with 

low voltage st imulation,  0,5 to 1,5 volts, in which he was unable to elicit cha- 

racterist ic  responses indicat ive of a selective s t imulat ion of ei ther the inspi- 

r a to ry  or expi ra tory  center.  Like the Nor thwes te rn  workers, he too, got  

every  va r ie ty  of respi ra tory  response with weak st imulation.  This also agrees 

with MARCKWALD who elicited te tanus  only with powerful  s t imulation.  The 

reason given by  BROOKHART for employing low voltage s t imulat ion was to 

avoid the spread of cur ren t  which must ,  if it  occurs, inval idate  an exact  

localization such as a t t emp ted  by  PITTS, MAGOUN and •ANSON. To simplify 

his analysis of results BttOOKHART divided his responses, more or less arbi- 

trari ly,  into eight groups, different iated according to ra te  and ampl i tude  

changes during the s t imulat ion and recovery  periods. The distr ibution of the 

points f rom which these types of responses were obta ined is summarized in 

a series of histograms one for each type  of response  (see fig. 93). The follo- 

w i n g  is quoted  from his final paper  (]12). 
"In the upper right hand corner of each histogram indicating the type of response is a small 

drawing of the respiratory changes characteristic of the response. The percentages of the total 
number of responses obtained from each individual structure which fell into the various groups 
of responses are indicated along the left hand margin of each histogram. Each bar represents 
a nuclear group or fiber bract as indicated at the bottom of the figure. Along the bottom edge 
of each his[ogram are numerals indicating the actual number of responses involved in the compu- 
tations of the percentages." 

"From these graphs it may be seen that no single structure gave rise to only one type of 
response. It  is clear also that no single type of response was elicited from any one structure 
and from no other." 

BROOKHART, therefore,  concluded t h a t  the low voltage st imulat ions 

of the brain stem fail to reveal the existence of anatomical ly  separated inspi- 

r a r e f y  and exp i ra to ry  cen t e r s .  

Since then  t h r e e  final reports  have  been published on this subject  by  

PITTS, MAGO~N and RANSON (27, 91, 92) in which they  retain their  original 

content ions wi thout  discussion or ci tat ion of the work of BROOKEART. FULTON 

(112) has accepted the findings and conclusions of the high voltage experi- 
ments  bu t  apparen t ly  has overlooked the low voltage experiments.  For  these 
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Fig. 93. H i s tog rgms  indica t ing  the  re la t ive  frequencies of occurrence of a n y  single t ype  of response in the  
indiv idual  m edu l l a ry  format ions .  The  type  of response represented  b y  each h i s togram is indicated b y  a 
small  sp i rometer  t rac ing  in the  upper  r ight  h a n d  corner  of each graph.  The  percentage  of the  to ta l  n u m b e r  
of responses elicited f rom a n y  single fo rma t ion  which  fen into each t y p e  group is indica ted  along the  left  
edge of each graph. The number of responses involved in the computation of the percentage for each 
structure is shown along the bottom of each graph. At the bottom of the figure are the names of the 

meduilary formations represented. 
Abbrev ia t ions :  Desc. Tr .  V:  Nucleus of a n d  descending t r a c t  of the  t r igemina t ;  Fasc.  SoIit. : Fasciculus 
Solitarius and  its nucleus;  N. Cun. a nd  Grac. : Nuclei Cuneatus  an d  Gracilis an d  re la ted  fasciculi; Inf .  
Oliv. N.:  Infer ior  o l ivary  nucleus, in te ro l ivary  fibers, a nd  olivo-cerebeliar fibers; N. Vest . :  Nuclei an d  
fibers of the  e igh th  ne rve ;  Tr.  Sp.-Cereb.:  Dorsal  a nd  Vent ra l  spino-cerebellar  t r ac t s ;  Tr .  Sp.-Thal . :  
La te ra l  a n d  ven t r a l  sp ino- tha lamic  t r ac t s ;  Meal. Lem. :  Medial Lemniscus ;  Meal. Lo. Fase.:  Medial 
longi tudinal  fasciculus ; Ret .  Gr. F o rm:  Re t i cu l a r  g r a y  fo rmat ion ;  La t .  Ret .  N. : La te ra l  re t icular  nucleus ; 
Med. Ret .  N. :  Medial lqeticular Nucleus;  La t .  l~et.-Sp.: La te ra l  ret icule-spinal  t r ac t ;  Meal. Ret . -Sp. :  
Medial ret icule-spinal  t r a c t ;  V. Ret . -Sp . :  Ven t ra l  ret icule-spinal  t r a c t ;  N. X an d  X I I :  Dorsal efferent  
nucleus of X and  nucleus of X I I ;  N, ~-mb. : Nucleus Ambiguus ;  N. V I I :  Nucleus facialis an d  its f ibers;  
Ant .  H orn :  Cells of the  Ventra l  horn ;  Cort-Sp. a nd  Rub. -Sp . :  La te ra l  Cortico-spinal an d  rubro-spinal  
t r a c t  and  fibers of the  p y r a m i d a l  decussat ion;  P y r a m .  Decns. :  P y r a m i d a l  decussa t ion ;  Corp. Rest . :  
Corpus rest i formis;  N. Sup. Oliv.: Superior Ol ivary  nucleus. [BROOKHART: Amer .  J .  Physiol.  129, 7 0 9  

(1940).1 
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reasons it seems desirable to at tempt an explanation of the difference of 
opinion now existing on this phase of the subject. In our opinion the strength 
of BItOOKHARTs experiments rests with the precautions which he took against 
current spread, the accurate anatomical location of the effects which he eli- 
cited, and the superiority of his electrodes. I t  will be recalled that  he placed 
tiny lesions of about ] ram. in diameter at each site of stimulation and then 
retested the effects of stimulation. If stimulation still elicited a change in 
breathing that  observation was discarded. High voltages were purposely 
avoided because of the danger of current spread. PITTS, MAGou~" and I~ANSON 
made no direct check of this kind. They localized their site of stimulation 
by following the track which their coarse electrodes produced, a method impos- 
sible with the much finer needle electrodes used by BROOKHART. They base 
their assumption of no current spread upon an argument rather than on a 
direct control. They state 

"The  magni tude of the  maximal  responses obtained is wor thy of emphasis. The inspira- 
t ion on st imutavion of the  insp i ra to ry  center may  a m o u n t t o  ove r  200 co., of ten  over 10 times 
the  t idal  air. This response is obtained by  st imulat ion of less t han  3 cu. ram. of the  reticular 
formation,  for with  voltages as high as 20 volts spread of st imulus is less t han  1 ram. judging 
from reversal or disappearance of reaction on moving the  electrodes 1 ram. Since the  volume of 
bra in  substance from which maximal  responses may  be obtained is over 30 cu. mm. and  since 
the direct excitat ioh of less than  3 cu. ram. within this  region can yield responses which appear  
to be maximal,  i t  is probable t h a t  the  center is fired as a whole th rough  rich synaptic inter- 
connections. Evidence to be presented in a succeeding paper  confirms this  view." 

Since making his preliminary report BROOKHAttT has repeated the high 
voltage experiments of PITTS,  MAGOUN and :RANSON on the dog. Theresults  
of these experiments are shown in fig. 94 and discussed in his own state- 
ment. "Inspection of fig. 94 will reveal, that  at least as far as the dog is 
concerned, the regions reacting with inspiration and expiration are nowhere 
nearly as sharply defined and dissociated in the reticular formation as PITTS, 
MAGOU~ and I~ANSON have found for the cat. Maximal expiratory and in- 
spiratory responses are not confined precisely to the reticular formation and 
do not show the invariable dorsal-ventral distribution which has been reported. 
In mar~y cases maximal inspiratory responses have occil~rext upon stimulation 
when the electrode tip was simply resting on the surface: of the medulla without 
penetration. Likewise, in a number of cases maximal and submaximal responses 
Of both types have occurred when the electrode tip was bearing on the bone 
ventral to the medulla. In addition, such responses have been elicited from 
regions rostral to, caudal to and lateral to the respiratory areas which have 

been described for the cat." 
On gradual increase of intensity of stimulation from low voltages (0,5 

to 1,5) to high voltages (8 Go 10) the sustained response was seen to develop 
from any one of the low voltage responses. " I t  was impossible to abolish the 
high voltage responses by lesion, even if the lesion was enormously larger 
than any which were placed previously (see fig. 95). In several instances, 
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Fig .  94. l ~ a x i m a l  a n d  s u b m a x i m a l  i n s p i r a t o r y  a n d  e x p i r a t o r y  responses  o b t a i n e d  b y  s t i m u l a t i o n  w i th  
h i g h  vo l t ages .  The  d e p t h  of t h e  s t i m u l a t i n g  t ip  of t he  e lec t rode  be low the  sur face  of t he  m e d u l l a  is 

i n d i c a t e d  in  mi l l ime te r s .  [BROOKYIAtCT: Amer .  J .  Phys io l .  129, 709 (1940).] 

F ig .  95. P r o j e c t i o n  d r a w i n g  of a les ion in  t h e  lower  m e d u l l a  w M c h  fa i led  to  abo l i sh  a m a x i m a l  i n s p i r a t o r y  
response  to  a s t imu lus  of 8,0 vo l t s  app l i ed  n e a r  t h e  cen t e r  of t he  lesion. [BROOKttART: Amer .  J .  Phys io l .  

129, 709 (1940).] 

E rgebn i s s e  de r  Phys io log ie .  43. 3 7  
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such lesions were placed in the medulla at points from which maximal responses 
had been obtained. Stimulation in the center of such lesions continued to 
evoke maximal responses of equal  and sometimes greater magnitude than 
tile pre-lesion response. These lesions measured between two and four milli- 
meters across and .were fourthly ovoid in shape. Thus, the volume of such 
lesions was approximately thirty-five times greater than the volume of the 
lesions which were sufficiently large to abolish the responses to low voltage 
stimulations." 

The weakness of the conclusions of PiTTs, MAOOUN and RANSON lies in 
their hypothesis that they stimulated the center directly and not indirectly 
through the converging afferents. This assumption is based on their suppo- 
sedly accurate localization of the inspiratory and expiratory centers which 
according to BROOKHARTs experiments is open to serious doubt. But even 
granting the validity of their method, can the response to stimulation of con- 
veNing afferent fibers be dismissed ? In the first place it must be remembered 
that  the central nervous system as a whole operates primarily upon impinging 
signals carried by fibers which are known to be excitable to electrical stimu- 
lati0n, and secondly there are no classical experiments such as CLAUDE BER- 
NARDS on muscle, proving independent irritability of the nerve cell body. 
Though independent irritability of the cell body and its dendrites is accepted 
as a basic physiological principle by LORENTE DE NO, SHEItRINGTON, GASSER 
and others to explain effects of antidromie impulses, is not such acceptance 
based on a dangerous supposition? 

BROOKItART has suggested that  a spread of current in the medulla, in- 
volving both inspiratory and expiratory units, could readily produce either 
a purely inspiratory or expiratory end resultant depending upon the predomi- 
nance of either component. The force of that argumen t is supported in fig. 82 
where the addition of saphenous stimulation to that of stimulation of the 
superior laryngeal nerve produced an expiratory response greater than that 
resulting from stimulation of the superior laryngeal nerve alone. That such 
effects are obtainable despite the existence of a strong inspiratory component 
in the saphenous nerve is most significant for it shows that  a strong inspiratory 
or expiratory eomp0nent could be concealed in the central stimulations des- 
eribed by PITTS, MAOOUN and RAISON. It  has, therefore seemed probable 
that inspiratory effects produced by high voltage central stimulation have 
a high admixture of the expiratory component and vice versa and so cannot, 
for the present, be accepted as cleanly deliminating the inspiratory half 
center from the expiratory. Furthermore, if it is true that, rich synaptic 
connections of the nature described by PITTS, MAaOVN and t%ANSON exist 
in the center which are capable of pro0ucing "circus impulse" one is puzzled 
to understand why the positively selective stimulation of BnOO~:nART failed 
to reveal that fact. 
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Through the courtesy of Dr. CRAmIE who participated in the Respiration 
Symposium arranged by Dr. I-tENDERSON at the 1938 meeting of The Fade= 
ration of Societies for Experimental Biology and Medicine, I am able to add 
his comment on the forces of neurobiotaxis !n relation to the existence of 
anatomically distinguishable respiratory half eehters. 

"The most careful histological study has revealed no sign of a structurally differentiated 
respiratory centre. Now, there is in neuroanatomy a well-established principle called neuro- 
biotaxis, according to which stimulogenously correlated neurons attract each other and  tend 
to migrate towards each other during development, both phylogenetieally and ontogenetically, 
thus bringing it about that cells of similar function become associated in definite architectural 
groups. The fact that no such group, even of the Ioosest kind, can be discovered in the location 
of the supposed respiratory centre is evidence against there being any snell system of cells of 
closely similar function. 1%uther it would appear that the so-called centre must consist of rather 
widely scattered cells which, though they together exert a regulating effect on the motor mecha- 
nism of breathing, are excited by quite varied stimuli. Not improbably there may be considerable 
powers of vicarious functioning within this diffuse coordinating apparatus. Such a condition would 
account for the conflicting results reported by such a long series of physiological experl"menter." s " 

The electrical studies of GESEnL, BRICKER and MAGEE (12) have led them 
to agree with C~AIGIE in the existence of a diffusely arranged center in which 
the inspiratory and expiratory centers may be rather intimately associated 
in an anatomical way. The reason for arriving at this hypothesis is that no 
location was found in the medulla in which the potentials were predominantly 
inspiratory or expiratory. Moreover a step-like penetration of the sounding 
electrodes about 0,1 mm. at a time would often yield a series of respiratory 
potentials changing from inspiratory to expiratory and the reverse. Net 
infrequently one would record both inspiratory and expiratory potentials from 
one position of the electrode such as is seen for example in fig. 14E and G. 

In conclusion it may be stated that the problem of localization of the 
inspiratory and expiratory centers, should they exist as sharply deliminated 
structures, will be an extremely difficult one. Uncontrolled evidence cannot 
be accepted in a highly quantitative problem of this nature. The elicitation 
of either inspiration or expiration by central stimulation is no proof that  the 
center has been directly stimulated for comparable results are obtainable 
by sensory nerve stimulation. Because an expiratory effect is produced by 
central stimulation is no proof that inspiratory nervous structures are not 
simultaneously stimulated, for mixed expiratory and inspiratory stimulation 
in sensory nerves is capable of producing an expiratory effect. We are, there- 
fore, in agreement with the original conclusions of MARCKWALD that "the 
center can only be electrically stimulated in the same way as if the stimuli 
came from the centripetal nerves". 

25. Inspiratory Tetanus or Apneustie Breathing. 
One of the most interesting and il]uminating of respiratory phenomena 

is the inspiratory spasm resulting from combined transection of the brain 
stem and vagus nerves. Brain stem transection or vago section alone may 

37* 
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have little or no effect but  when one is combined with the other regardless 
of the order of procedure "respiration changes in a very remarkable manner. 
The diaphragm immediately after extirpation of the vagi (or upper brain 
tracts) passes into a long inspiratory spasm, gradually not suddenly, as if 

an inhibition was removed. Thus the 
diaphragm in this spasm sometimes goes 
considerably beyond the ordinary height 
of an inspiration, and then falls back 
suddenly into the position of expiration" 
[MARcKWALD (34)]. An example of this 
old observation is seen in a recent, figure 
from STELLA (96). 

The frequency of breathing varies 
greatly under these experimental con- 
ditions. In some instances the spasms 

Fig. 96. Apneus t i cb rea th ingprodueedby t rans -  m a y  last a minute or more while in 
ection of the brain stem plus vagal block, others ten seconds or less. So far as we 

[STELLA: J. of Physiol. 911, 10 (1938).] 
are aware no explanation is yet avai- 

lable for these variations in rhythmicity. A most important observation 
of MARCKWALD (3@ is the interruption of the inspiratory spasms by continuous 
faradie stimulation or rhythmic stimulation of the central end of either the 

vagus or superior laryn- 
geal nerves like that  pro- 
duced by similar stimu- 
lation of the substance 
of the medulla. The ac- 
celeration of breathing 
produced by faradic sti- 

Fig. 97. Expiratory interruption of inspiratory tetanus by periodic 
faradic st imulation of the central end of the vagus nerves a t  3 second mulation of the central 
inter,rMs. Stimulation ends a t  E whereupon the frequeacy of breathing ~ n d  o f  t h e  v a g u s  a t  r e g u -  

is diminished. [MA]~eKWALD: Z. Biol. 5, 149 (1887).] 
lar intervals is seen in 

fig. 97. When stimulation is stopped the inspiratory contractions are more 

prolonged changing the frequency from 80 to 6 per minute. 

By transecting the cord and cutting the dorsal cervical roots MARCK- 
WALD eliminated the impulses from the lower tracts as an essential factor in 
the production of inspiratory spasms. On the other hand he showed that ani- 
mals with divided brain stem and sectioned vagus nerves were very susceptible 
to cutaneous stimulation which "quickens the liberation of different respiratory 
phases". As a result of his, numerous observations MAaCKWALD arrives at a 

number of pertinent conclusions: 
"1. T h a t  t he  centers  of r e sp i r a t i on  are  s i t u a t e d  in  the  medu l l a  o b l o n g a t a  and  are  in  close 

c o n n e c t i o n  w i t h  the  or ig ins  of the  v~gi.  
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2. The respiratory centers in the medulla oblongata are automatically active, as well as 
excitable by reflex action. 

3. The automatically active center can only liberate respiratory spasms, but no regular 
rhythmic respiratory movements. 

4. Normal rhythmic respiration is a reflex act, mainly liberated by the vagi. 
5. The vagi constantly stimulate; they possess tonus and are sufficient to serve as the 

only active regulators of respiration. During absolute rest of the animal organism they probably 
act alone. 

6. Next to the vagi the upper brain tracts are of great importance for the~liberation of 
regular rhythmic respiration. They are capable of replacing the non-activity of the vagi. During 

Fig. 98. Periodic interruption of inspiratory tetanus produced by faradic stimulation of the superior 
laryngeal nerve after double vagotomy. Inspiratory tetanus begins again at the end of stimulation at 

point E. [MARCKWALD: Z. Biol. 5, 149 (1887).] 

sleep, during hibernation, or after certain narcotics the reflexes from the upper tracts on the 
respiratory center often remain alive. The great difference between the individual&racts lies in 

~this, that  whilst the vagi are in constant stimulation and act continuously on the respiratory 
center they also possess tonus; the upper tracts have only a secondary influence on respiration. 
From the brain flow all vohmtary impulses of respiration, all emotions, all sensory impressions, 
and stimuli which are the result of mental actions. These all modify respiration. 

7. There are no true respiratory centers above the primary centers in the medulla nor are 
there true respiratory centers in the cord." 

The development of inspiratory spasms of relatively low frequency 
following division of the brainstem and vagi have been amply confirmed by 
many workers. 

Of particular interest was the work of Lv~sI)~,N (114, 115, 116, 117, 118) 
in which inspiratory spasms or apneustic breathing (holding of the breath) 
was produced by various forms of chemical abuse such as asphyxia, chloroform 
etc. and by brain stem section. As a result of these experiments LUMSDnN 
believes that he has established the existence of four distinct respiratory 
centers (see fig. 99). 1. A gasping center just above the apex of the calamus 
scriptorius believed to be a persisting remnant of a primitive respiratory 
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mechanism no longer playing a role in normal respiration. 2. An apneustic 
center at the level of the striae acousticae which when unregulated produced 
prolonged inspiratory spasms such as those described by MAnCKWALD. 3. A 

.~Pneurnot~x/c gentsr 
% ~Ex~/ralo~gente, 

~sg 

Fig. 99. LVMSDENS resp i ra to ry  centers.  [LWMSDERr: 3. of Physiol .  
58, 81 (1923).] 

pneumotaxic center located 
in the upper pons whose 
function it is to interrupt 
the apneustic center at re- 
gular intervals and thus 
establish the normal fre- 
quency and depth of brea- 
thing and 4. An expira- 
tory center located between 
the gasping and apneustic 
centers which when the 
phase of expiration is active 

aids the pneumotaxic center in interrupting apneusis by bringing about an 
expiration. According to LUMSDEN however expiration is largely passive which 
would place the role of rhythmic interruption of breathing upon the pneumo- 
taxic center. In our opinion the schema of LVMSDEN is unnecessarily complex 

Fig. 10O A, B, C a n d  n .  Cooling of the  medul la  in the  region of the  obex stops brea th ing .  Apneust ie  
b rea th ing  is seen in records A, B and  C. [NIOHOLSO~: Amer .  J .  Physiol .  115. 402 (1936).] 

when a simple concept of balance between two half centers seems to meet all 
present needs. We much prefer to subscribe to the simple principles layed 
down by NICHOLSON (119), NICHOLSO~ and BREZI• (120), NICHOLSON and 
SOBIN (1~1), SOBIN and Nic:IonsoN (122) in their studies on the medulla. 

They modified the activity of the respiratory centers by cold, heat, and 
chemical action. Their first experiments show the effects of temperature 



I n s p i r a t o r y  T e t a n u s  or Apneus t i c  Brea th ing .  583 

changes in the medulla, produced either by flooding the floor of the exposed 
medulla with chilled LOCKEs solution or by direct metallic contact of a specially 
devised cold applicator. Severe cooling in the region of the obex stopped 
breathing completely (fig. 100)from which it is concluded that the respi- 
ratory centers lie within the immediate vicinity of the obex. Slight or moderate 
local cooling of the floor of the fourth ventricle just anterior to the apex of 

Fig. 101. Shortening of the expiratory phase of breathing by localized cooling of the medulla. Since the 
inspiratory phase remains unaffected the frequency of breathing increases. [Nlc~OLSO-~: Amer. J. Physiol. 

115, 402 (1936).] 

the calamus scriptorius depresses expiration leaving inspiration largely un- 
affected. This is seen in an acceleration of breathing produced by shortening 
of the expiratory pause (fig. 101). Acceleration is, therefore, most pro- 
nounced when the normal expiratory p~use is long. Greater cooling eventually 
slows the frequency of breathing by a disproportionate increase in the duration 

Fig. 102. Apneusis lasting as long as a minute produced by cooling of the medulla. [NIC~OLSON: Amer. J.  
Physiol. 115, 402 (1936).] 

of the inspiratory act (fig. 102). "This effect might be so great as to cause 
inspiratory arrest for one to two minutes apparently exactly similar to the 
apneusis described by LU~SDEN." 

NlCnOLSON and BREZlN next show that slight cooling of the medulla 
abolishes the retardation and acceleration of breathing produced by inflation 
aud deflation of the lungs respectively (see fig. 103A). Sections G and H 
show the usual acceleration and retardation and I and J show the absence 
of the reflexes during cooling. The elimination of vagal impulses are, there- 
fore, considered important in the establishment of apneusis by severe cooling 
of the medulla, but there is another factor as well. For example if the medulla 
is slightly cooled just enough to produce acceleration of breathing from reduction 
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in the expiratory period, the addition of vagal block, which alone produces 
only slight effects upon breathing now produces marked apneusis. NICttOLSON 
and BREZlN explain apneusis as follows. "Apneusis consists essentially in a 
more or less prolonged failure to interrupt inspiratory activity. It  has been 
observed by KI~ONECKER and MARCKWALD (1880), LUMSDEN (19~8) and KELLER 

Fig. 103 A to J .  Cooling of the medul la  abolishes the r e t a rda t ion  of b rea th ing  produced  by  faradie  s t imu-  
]agion of the  eentraI  end of the  vagus  nerve.  Af te r  cooling s t imula t ion  produces  accelerat ion.  Compare  
A, B a n d  F wi th  C, n and  E. The  slowing act ion of p u l m o n a r y  inflat ion in record  H are  missing af ter  
cooling of the  medul la  (see records I and  J).  [IN~ICHOLSOI~ " and  BREZIN: Amer .  J .  Physiol.  118, 441 (1937).] 

Fig. 103 P and  R. Vagal  block alone m a y  produce  little effect on breathing,  103 P. Slight cooling of the  
medul la  m a y  produce  li t t le change in brea th ing ,  103 R. Bu t  the  combina t ion  of medu l l a ry  cooling and  
vaga l  block m a y  produce  s t r ik ing apneus t ic  brea th ing .  [NIoHOLSON and  BR~ZIN: Amer .  J .  Physiol .  118, 

441 (1937).] 

(1931) as a result of pontile transection, by HENDERSON and SWEET (1929) 
as a result of section of the rubrospinal tracts plus section of the vagi, and by 
TAYLOR (1930, 1931) as a result of gradual poisoning by hydrocyanic acid 
gas. We have observed it as a result of severe cooling of the obex or slight 
cooling plus blocking of the vagi. All of these procedures might conceivably 
reduce the frequency of impulses arriving at some internuncial neuron in the 
inspiratory pathway. It  seems quite likely that  the central respiratory mecha- 
nism receives impulses from various higher centers via the descending tracts 
of the brain stem as well as from many peripheral receptors via various afferent 
nerves such as the vagus and trigeminal. There is of course known to be an 
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increase in impulse frequency in the vagi during normal inspiration. It does 
not seem necessary to assume, as has LUMSDEN, the existence of a special 
een~er in the upper pens with the specific function of periodically interrupting 
inspiration in order to explain apneusis as a result of pontile transection." It 
will be seen that this explanation is in good accord with the original views 
of MA'aCKWALD. 

As MARCKWALD found, STELLA also finds that brain stem transection plus 
vagotomy are the essentials for apneusis. Cervical and cranial nerves play 
no important role. She believes that her "observations fit very well with the 
old view of MAaCKWALn 1890 who regarded apneusis as the expression of the 
unrestrained activity of the inspiratory center and regular respiration as 

Fig. 104. Vagal block alter brain stem transection during varying degrees of hypercapilia. The greater 
the hypereapni~ the more intense is the apneusis. Upstroke indicates inspiration. [STELLA: J. of Physiol. 

98, 263 (1938).J 

rhythmically interrupted apneusis." Like MARCKWALD she finds that the 
effect of transection of the brain with vagi intact is not so great as those 
produced by vagotomy alone and, therefore concludes that the pneumotaxie 
center cannot have the paramount importance in the regulation of respiration 
attributed to it by LU~SDEN. 

Sr~LLA finds that the administration of COs increases the intensity of 
apneusis. Her procedure is to block the vagi during different grades of hyper- 
capnic hyperpnea. As fig. 104 shows, rapid deep breathing is transformed 
into inspiratory tetanus, the intensity of which varies with the degree of hyper- 
capnia. When the experiment was done in a reverse order and carbon dioxide 
administered during apneusis both frequency and depth of breathing are 
increased. This is seen in LU~SDENs experiments (fig. 105) and also in the 
experiments of NIC~OLSON and B•EZlN. The latter state that the chilled 
center is highly sensitive to the accelerating action of CO~ which is supported 
by their fig. 106 A, B and G. MncDowar~ (124) describes the same accelerating 
action of carbon dioxide on apneustie breathing. 

It is interesting to compare the opposite effects of sodium carbonate 
during eupnea and apneusis. During eupnea it produces an expiratory apnea 
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Fig. 105. Carbon dioxide admin i s t e red  dur ing  apneusis  does no t  abolish r h y t h m i c  b rea th ing  as it  did in 
STELLAS exper iments .  I n  fac t  the  t idal  a ir  excursions are  increased. The  inspi ra tory  spasms are  howeve r  

prolonged.  E indicates expirat ion.  [LUMSDE~X: /L of PhysioL 57, 354 (1922).] 

Fig. 106. Carbon dioxide p roduced  only a small  accelerat ion of b rea th ing  in the  in tac t  dog, Record  A.  
Af te r  cooling of the  calamus,  and  record B, a f te r  combined  cooling of the  ca lamus and  vaga l  block t he  
accelera t ing  ac t ion  of carbon  dioxide was  m u c h  grea ter .  The smal l  figures in the  lower r ight  h a n d  corne r  
show the  opposite  effects of Na~CO~ unde r  n o r m a l  condit ions and  d~ring apneus t ic  b rea th ing .  For  exp lana-  

t ion see text .  [NIcHOLSON and  BREZIN: Amer .  J .  Physiol .  118, 441 (1937).] 

or spasm, during apneusis it produces inspiratory apnea or rather intensifies 
and prolongs the inspiratory spasm (see fig. 106 G). Knowing that  car- 
bonate accentuates the prevailing reflexes it may be assumed that  normally 
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the expiratory reflexes such as those arising in the vagal proprioceptives are 
relatively prominent.  During apneusis it may be assumed that  the expiratory 
reflexogenic component  is weak and tha t  the inspiratory component  is rela- 
tively strong due to the withdrawal of the vagal expiratory component. This 
is of course in line with the general interpretation of apneusis-namely a failure 
to interrupt the inspiratory activity by opposing expiratory activity. 

More recently I:)ITTS, MAGOUN and RANSON have restudied the subject 
of apneusis and obtained results much of which agrees in general with that  
Of MARCKWALD, LUY~SDEN, •ICHOLSON, STELLA and others in that  brainstem 
transection and vagal section produce apneustie breathing, that  the vagi and 
upper tracts are interchangeable in their interrupting action of apneusis, that  
of the two, the vagi are the more important,  that  stimulation of the vagus 
nerve or of the subs tance  of the medulla, whether continuous or rhythmical 
is capable of interrupting the apneusis. There can then no longer be doubt 
of the existence of two influences capable of interrupting inspiration. The 
fact that  occlusion of blood vessels [AsHEn and L~SCHBR (125)], transections 
and cold are capable of producing similar effects is a satisfying point. Only 
on details of anatomy and theory of control are there still differences of opinion 
and some of these we believe are based upon uncontrolled experimental data 
and the employment  of uncertain physiological principles. 

On the basis of the supposedly high selectivity of their electrodes, PITTS, 
MAGOVN and RA~so~ believe tha t  their localized central excitations are con- 
fined within a volume of 3 cram. or approximately one-tenth of the total 
volume of the respiratory center. They arrive at the following deductions. 
They believe tha t  " the stimulus originating in a few inspiratory neurons tends 
to spread throughout  the inspiratory center through the rich synaptic con- 
neetions of its constituent cells (gradual build up of apneusis). I t  spreads 
likewise to the expiratory center where it causes inhibition of an expiratory 
activity. Then through various reentering paths it tends to establish itself 
as a permanent  circus (maintenance of apneusis). Since the inspiratory center 
can be excited as a whole from an electrode placed anywhere within it, mul- 
tiple intercellular connections must  be present. This circus can scarcely include 
all the inspiratory neurons for weak or moderate stimulation of the inspiratory 
center can bring into activity new units (facilitation) which once in activity 
may remain in circus after cessation of the stimulus (increased inspiration 
maintained as increased apneusis after cessation of stimulation). Stimulation 
of the expiratory center directly or indirectly through its connection with 
vagal afferents leads, as we have suggested previously, to inhibition of inspira- 
tion through raising of synaptie resistance between neurons of the inspiratory 
circus (breaking the circus) as well as bringing about in some eases active 
expiratory activity. Such increase in synaptic resistance within the inspiratory 
.center may merely be effective in eliminating some neurons from the circus 



588 ROBERT G~SELL: A Neurophysiologieal Interpretation of ~he Respiratory Act. 

(reduction in apneusis) or may abolish the circus (complete expiratory relaxation 
or active expiration). A strong stimulus, however, to the inspiratory center 
tends to set into activity simultaneously many neurons of the center producing 
maximal inspiration (replacing the circus with synchronous activity of many 
neurons). The depression of the excitability in many neurons, following their 
synchronous activity, at the cessation of the stimulus interrupts and prevents 
reestablishment of circus immediately (complete inspiratory relaxation on 
cessation of a strong inspiratory stimulus). As recovery progresses the circus 
reestablishes itself (building up apneusis again)." 

These statements may be considered from several points of view, the 
first of which has already been discussed, namely the validity of the method. 
If B~OOm-IARTs findings on his own high voltage experiments are transferable 
to those of PITTS, MAGO~'N and I~ANSO~, they will have need to modify their 
structure of reasoning or show by some direct experimental procedure that  
their method is dependable. Second, the use of the circus impulse as a sub- 
structure of rkythmic ~ctivity while ~ttr~ctive does not seem to be demanded. 
Third, in the light of hundreds of experiments done at the Michigan Labora- 
tories the use of a synchronisation mechanism in nervous integration seems 
very precarious. It  is true that  ADRIA~ ~ and B~oN~ (5) and RIahANT (8) 
stress the use of this phenomenon as a nervous tool but we have been unable 
to confirm their results in the dog, rabbit, rat or mouse. WYss (107) has 
met with the same difficulties. Motor integration, and probably nervous 
integration in general, is an asynchronous and not a temporal process. The 
strong expiratory contraction following powerful inspiratory stimulation, 
seen in fig. 107 C at 4, 6, 8 and 12 volts is attributed by PITTS, MAGOVN 
and RaNso~ to fatigue of the inspiratory center interrupting the inspiratory 
circus. While we agree that  the sudden and powerful inspirations can come 
to an end as a result of fatigue, we believe this is normally dependent on the 
interrupting action of accelerated firing described under the recurrent colla- 
teral, vagal and GoLoI reflexes. But we suggest that  the powerful expiratory 
contractions noted by PITTS, MAeOCN and RANSO~r be considered as rebound 
(refer back to fig. 86 and 87 and discussion). It  will be recalled that  a 
sudden decrease of actiYity of an inspiratory cell e. g. qr 1 in fig. 58 resulting 
from cessation of a powerful electrical Stimulation should excite expiratory 
cell ~: 1 by withdrawing its restraining negativity which it has been impressing 
on the exp#atory axon hillock. As a result, expiratory cell @ 1 becomes 
momentarily active and impresses negativity on t h e  axon hillock of inspira- 
tory cell ~ 1 and so suppresses inspiratory activity. The inspiratory muscles, 
therefore, relax. This phenomenon of rebound seems to be relatively common 
and often occurs with spontaneous superposition of sharp inspirations on 
apneustie contractions. See fig. 108 from DITTS, MAOOUN ~nd RAI~SON 
and fig. 109 from Lu~asD~x. The conclusion of PITTS, MAaOVN and RANSON 
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on the origin of rhythmicity is most difficult to follow. They state: "The 
question as to whether rhythmic respiration results frozn automatic processes 
inherent in the respiratory center or not, resolves itself in two parts. Is 
activity within the center spontaneous; and is that activity spontaneously 

Fig.  107. R e s p i r a t o r y  r e a c t i o n  f r o m  s t i m u l a t i o n  of t he  i n s p i r a t o r y  a n d  e x p i r a t o r y  cen te rs  in  pont i le  
d e c e r e b r a t e  a n i m a l s  d u r i n g  apneus i s  p r o d u c e d  b y  cold  b lock ing  of t he  vagi .  Cv,  cold  b lock  app l i ed  t o  
vagus .  A,  t y p i c a l  apneus i s  on  cold  b lock ing  of t he  vagus .  B, i n s p i r a t o r y  r eac t ions  to  s t i m u l a t i o n  oi  t he  
i n s p i r a t o r y  cen t e r  w i th  vo l t ages  ind ica ted .  C, s ame  vo l t ages  d u r i n g  apncus i s  p r o d u c e d  b y  cold  b lock ing  
the  vagi .  No te  t h a t  f r o m  1 to  3 vol t s  t he  apneus i s  is m a i n t a i n e d  on  cessa t ion  oi t he  s t imu lus  whi le  f r o m  
4 to  12 vo l t s  i t  is t e m p o r a r i l y  released.  G. apneus i s  c o n v e r t e d  in to  r h y t h m i c  r e sp i r a t i on  b y  s t i m u l a t i o n  
of t he  i n s p i r a t o r y  cen te r .  [PITTS, MAGOI:N a n d  RA~CSOI~: Amer .  J .  Phys io l .  126, 689 (1939).]  W e  o m i t t e d  
records  D, E a n d  F because  the  f igure  is u sed  p r i m a r i l y  to  i l lus t ra te  t he  release of apneus i s  b y  s u p e r i m p o s e d  
i n s p i r a t o r y  a c t i v i t y .  C o m p a r e  the  effects  of per iod ic  s u p e r i m p o s e m e n t  of i n s p i r a t o r y  a c t i v i t y  in  r e c o r d  G 

(8 vo l t s )  w i t h  the  effects  of pe r iod ic  s t i m u l a t i o n  of t he  v a g u s  ne rve  in  fig. 86 exp la ined  as  r e b o u n d .  

rhythmical? From the work of MARCKWALD, STELLA, PITTS, MAGOUN and 
RANSON and the experiments reported above, the latter question must be 
answered in the negative. Rhythmicity is imposed vn the medullary respira- 
tory center by two bilateral mechanisms: the one a vagal pneumotaxic mecha- 
nism;  the other, a brain stem pneumotaxic mechanism located in the upper 
few millimeters of the pons." And finally they conclude that "Spontaneous 
rhythmicity is not a property o[ the medullary center." This statement is made 
although they themselves, like many other workers, have registered rhythmic 
respiratory movement after vagotomy and brain transection. In MARCKWALDs 
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own conclusion, published in his studies of inspiratory tetanus, the following 
statement occurs. 

Fig.  108. R e s p i r a t o r y  r eac t i ons  f r o m  s t i m u l a t i o n  of t he  i n s p i r a t o r y  a n d  e x p i r a t o r y  cen te r s  a n d  the  v a g u s  
in  pon t i l e  deee reb ra t e  a n i m a l s  d u r i n g  apneus i s  p r o d u c e d  b y  c u t t i n g  or cold  b lock ing  the  vagi .  A, t yp i ca l  
apneus i s  in  a pon t i l c  d c e e r c b r a t e  a n i m a l  r e su l t i ng  f r o m  b i l a t e r a l  v a g a l  sect ions.  B, s t i m u l a t i o n  of t he  in-  
s p i r a t o r y  cen t e r  a f t e r  cessa t ion  of r e s p i r a t i o n  in A. C, s p o n t a n e o u s  a p n e u s t i c  r e s p i r a t i o n  a f t e r  p r o l o n g e d  
a r t i f i c ia l  ven t i l a t i on .  D, s t i m u l a t i o n  of t he  i n s p i r a t o r y  cen t e r  in  a n i m a l  C. E,  s t i m u l a t i o n  of t he  insp i ra -  
t o r y  a n d  e x p i r a t o r y  cen te r s  in a s imi la r ly  p r e p a r e d  an ima l .  F,  s p o n t a n e o u s  a p n e u s t i c  r e s p i r a t i o n  w i th  
apneus i s  re leased  b y  gasps .  G, H,  I s t i m u l a t i o n  of the  cen t r a l  end  of t he  sec t ioned  lef t  v a g u s  d u r i n g  cold 
b l o c k i n g  of t he  r i g h t  vagus .  [PITTS, ~[AGOUN and_ RANSON: Amer .  J .  Phys io l .  126, 689 (1939).]  This  f igure  
is of specia l  i n t e r e s t  in  s h o w i n g  s p o n t a n e o u s  as  well  as  ar t i f ic iM s u p e r i m p o s i t i o n  descr ibed  in  t h e  t e x t  of 
i n s p i r a t o r y  a c t i v i t y .  I n  r eco rd  A apneus i s  is i n t e r r u p t e d  a t  t h ree  po in t s  b y  t i n y  c lonic  i n s p i r a t o r y  ef for t s .  
As e a c h  l n s p i r a t o r y  t e t a n u s  e x h a u s t s  i tself  i t  w o u l d  seem to  become  m o r ~  sus--~ptible to  i n t e r r u p t i o n  
t h r o u g h  the  process  of r e b o u n d  (see fig. 110 a n d  111). R e c o r d  D shows r e b o u n d  i n t e r r u p t i o n  of apneus i s  

w i t h  e lec t r ica l  s t i m u l a t i o n  a n d  F w i t h  s p o n t a n e o u s  gasps .  

" I ,  t h e r e f o r e ,  c o m e  t o  t h e  c o n c l u s i o n  t h a t  t h e  r e s p i r a t o r y  c e n t e r  i n  t h e  f o u r t h  v e n t r i c l e  

c a n  b e  a u t o m a t i c a l l y  a c t i v e ,  b u t  t h e  a u t o m a t i c  m e c h a n i s m  m a n i f e s t s  i t s e l f  o n l y  i n  i n s p i r a t o r y  

a n d  e x p i r a t o r y  s p a s m s . "  

Fig.  109. S u p e r i m p o s i t i o n  of i n s p i r a t o r y  a c t i v i t y  on  apneus i s  leads  to  e x p i r a t o r y  i n t e r r u p t i o n  of apneus i s  
as  in  fig. 107 a n d  108. U p s t r o k e  in sp i r a t i on .  Also no t e  r h y t h m i c  b r e a t h i n g  p r o d u c e d  b y  per iod ic  s t imu-  
l a t i on  of t he  v a g u s  n e r v e  e a c h  t i m e  i n s p i r a t i o n  has  been  t a k e n .  [Lu)ISDEN." J .  of Phys io l .  57, 354 (1922).]  

How then may our views be applied to an explanation of apneustie 
breathing? We have already suggested the role of the recurrent collateral 
as a combination excitor and exhaustor of the nerve eel1 (see fig. 31, 39 
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and 40). Theoretical as this mechanism of interruption is there are two reflexes 
operating in a comparable way which are on a more tangible footing-the 
augmenting action of lung inflation and of muscle and tendon stretch. By 
virtue of the progressive intensification of these reflexes the inspiratory cells 
are stimulated to a higher pitch of activity as inspiration progresses. Now 
there are two interesting experiments that  bear on the implications of this 
point. One by FLEISCg (99) and the other by SItERaINGTON (77). In referring 
to the diagram of FLEISCtt 220 

(fig. 110), it will be seen tha t  2oo 
130 

the inspiratory activating pro- 160 
lq0 prioceptive reflexes weaken as 12o 

inspiration progresses while leo 
g0 

the inspiratory inhibitory re- sa 
flexes strengthen with the ad- r 

20 
vance of this phase. In other o 

2g words the inspiratory half r 

center becomes particularly 
susceptible to inhibition in the 
exhausted condition. S~E~- 1zo 

lg0 
RINGTON puts it this way. 18o 

180 
"Central fatigue favours re- 200 

flex inhibition. Thus, a given inhibi- 220 

tory stimulus pi t ted against a given 
contraction backgroundwill act more 
powerfully i.e., will arrest more ac- 
tive units- when employed late in 
the course of the tetanic plateau than 
when employed early." 

exsp/cat/on,r , in~p/'Pat/on~- ~,~ exspt~ations- _~ 
akt/v/e/'end l hem/zend ,~\\\\\\~-~ aktivier~nd .~ 

N-J 'g~ 

aM~vie/end i hemmend 

Fig. 110. Diagrammatic representation of the changing inten- 
sity of expiratory activiting and expiratory inhibiting proprio- 
ceptive reflexes during the expiratory act and of the inspiratory 
inhibiting and inspiratory activiating proprioceptive reflexes 
during the inspiratory act. WE-I phase change from ex- 
piration to inspiration. WI-E phase change from inspiration 

to expiration. [FLEISCn: Erg. Physiol. 86, 249 (1934).] 

(See fig. 111 which reads from right to left.) 

This general schema would seem to fit the double vagal action which 
we have proposed (section 20). During inspiration the stretch receptors of 
the vagus nerve dispatch great volumes of impulses to both the inspiratory 
and expiratory half centers. However only those signals impinging on the in- 
spiratory half center are capable of stimulation, because the expiratory center 
is reciprocally inhibited by the activity of the inspiratory center. The signals 
coming from the stretch receptors whip the inspiratory half center to increased 
activity, exhaust it, and prepare it for the inhibition which is soon to come 
from the expiratory half center. The slightest weakening of the inspiratory 
activity now means lessened restraint upon the expiratory half center and the 
initiation of expiratory activity. The inspiratory center being highly sus- 
ceptible to inhibition at this moment  ceases firing and gives way entirely to 
the inhibitory action of the expiratory half center. That  tentatively is a schema 
for the shifting of the respiratory phases. 
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Concerning the existence of respiratory centers other than the primary 
center in the medulla oblongata, we agree with the views of MAaCKWALD 
expressed many years ago. "My experiments regarding direct stimulation of 
the respiratory center in the fourth ventricle have fuI'ther shown that  the 
respiratory center can only be stimulated in the same way as if the stimuli 
were transmitted by centripetal nerves. The upper tracts also act on the 
vagus center like sensory nerves, and as they have no direct connection with 
the same they probably act through the agency of other nerve centers which 
are related anatomically to the vagus center. But  if one were to call every 
nervous distribution from which respiratory movements can be stimulated a 

r ~  

Fig. 111. Fa t igue  favours  inhibition. Decerebra te  vas tocrureus ;  deafferented;  reflexly a c t i v a t e d  by  
eont ra la te ra l  p l a n t a r  ne rve  a t  30 double shocks per  sec. coil a t  19 cm. Inhib i t ion  by  single-break cur ren t  
to ipsilateral  p l an t a r  nerve  a t  16 cm. of coil. F ive  seconds in te rva l  be tween  the  two inhibi tory  reflexes. 
Tension of pla teau,  1,8 kil. (D. DENNY'BROW I~r: Selected Wri t ings  of Sir OHARLES SHERRINGTON, I~ 

B. HOEBER. New York :  Inc.  Medical Book D e p a r t e m e n t  of H a r p e r  and  Brothers  1940.) 

respiratory center, then the discovery of such new centers would have little 
value to science and would bring little honour to the discoverer. At the very 
least, one must demand from a centre, that  in it centripetal tracts terminate 
and centrifugal tracts arise, and that its disappearance destroys or materially 
disturbs any function which it governs." It  is on this basis that  MARCKWALD 
concluded that  there are no respiratory centers above the primary center 
in the medulla for transections above that important area of convergence have 
revealed only the slightest effects upon breathing. Certainly there is no justi- 
fication for placing a center either in the lungs or at the endings of the superior 
laryngeal nerve yet  these structures exert a more powerful interrupting action 
on inspiration than do the descending brain impulses. Until more comprehensive 
data are accumulated it would seem desirable to think of the descending brain 
stem impulses as we think of influences ascending from the vagal stretch 

receptors. 

26. The Role of the Spinal Cord. 
Very little is known about the role of the spinal cord in the shaping of 

the respiratory act. Though regarded as little more than a substation for the 
relay of signals from the primary center to the respiratory muscles it will no 
doubt prove to have decidedly broader functions. The intimate connections 
of the anterior horn cells with the incoming sensory signals speak for that. 
But  more important are the well established facts on the modification of 
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spinal reflexes, by superimposition of proprioceptive influences after a reflex 
is started on its way [CREED, DENNY BROWN, ECCLES, LIDDELL and 

Fig.  112. See t ex t .  [GESELL a n d  MOYER: Q u a r t .  J .  exper .  Phys io l .  25, 13 (1935).] 

Fig .  113. See t ex t .  [GESELL a n 4  ~[OYER: Q u a r t .  J .  exper .  Phys io l .  25, 13 (1935).]  

Fig.  114. See t ex t .  [(~ESELL a n d  1ViOYER: Q u a r t .  J .  exper .  Phys io l .  26, 13 (1935).] 

S H E R R I N G T O N  (59)]. We need only picture a superposition of spinal reflexes 
upon the respiratory activity pattern dispatched from above to realize that much 
is still to be revealed in this phase of respiration. An example of reinforcement 

E r g e b n i s s e  de r  Phys io log ie .  ~3. 38  
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of the inspiratory act through the superimposement of the GOLGI reflex, set 
up by inspiratory obstruction has already been mentioned. To what extent 
this particular adjustment is brought about through local spinal reflexes 
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and through the longer circuit reflex involving the euneate and gracile and 
reticular nuclei remains for future study. 

The startling respiratory phenomena encountered by continuous registra- 
tion of costal and abdominal respiratory movements suggests most striking 
divergences of costal and abdominal activity are possibly attributable to the 
cord [GEsEnL and MOYE~ (126, 127)]. Fig. 112 to 118 Will illustrate. 

The upper record or records are registered by bands encircling the chest. 
The lower records are from the abdomen. Sometimes prolonged periodic 

Fig.  117. Ef fec t s  of o x y g e n  def ic iency a n d  readminis t raVion of r o o m  a i r  on costal  a n d  a b d o m i n a l  respira-  
t o r y  excurs ions .  Records  1, 2 a n d  3 are  f r o m  the  chest.  Records  4, 5 ~.nd 6 a re  f r o m  the  abdomen .  
S is a sp i rome te r  record  of Mdal  air .  No te  the  un i fo rm  increase  of all excurs ions  du r ing  o x y g e n  def ic iency 
a n d  con t r a s t  w i t h  the  comple te  suppress ion  of costal  excurs ions  a n d  ac tua l  increase  of a b d o m i n a l  excur -  
sions w i t h  r e a d m i n i s t r a t i o n  o~ r o o m  air .  The sp i rome te r  on the  o ther  h a n d  shows a u n i f o r m  expec ted  

recovery .  [GEt,ELL a n d  MOYER: Quar t .  ft. exper .  Physiol .  "2~, 331 (1935).] 

changes of unknown origin would occur, as in fig. 112, in which the costal 
excursions diminished and the abdominal strokes increased. Sometimes 
periodic cycles of short duration appeared in the abdominal record while the 
costal record remained astoundingly uniform, as in fig. 113. But periodicity 
might appear, first in the costal record only to show up later in the abdominal 
tracing, as in fig. 114. Or irregularity of the expiratory position might be 
limited to the chest alone, as in fig. 115. In occasional experiments it was not 
uncommon for our dogs to stretch their extremities. When that  occurred 
the proportion of chest and abdominal excursions might change in the manner 
shown in fig. 116. 

The effects of chemical changes produced by oxygen lack and by carbon 
dioxide excess also open new fields of study. Note for example the action 
of oxygen lack in fig. 117. Oxygen deficiency usually produces a tendency 
towards a residual inspiratory tonus at the end of expiration, at all levels 

38* 
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o~ the torso. In this particular animal the phenomenon is missing, but another 
common and most striking result occurs on readministration of room air. 
The chest excursions decrease far below normal (they actually disappear 
in the upper record) while the abdominal excursions actually increase in ampli- 
tude above that  of the immediately preceding hyperpnea. Had only the 

Fig. 118. A similar  set  of t racings as those ob ta ined  in fig. 117, ob ta ined  during" the  admin i s t r a t ion  oE 
ca rbon  dioxide. The  effects a re  s imilar  a t  all segments  during" hype reapn ia  a n d  recovery .  Note the 
increased  exp i r a to ry  ac t i v i t y  a t  all levels. [GESI~LL and  ~nCIOYER: Quart .  J.  exper.  Physiol .  24, 331 (1935).] 

tidal air changes been recorded this strange coordination of costal and abdominal 
activity would have been overlooked for the tidal air recovery is that  which 

is usually obtained. 
Hypercapnia tends to produce a general constriction of both the chest 

and abdomen at the end of expiration such as is illustrated in fig. 118 and 
differential effects upon the chest and abdomen are usually missing. 

27. The Harmony of Physical and Chemical Drives. 
One of the most fascinating phases of respiratory control is the inter- 

action of the diverse forces which drive the respiratory act. Considering the 
relatively uniform concentration of hydrogen ions and of oxygen molecules 
existing in the blood of normal individuals a most harmonious interaction 
between the physical and chemical drives must prevail because slight modifi- 
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cations of existing proprioceptive reflexes bring chemical changes in their 
wake (see for example fig. 119 A and B). In fig. 119 A breathing stops com- 
pletely as a result of superinflation of the lungs and begins once more only 
after the hydrogen ion concentration of the blood has mounted and after 

Fig.  119 A.  Ef fec t s  of s u s t a i n e d  supe r in f l a t i on  of t he  lungs  u p o n  p u l m o n a r y  v e n t i l a t i o n  a n d  b lood  c H ,  
c o n t i n u o u s l y  r e c o r d e d  w i t h  the  glass  e lect rode.  The  in f l a t ion  is p r o d u c e d  b y  we igh t ing  a specia l ly  con-  
s t r u c t e d  s p i r o m e t e r  ( shown in  fig. 64). B r e a t h i n g  is comple t e ly  s t o p p e d  u n t i l  t he  i nc reas ing  chemica l  
s t imu lus  c o u n t e r a c t s  t he  p r o p r i o c c p t i v e  reflex.  The  chemica l  s t imu lus  (excess CO2 a n d  O3 w a n t )  r e m a i n s  

a b o v e  n o r m a l  u n t i l  t he  lungs  a re  a g a i n  u n l o a d e d .  

oxygen has been depleted. Were it not for the excitatory action of these 
chemical changes, reflexes of purely physical origin arising in the lungs would 
no doubt end in death. How then is the individual rescued from these dangers ? 

:Fig. 119 B. Def la t ion  has  t he  oppos i te  effects.  Excess ive  e l imina t ion  of c a r b o n  dioxide a n d  inc reased  
o x y g e n a t i o n  of t he  b lood  reduce  the  e x c i t a t o r y  a c t i o n  of t h e  p rop r iocep t ive  reflexes.  The  b lood  h o w e v e r  

r e m a i n s  excess ive ly  a lka l ine .  [GES]ELL, LAPID~S a n d  LEVIN: Amer .  J .  Phys io l .  180, (1940),] 

As we have seen, chemical stimulation can add its effects to any form of stimu- 
lation and thereby reinforce the activity of the prevailing phase of breathing, 
whichever it may be. Thus the accumulation of carbon dioxide and the dimi- 
nution of oxygen which occurs during a prolongation of expiratory activity 
produced by artificial pulmonary inflation may actually intensify the exspira- 
tory act. Fig. 68 is a striking example of such action. Such increased activity 
of the expiratory half center must also intensify the reciprocal inhibition of 
the inspiratory half center and thus establish a vicious cycle ending in 
death. The rescue comes from the other side of the respiratory center. The 
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predominating action of chemical stimulation on the inspiratory half center gains 
control and a new order of breathing is established. This breathing necessarily 
occurs at a higher c~ level for the stretch reflex of the lungs is reciprocally 
inhibiting the inspiratory half center. The reduction of the inspiratory electro- 
tonic excitation current resulting from this inhibition can only be overcome 
by an increased intensity of chemical stimulation namely increased e~ and 
lowered 02. These chemical changes, to be sure, are injurious to normal 

Fig.-120.  Decrea.sed v e n t i l a t i o n  a n d  inc reased  e H  of t he  b l o o d  p r o d u c e d  b y  supe r  d i s t en t ion  of the  c a r o t i d  
s inuses ,  [GESELL, LAelDES a n 4  LE~'IR'; A m e r .  J .  Phys io l .  180 (1940).1 

oxidations nevertheless the newly established order of breathing is a decided 

improvement over a permanent apnea. 

A steady state of deflation of the lung, readily accomplished by counter- 
weighting the mercury spirometer reverses the situation. Now breathing 
becomes excessive, strikingly so at the very beginning. The c~ of the blood 
diminishes and the oxygenation must increase. Both effects, theoretically, 
would oppose the increased breathing initiated by the modifications of the 
proprioeep~ive reflexes produced by deflation and as the record shows pulmo- 
nary ventilation does diminish. Again a new order of breathing is set up, 
this time at a lower c~ and higher oxygen level than normal. If it is to be 
assumed that  the normat acid base equilibrium is the optimum, the organism 
is again working at a disadvantage. When the spirometer is unloaded breathing 
is temporarily diminished indicating that  hypocapnia had actually been 
established. HARRISO~ and his associates (123, 129, 130, 131 and 132) maintain 
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that  disturbances in proprioceptive reflexes occurring in congestive heart 
failure may play a significant role in the explanation of prevailing hyperpneas. 

Another proprioceptive reflex contributing to the control of breathing 
arises in the physiological stretch and collapse of the carotid sinuses and 
aortic arch (see fig. 120). Despite a striking fall of blood pressure, which in 

_~ ~ ~  
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Fig .  121. Ca ro t i d  s e g m e n t  connec t ions  a n d  c i r cu l a t i ng  ao r t i c -p re s su re  c o m p e n s a t o r .  A to  B ,  la rge-ca l ibre ,  
r ig id  connec t i on  b e t w e e n  a b d o m i n a l  a o r t a  a n d  p res su re  c o m p e n s a t o r ;  C, c i r cu la t ing  b lood  reserve  for  
p ressure  c o m p e n s a t i o n ,  w i t h i n  non re s i s t an t ,  col lapsible  s e p a r a t i n g  b a g  D ;  E,  a d j u s t a b l e  w a t e r  p ressure -  
h e a d  app l i ed  t h r o u g h  D, C, B a n d  A to  a b d o m i n a l  a o r t a ;  F,  F ' ,  a u t o m a t i c  c o m p e n s a t o r - c i r c u l a t i o n  out le t -  
va lve ,  s u p p l y i n g  in le t  to  c a r o t i d  pe r fus ion  p u m p  G, w i t h  a c o n s t a n t ,  over f lowing  p r e s s u r e h c a d  H ;  L,  
venous  r e t u r n  p u m p  ; M, f emora l  ve in  connec t ion .  B y  se t t i ng  the  o u t p u t  of venous  r e t u r n  p u m p  L s l igh t ly  
g r e a t e r  t h a n  t h a t  of pe r fus ion  p m n p  G, t he  f loa t  N so ope ra t e s  c o m p e n s a t o r  ou t l e t  va lve  F t h r o u g h  lever  O, 
as to  insure  a n  over f low f r o m  pressure  h e a d  H ,  a n d  the  c o n s t a n t  p resence  of b lood  in  col lec t ing  c h a m b e r  
1~ for  r e t u r n  p u m p  L. B y  p r o p e r  m a n i p u l a t i o n  of c l amps  a,  a ' ,  b,  b ' ,  c, c ' ,  d, d" a n d  e, e i t he r  or  b o t h  
c a r o t i d  per fus ions  c a n  be  b y  passed  a n d  e i the r  I t : e e l s  (1931) s t a t i c  p ressure  cont ro l ,  P ,  or  t he  ze ro-pressure  
con t ro l  Q, c o n n e c t e d  w i t h  e i t he r  or  b o t h  ca ro t ids ,  A b d o m i n a l  a o r t i c  a n d  e a c h  c a r o t i d  p ressure  a re  r e c o r d e d  
b y  respec t ive  m e r c u r y  m a n o m e t e r s .  The  e x p e r i m e n t a l  a n i m a l  is hepar in ized .  The  c i r c u i t  is supp l i ed  
w i th  h e p a r i n i z e d  whole  b l o o d  f r o m  a la rge  d o n o r  dog.  A c o n s t a n t  t e m p e r a t u r e  of 37,5 o C. is m a i n t a i n e d  
b y  a c i r cu l a t i ng  e lec t r ica l ly  con t ro l l ed  w a t e r  b a t h  a n d  i n s u l a t e d  or  w a t e r - j a c k e t e d  connec t ions  w i t h  the  

an ima l .  [CLAv])E V,  WINDER: Amer .  J .  Phys io l .  122, 306 (1938).] 

itself should increase breathing, sustained artificial distention of the vascu- 
larly isolated carotid sinuses, definitely decreased pulmonary ventilation. 
Only as the c H increases and the oxygen diminishes does ventilation increase 
again. The original chemical equilibrium existing before the sinuses were 
inflated however is not reestablished. It  would, therefore, seem that modifi- 
cations of circulatory proprioceptive reflexes tend to produce abnormal chemical 
equilibria just as changes in the pulmonary proprioceptive reflexes do. 

The relative importance of vascular reflexes in t h e  control of breathing 
remains to be determined, but through the experiments of WINDER the inten- 
sity of the depression of breathing in relation to the endosinual pressure are 
now quantitatively established (see fig. 121 and 122). To quote "The animals 
(dogs) were lust-adequately anesthetized with morphine (subcutaneously) and 
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urethane (intramuscularly). After painstaking ligation of all efferent vessels 
of the curotid accessible without great risk of damage to nerve fibers, the 
remaining fine vessels, including the carotid gland bloodsupply, were embolised 
with lycopodium suspension (HEYMn~S and BOVCKAE~T, 1933). The gland 
was thus eliminated from any changing influences of carotid blood. The 
influence of changing pulmonary ventilation was eliminated by use of constant 
artificial ventilation. The inflation pump was connected with rebreathing 
tanks and recording spirometer, and adjusted to maintain an apparently 
normal breathing effort at normal carotid pressure. Mechanical freedom of 
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Fig. 122. Changes  in f requency ,  t idal vo lume,  a n d  to ta l  
volume oI breathing in terms of percent o~ the standard 
brea th ing  a t  zero endosinua] pressure,  a re  p lo t ted  on the  
ordinates  aga ins t  endosinual  pressure on the  abseisse. 

[~VINDEIr Amer .  J .  Physiol .  122, 306 (1938).] 

pulmonary inflation and respira- 
tory movements was afforded by 
unilateral open pneumothorax and 
ruptured mediastinum. By means 
of an adjustable resistance in the 
expiratory line, the passive elastic 
deflation could be regulated to 
maintain residual air in the lungs. 
The aortic pressure was controlled 
and carotid segment perfused, with 
blood o/ the same composition as 

that gn the animal. For details of 
this arrangement see fig. 121 and 
legend. To eliminate unnatural tug 
on the carotid segment, which 
preliminary experiments demon- 

strated to be very important, the positions of the tubes connected with inflow 
(common carotid) and outflow (lingual artery) cannulae were adjusted by 
special universal supports. Breathing movements were recorded volumetri- 
cally by means of a complete body-plethysmograph connected with recording 
spirometer and amplifying pulley. The open pneumothorax was connected 
by means of a cannula and tubing to the exterior. Although the aortic-pressure 
compensator and constant pulmonary ventilation would have made aortic 
denervation unnecessary, the vago-sympathetic-aortic trunks were tied and 
cut to eliminate any venogenic or pulmonary proprioceptive reflex over the 
vagi and any carotid reflex changes in cerebral circulation via the cervical  

sympathetics." 
Changes in frequency, tidal volume and total minute volume of breathing 

in terms of percent of the "standard" breathing at zero endosinual pressure, 
are plotted against endosinual pressures (fig. 122). 

With the addition of WINDErs results to the literature it may now be 
stated that distention of the carotid sinuses lowers vascular constriction, 
blood pressure, heart rate, and pulmonary ventilation in similar quantitative 
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ways. Under suitable experimental conditions, there is a delicate response 
of all of these functions to absolute pressures in the sinus. The activity of 
each reflex is represented by a sigmoid curve-inhibition beginning at approxi- 
mately 20--50 mm. Itg pressure, with maximum at approximately 200--250 mm. 
Hg pressure, and increasing most rapidly at about 125--150 mm. Hg [Kocg 
(134), L~M and Lu (135), SCHNEYEI~ (136), W~NDER (133)~. The mechanism 
is accordingly most sensitive in the range of normal pressure changes. SCHmDTs 
(137) statement that " the  intensity of respiratory response to alterations in 
endosinual pressure bore no constant relation to that of the circulatory" is 
held by WINDEa to be based on experiments in many of which the aortic 
nerves were apparently intact and in all of which arterial pressure and pulmo- 
nary ventilation were uncontrolled. Whenever other important factors con- 
trolling breathing are kept constant, there is a quantitative reflex. 

The similarity of the family of circulatory and respiratory curves esta- 
blished by graded distention of the carotid sinus is convincing evidence of the 
unity of action and purpose of the circulatory and respiratory systems. The 
fact that  the circulatory reflexes arising in the carotid sinuses are more powerful 
than the respiratory reflexes need not call for a classification of the stretch 
reflex fibers into separate groups nor for elaborate central connections. Pre- 
ponderating impingement of fibers in the circulatory centers would suffice. 
This concept is in conformity with the basic principle of nervous integration 
namely the sum total o/ impulses  impinging on a nerve cell or center determines 
its degree o/ activity. 

28. The Influence of Chemical Equilibrium 
upon Respiratory Reflexes. 

Knowing that an altered reflex activity, produced by inflation of the 
lungs or of the carotid sinus, is capable of changing the chemical equilibrium 
of the body, one naturally inquires into the converse. Does an altered chemical 
equilibrium change the response to reflex stimulation? This question has 
been answered repeatedly in the affirmative. 

SHERmNGTON (6!) stateS "A certain degree of asphyxiation much favors 
the elicitation of the scratch reflex." GRA~AM Buow~ (138) finds that stoppage 
of breathing will bring out the scratch reflex when not present before. A fasting 
animal shows higher reflex excitability than does an animal well fed [S~Em 
RINaTO• (77)]. KAYA and STARLING (139) believe that  the increased excita- 
bility of a spinal animal during asphyxia is due to lack of oxygen, rather than 
to excess of C02. Experiments by GLAZE~ (140), WIN~LER (141, 142) and 
GAY (143) on the effects of asphyxia, oxygen lack, carbon dioxide excess, 
intravenous injeetion of carbonate and bicarbonate, and hemorrhage have 
shown most striking effects. Spinal reflexes are increased by simple asphyxia 
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produced by clamping the trachea, by oxygen lack, by hemorrhage, and by 
sodium carbonate. Carbon dioxide diminishes them. Sodium bicarbonate 

Fig. 123. R e t a r d a t i o n  of b rea th ing  produced  by  faradic  s t imula t ion  of the  centra l  end  of the  vagus  nerve  
a t  A is abol ished by  the  centra l  ac t ion of hype rcapn ia  a t  C. Pa r t i a l  r ecovery  a t  D. Complete  recovery  

a t  E. [GESELL and  I~IOYER: Quar t .  J .  exper .  Physiol .  25, 13 (1935).] 

Fig. 12~. Accelerat ion of the  r h y t h m  of b rea th ing  p roduced  by  sensory s t imula t ion  of the  saphenous  
nerve  a t  A is g rea t ly  d iminished by  hype rcapn ia  a t  B. [GESELL a n d  MOYER: Quart .  J .  exper .  Physiol .  

25, 13 (1935).] 

Fig. 125. The r e t a rda t ion  of b rea th ing  p roduced  by  faradic  s t imula t ion  of the central  end of the  vagus  
nerve  a t  E is g rea t ly  increased b y  a proceeding inject ion of sodium carbona te  a t  G. Progress ive  r ecovery  

occurs a t  H a n d  I.  [GESELL and  MOYER: Quart .  J .  exper.  Physiol.  25, 13 (1935).] 

Fig. 126. The  accela tered  f requency  of b rea th ing  p roduced  by  centra l  s t imula t ion  of the  saphenous  nerve  
a t  A. is m a r k e d l y  increased wi th  similar  s t imula t ion  dur ing ca rbona te  apnea  a t  B. Recove ry  a t  C. [GESELL 

a n d  MOYER: Quart .  J .  exper .  Phyisol.  25, 13 (1935).] 

Fig. 127. The  acid effects of in t ravenous  inject ion of sodium b icarbona te  weaken  the  vaga l  r e t a rda t ion  
reflexes like ca rbon  dioxide in fig. 123. [GESELL and  MOVER: Quart .  J .  exper.  Physiol .  25, 13 (1935).] 

may decrease or increase reflexes. It must be remembered that sodium bicarbo- 
nate theoretically produces a temporary increase of intracellular acidity. 
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With these experiments as a lead MOYER and GESESL (79) studied respira- 
tory reflexes elicited by electrical stimulation of the central end of the vagus 
and saphenous nerves during hypercapnia, hypocapnia (over- 
ventilation and intravenous injection of Na~C03) and oxygen 
lack. Fig. 123 shows the diminution of vagal effects by hyper- 
capnia. Vagal stimulation at A during eupnea produced a 

= 
momentary cessation of breathing while at C, during the height ~ ~. 
of hypercapnia, there were no indications of slowing. During ~ 
the earlier stages of recovery, at D, some retardation occurs ~. 
again and at E the effects of vagal stimulation are back to ~ 
normal�9 Fig. 124 shows a marked reduction in the accelera- s 
tory action of stimulation of the saphenous nerve by hyper- ~ 
capnia. During eupnea, at A, the frequency increases from ~ ~ 
15,5 to 46, during hypercapnia at B from 21,8 to 3t. As carbon ~ ~ 
dioxide is washed out again, C and D, acceleration increases. _~ ~. 
Sodium carbonate, as might be expected, has just the oppo- ~ 
site effects. I t  intensifies the retarding effeets of vagal stimu- ~ 
lation, often transforming them into apnea, as in fig. 125. And ~ 
it increases the accelerating action of the saphenous nerve ~ 
in a most striking way. In fig. 126 e.g. saphenous stimula- ~ | ~ 
tion applied during eupnea increased the frequency of breathing ~ 
from 24 to 120 per minute. Applied during apnea it increased 
the frequency from zero to 142 per minute. ~" 

Thinking in terms of blood c~, sodium bicarbonate should ~ 
~Iso increa.se the intensity of reflexes. As fig. 127 shows, the ~ ~ 
reverse is the case. The vagal apnea produced at A is reduced ~ ~ 
at C by a previous injection of sodimn bicarbonate. This, as 

w e  shall emphasize-later, is in agreement with theory that .~ 
bicarbonate momentarily turns the central nervous system ~ ~ 
more acid than normal. After some minutes of recovery at D ~ 
vagal stimulation is again more effective. ~ 

The effects of oxygen lack are often like those of sodium ~ 
carbonate, namely an intensification of reflex activity. An ~ 
example of such action is seen in fig. 10,8 in which breathing N'~ 2 g 
increases from 18 to 54 when the stimulus is applied during e ~  
eupnea and from 22 to 71 when applied during oxygen deft- ~ 
ciency. This effect as we shall see is also interpretable on the 
basis of acidity for there is considerable evidence indicating .~ 
tha~ oxygen lack, if the respiratory response is sensitive, will 
turn the body as a whole more alkaline than normal. 

The effects of hypereapnia and hypoeapnia were also studied on the 
vagal stretch reflex in which the adequate stimulation of inflation and deflation 
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were used. Sodium carbonate and carbon dioxide were administered under 
three conditions, 1. during superinflation of the lungs, 2. during eupneie 
breathing with the lungs back to normal volume, and 3. during a partially 

Fig. 129 to 132. A u g m e n t a t i o n  of reflex ac t ion  by  sodium carbonate .  Inf la t ion  of the lungs produces  
a reflex r e t a rda t i on  of b rea th ing  f r o m  14 per  m i n u t e  in fig. 129 to 10 in fig. 130. This reflex r e t a rda t ion  
is a u g m e n t e d  by  in t r avenous  inject ion of sodium carbonate ,  for  the  f r equency  of b rea th ing  decreases to 
4.5 per  m i n u t e .  Similar  inject ion unde r  normal  ba romet r i c  condi t ion in fig. 131 produces v i r tua l ly  no 
change  in r h y t h m  suggest ing a nea r  zero ac t i v i t y  of the  vega]  s t re tch  reflex. Deflat ion of the  lungs in 
fig. 132 ref lexly increases the  f requency  of b rea th ing  f r o m  22 to 52 per  minu te .  This acce le ra to ry  reflex 
a c t i v i t y  is intensified by  the  in t r avenous  inject ion of sodium carbona te  as is indica ted  b y  the  rise in fre- 
quency  of b rea th ing  f rom 52 to 68 per  minu te .  [GI3SELL and  ~IoYEr~: Quar t :  J .  exper .  Physiol .  2~, 13 (1935). ] 

deflated condition of the lungs produced by counterweighting the spirometer 
(see fig. 129 to 132). On referring to fig. 129 it will be seen that  the dog is 
breathing at a frequency of 14 per minute. The lungs are then infla, ted (fig. 130) 
and the frequency falls to 10 indicating that  the regal  stretch reflex is aer 
Sodium carbonate now reduces the frequency to 4.5 per minute. The animal 
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is then allowed to recover (fig. 131) and the  excess pressure is removed from 

the lungs and sodium carbonate is again injected but with virtually no dimi- 
nution in frequency of breathing. Only amplitude is decreased. The lungs are 

Fig.  133 to 135. W e a k e n i n g  of ref lex a c t i v i t y  by  hype rcapn ia .  An acce le ra to ry  ref lex set  up by  def la t ion 
of the  lungs  in  fig. 133 increases  the  f r e q u e n c y  of b r e a t h i n g  f r o m  13 to 26 per  m inu t e .  A d m i n i s t r a t i o n  of 
carbon  dioxide cuts  th is  acce le ra t ion  to 21 ind i ca t ing  t h a t  a w e a k e n i n g  of the  ref lex had  occurred.  A re ta r -  
da t ion  reflex set  np  by  super inf la t ion  of the  lungs  in  fig. 135 decreases the  f r equency  of b r e a t h i n g  f r o m  
14 to 9 per  minu te .  A d m i n i s t r a t i o n  of ca rbon  dioxide weakens  th is  r e t a r d a t i o n  effect  as  ind ica ted  b y  
an  increased  f r equency  of b r e a t h i n g  to 19 per  minu te ,  W h e n  ca rbon  dioxide was  g i v e n  du r ing  n o r m a l  
b a r o m e t r i c  condi t ions  the  f r equency  of breathing" increased  f r o m  13 to 20 per  minu te .  This  increase  is pro- 
b a b l y  due to  a w e a k e n i n g  of a p r eva i l i gg  vaga l  r e t a r d a t i o n  ref lex a n d  to a chemical  s t i m u l a t i n g  act ion.  

[GESELL a n d  MOYER: Quar t .  J .  exper .  Physiol .  25, 13 (1935).] 

then deflated in fig. 132 and breathing increases from 22 to 52 per minute as 
a result of a different set of reflexes. Sodium carbonate then increases this 
newly established acceleration from 52 to 68 per minute. It  is, therefore, 
concluded that  carbonate strengthens the activity of prevailing respiratory 
reflexes, both retardation and acceleration. The fact that  little change in 
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frequency oecun'ed upon injection of sodium carbonate during eupneic breathing 
would indicate that the proprioceptive reflex activity was at a very low level. 
More commonly carbonate will decrease the frequency of eupneie breathing 
indicating that  the vagal stretch reflex possesses residuai activity even after 
the lungs have collapsed to their expiratory position. This tallies with ADaIaNs 
findings that many vagal fibers fire continually during the expiratory as well 
as inspiratory phase. 

The observations on inflation and deflation of the lungs were then repeated 
with the integrating system on the acid side of normal. Carbon dioxide was 
administered in the place of sodium carbonate. When given during pulmonary 
inflation, which normally slows breathing, the frequency increased from 9 
to 19 per minute, indicating a diminution of the prevailing reflex activity. 
When given during pulmonary deflation, which normally accelerates breathing, 
the frequency decreased from 26 to 21 per minute again indicating a diminution 
of the prevailing reflex activity. The frequency of eupneie breathing was 
increased from 13 to 20, a substantial change, but not as great as the accele- 
ration produced by carbon dioxide during lung inflation. This increase in 
frequency must be due to the direct accelerating action on the center. 

The old idea that  sodium carbonate produces apnea by a reduction of 
the excitability of the respiratory center must obviously be abandoned when 
so many important reflex activities are actually intensified. The production 
of apnea by hypoeapnia, which originally gave rise to the old idea of depression 
of central excitability, must rather be interpreted as an augmentation of the 
expiratory stretch reflex of the vagal proprioeeptors. 

29. The Nature of the Chemical Stimulus of Breathing. 
From the most primitive to the most highly developed forms, oxidations 

provide the major source of energy. When they fail, non-oxidative or anaerobic 
energy is thought to fill the gap by a varied train of processes in which free 
energy and lactic acid are liberated. Along with chemical changes more recently 
discovered , lactic acid shifts back into the precursor state at the expense of 
oxidative energy during recovery. The cell is again prepared to supply energy, 
either by the aerobic or anaerobic way. Whichever method is employed, add  
is formed, carbon dioxide from oxidations and lactic acid from anaerobic 
metabolism. Furthermore, the greater the intensity of either type of meta- 
bolic activity, the greater is the amount of acid formed and the greater is 
the need for respiratory correction. Because increased hydrogen ion con- 
centration depresses oxidations, increased oxidations, even during oxygen 
plenty, must automatically create a barrier against oxidations unless the 
excess carbon dioxide is removed. Thus carbon dioxide becomes a logical 
automatic regulator of breathing under any situation. 
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Oxygen lack impairs oxidations in two ways, directly, due to lessened 
availability of oxygen and indirectly, due to the accumulation of anaerobic 
acid. It, therefore, offers double possibilities as an automatic regulator of 
breathing. Attempts to harmonize the direct effect of oxygen deficiency with 
respiratory stimulation have so far met with failure. 0nly the indirect acid 
effects seem to meet the requirements of theory. For example, the increased 
oxidations resulting from an elevation of temperature, increase breathing just 
as reduced oxidations do from oxygen deficiency. On the other hand super- 
oxidations produced by readministration of room air after a period of oxygen 
deficiency will often stop breathing completely. Some factor other than in- 
tensity of oxidations seems to be the cause of the changes in breathing. All 
evidence points to acidity. 

The concentrations of hydrogen ions in the blood cannot possibly be 
the determining factor of any importance for there are far too many gross 
exceptions to that concept [GEsELL (1, 146 and 147)]. The decreased hydrogen 
ion concentration of the blood in hyperventilation during oxygen deficiency, 
of cyanide poisoning, of intravenous injection of sodium bicarbonate are 
most important examples. The recognition of inconsistaneies of this kind 
inevitably led to the cellular acidity theory of respiratory control [WINTER- 
STEIN (148); GESELL (1, 146, 147)]. During the temporary confusion following 
on the discovery of the reflex chemical mechanism of control the acid theory 
suffered in prestige. But as we shall try to show, the arguments in favor of 
acidity as the primary factor of chemical control are as strong today, in full 
knowledge of the peripheral and central chemical control, as they were before 
the discovery of the function of the carotid bodies. 

The most important contradictions to the older or blood acidity theory 
were the lack of parallelism of breathing and blood c~ during oxygen deft- 
ciency and following intravenous injection of sodium bicarbonate. Since 
lactic acid forms in greater abundance during oxygen lack than does carbon 
dioxide during oxygen plenty, theory demands, other things remaining con- 
stant, that a cell subjected to oxygen deficiency turns more acid than normal. 
Not only is lactic acid formed more rapidly, but buffer base is diminished in 
proportion by the reaction between lactic acid and sodium bicarbonate and 
free carbon dioxide liberated, which constitute a most effective Combination 
for increasing e E. When oxygen is resupplied under these conditions of high 
concentration of sodium lactate, lactic acid shifts back into the precursor 
state, thereby liberating free sodium. The combination of sodium with carbon 

It2CO~ . ratio and at the same time dioxide increases the denominator of the I%HCO~ 

decreases the numerator, thus lowering the hydrogen ion concentration. If 
the carbon dioxide which is liberated during the anaerobic period escapes 
from the cell, oxidative recovery will theoretically decrease the hydrogen ion 
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concentration below normal because the amount of lactic acid which disap- 
pears (by oxidation and by return to the precursor state) is greater than the 
amount of carbon dioxide formed. The implications of these concepts applied 
to the oxygen sensitive chemoceptors are capable of explaining the hyper- 
ventilation of oxygen deficiency and the apnea and return to normal breathing 
on readministration of room air. Supporting arguments will be presented below. 
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Fig. 136. An analysis of the outstanding respiratory changes occurring" during a period of oxygen defi- 
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of c o m p e n s a t o r y  v e n t i l a t i o n  a re  to  be  c o m p a r e d  w i t h  the  h a r m l e s s  effects  w h e n  n o r m a l  c o m p e n s a t i o n  is 
allowed in fig. 137. For further analysis see text. [GEsELL, KRIYEGEn, GORIt}-M and BEtC~;THAL: Amer. J. 

Phys io l .  94, 300 (193(}).] 

A comparative study of the chemical changes produced by oxygen 
deficiency during uniform artificial pulmonary ventilation and during normally 
controlled ventilation will help to elucidate this point [GESELI., KRUEOEIR, 
GoRuA~ and BEF.NTtIAL (151); and GESELL, KRUEGER, NICI-IOLSON, BRASS- 
FIELD and PE~ECOVIe~ (152)]. It  will indicate the possible origin of chemical 
control and how the organism profits from normally controlled breathing 
(fig. 136 and 137). The damage sustained in shifting to a 9.8% oxygen 
mixture during uniform ventilation in fig. 136 is revealed in the reduction 
of oxidations and most probably in the total free energy available. In view 
of the controversies now existing in the field o~ muscle chemistry and the 
dearth of similar studies in other tissues, we prefer to avoid a quantitative eva- 
luation of the anaerobic energy liberated during oxygen deficiency. Wi~h that 
reservation there can be no harm in including our energy curves as originally 
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computed for whatever information they may impart to those conversant 

with this most difficult subject. What we really wish to stress are the changes 
in acid base equilibrium consequent upon the interaction of aerobic and an- 
aerobic metabolism. The actual findings on blood lactic acid, blood carbon 
dioxide capacity, blood c n and carbon dioxide pressures, however represent in- 
formation in this most important phase of breathing which cannot be dismissed 
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Fig. 137. A similar analysis of outstanding respiratory changes occurring during a period of oxygen defi- 
ciency an4 recovery when normal compensation of pulmonary venti lat ion was allowed. For further details 
consult text.  [GESELL, KRUEGER, ]NTICHOLSON, BRASSFIELD and PELECOVICH: Amer. J. Physiol. 100, 

202 (1932).] 

regardless of the views which may be held in other details. (In studying 
these results allowance should be made for the slow deterioration of the animal. 
Oxygen consumption, carbon dioxide elimination, energy production [as 
computed] and blood pressure all show a downward inclination upon which 
the effects of temporary oxygen deficiency are superimposed.) Oxygen con- 
sumption falls abruptly, yet carbon dioxide elimination increases above 
normal. Since pulmonary ventilation is unchanged, the cause must be sought 
either in an improved transport resulting from augmented volume flow of 
blood or to acid base changes in the tissues. The rapid increase of lactic acid 
in the blood indicates a rapid formation in the tissues and the increase of the 
respiratory quotient from 0.73 to 1.55 indicates that  free lactic acid is reacting 
with sodium bicarbonate increasing the carbon dioxide pressure in the blood. 
I t  is, therefore, reasonable to assume that  the tissues as well as the blood are 
turning acid. 

Ergebnisse der Physiologic. 43. 39 
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On readministration of room air, oxidation increased abruptly to a 
supernormal level, indicating that the body had contracted an oxygen debt. 
Carbon dioxide is eliminated in excessive amounts, blood CO 2 capacity, blood 
lactic acid and blood e~ show tendencies towards recovery. Free energy, 
as computed on the basis of oxidations and energy freed by anaerobic liberation 
of lactic acid, shows a decided deficit for the combined period of oxygen 
deficiency and recovery. 

These results may now be compared with those of oxygen deficiency 
when pulmonary ventilation is normally controlled (see fig. 187). First of 
all, pulmonary ventilation increases and oxygen consumption is only momen- 
tarily lower than normal and as ventilation continues to increase oxygen 
consumption mounts to supernorma] values. Excessive elimination of carbon 
dioxide and the relatively small amount of lactic acid formed seem to be the 
important factors in this remarkable adjustment. The respiratory quotient 
increases from 0.77 to 2.18 despite the small formation of lactic acid. This 
increase o'f the respiratory quotient is much greater than that occurring during 
constant ventilation and is attributed primarily to the superventilation wit- 
nessed by the reduction of carbon dioxide pressure in the expired air from 

84 ram. Hg to 14 mm. Hg. 
As a result of the small outpouring of fixed acid into the blood stream, 

the blood carbon dioxide capacity is bu~ little changed, and the blood p~ 
remains high due to the low carbon dioxide pressure. The well sustained 
elevation of blood pressure indicates a good condition of the dog which is 
logically referable to the adequacy of the supply of energy during the period 
of oxygen stress. Actually the free energy during this period is higher than 
that of normal and this is due almost entirely to increased oxidations. The 
moment room air is readministered pulmonary ventilation returns virtually 
to normal, indicating that respiratory stimulation is also back to the original 
value. This is interesting because oxygen consumption continues above 
basal levels, but if one will look to the respiratory quotient and the diminution 
of lactic acid, a possible explanation is seen for the unexpectedly low venti- 
lation. The extraordinary low respiratory quotient of 0.40 indicates a chemical 
retention of carbon dioxide by the body. There are two reasons for this reten- 
tion. One is the liberation of free sodium as the lactic acid shifts back to the 
precursor state. That factor, however, is very small in this experiment. The 
other is the preceding overventilation of the body during the period of oxygen 
deficiency in which carbon dioxide was removed faster than it was formed 
by oxidation plus liberation in the reaction of lactic acid with sodium bi- 
carbonate. That loss of carbon dioxide must now be made up by retention 
of newly formed oxidative carbon dioxide before a steady state is reestablished. 
Herein, we believe, rests the main explanations of respiratory adjustment 
during oxygen lack. By elevating the p~ of the tissues during oxygen 
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deficiency, oxygen consumption is held at high levels despite a lowering of 
the partial pressure. 

The oxidative energy liberated during the period of stress and recovery, 
being actually higher than normal, stands in marked contrast to that of uniform 
ventilation. A need for this extra energy is seen in several requirements 
entailed by oxygen lack 1. Extra mechanical energy for the movement of air 
2. Extra thermal energy for warming a greater amount of inspired air 3. Extra 
thermal energy for saturation of the inspired air with water vapor 4. Extra 
energy for the liberation of carbon dioxide from the blood into the alveolar 
air 5. Extra mechanical energy for increased cardiac output 6. Extra energy 
for the repair of possible chemical damage etc. The energy required for items 
1, 2, 3 and 4 was found by computation to be less than the actual amount 
of excess energy. It  was, therefore, suggested that repair of cellular damage 
may be an important factor in experiments of this kind. 

Under more ideal conditions than those of acute experimentation, such 
as life at high altitudes, there are no chemical signs of oxygen stress, and the 
failure of lactic acid to appear in the blood stream has been used by some 
as an argument against an acid mechanism of control during oxygen lack. 
But it must be remembered that under such conditions the machinery of 
breathing is working as evolution may have intended, that is to eliminate all 
harmful effects of the scarcity of oxygen. The cellular acidity theory demands 
that only those structures designed to correct against oxygen lack withstand 
the impact of oxygen shortage. If these structures be infinitesimally small, 
as compared with the body as a whole this would add an infinitesmMly small 
amount of Iaetic acid to the blood and we should be unable to find an increased 
amount of lactic acid in healthy individuals acclimated to high altitude. As 
it has finally turned out, the tiny collections of chemoceptors found in the 
carotid and aortic bodies are the regulators of breathing against oxygen lack. 
They alone stand the brunt of impaired oxidations and by their activity 
protect the body as a whole. As we shall show, the respiratory center actually 
becomes acapnic with anoxic 
breathing stops. But this is 
in the general scheme of the 

hyperpnea for when HEttINGs nerves are blocked 
not meant to imply that the center is excluded 
cellular acid theory of respiratory control. Like 

the chemoceptors it responds to changes in acidity. The elucidation of a more 
complete application of the cellular reaction theory will follow. 

Another puzzling point in the blood acidity theory of respiratory and 
circulatory e0ntrol were the opposite effects of the intravenous injection of 
sodium carbonate and sodium bicarbonate. Both lower the c~ of the blood, 
but carbonate produces apnea and lowers the blood pressure while bicarbonate 
produces hyperpnea and elevates .blood pressure. One important point over- 
looked in ascribing a specific action to the HC03 ions was the opposite effect 
of these salts upon C02 pressures of the blood and tissues. Theoretically, 

39* 
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bicarbonate should turn the cells more acid, at least temporarily, by driving 
carbon dioxide into them, while carbonate should turn them more alkaline 
by withdrawing carbon dioxide from them. The principle is most simply 
demonstrated in stratification experiments. For example one may layer two 

BLOC,13 PRESSURE . . . . . . . . . . . . . . . . .  
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Fig. 13Sa. Genera l  s chema  of a p p a r a t u s  for per[usion of ca ro t id  body  region an d  a~il l~rg a r t e ry .  Th e  
diaphrag~n p u m p ,  1, txunsfers blood f rom the  a o r t a  into the  perfus iou chamber ,  3. The  resistance,  2, is 
so ad jus t ed  t h a t  the  an imal  is p r even ted  f r o m  forcing blood into c h a m b e r  3 i ndependen t ly  of the  p u m p  
dur ing  t e m p o r a r y  rises of aor t ic  blood pressure.  Perfus ion pressure is de te rmined  by  the  level of the  w a t e r  
reservoi r  4 a n d  is t r a n s m i t t e d  to the  blood in c h a m b e r  3 t h ro u g h  the  th in  rubbe r  m e m b r a n e ,  IK. Blood 
is d i s t r ibu ted  f r o m  perfusion c h a m b e r  3 to the  carot id  body  an d  axi l lary  a r t e r y  perfusion circuits t h rough  
t he  separa te  outlets  shown. The  outflow from c h a m b e r  3 is m a d e  pulsati le b y  the  in te r rup te r ,  5. P u m p  
an d  in t e r rup te r  are  dr iven  by  a single m o t o r  a nd  are so t i m e d  t h a t  the  outlets f rom c h a m b e r  3 are  b locked 
dur ing  the  fo rward  stroke of the  p u m p  a nd  are opened only dur ing  the  back  s t roke of the  p u mp .  I n  the  
carot id  b o d y  pelqusion circuit ,  no rma l  blood f rom c h a m b e r  3 can  be replaced by  blood f rom the  auto-  
inject ion c h a m b e r s ,  6, w i thou t  in t e r rup t ion  of flow or a l t e ra t ion  of pressure,  b y  s imul taneous ly  closing 
c l amp  O a n d  opening c l ampsC '  o r 0 .  Endosinusa l  pressure a n d r a t e  of flow are ad jus tab le  bo th  a t  p ressure  
source,  4, a n d  a t  caro t id  outflow resistance,  ~. Both  the  ra te  a n d  the  s troke ampl i tude  of the  p u m p ,  1, 
a re  ad jus tab le  while the  l a t t e r  is in opera t ion .  Stroke a mp l i t u d e  is cont inual ly  ad ju s t ed  in such a way  
t h a t  the  blood r e m o v e d  f r o m  the  a n i m a l  a t  the  a o r t a  is exac t ly  equa l  to  t h a t  r e tu rned  t h r o u g h  the  per-  
fusion circuits, devia t ion  f rom such balance  be ing  shown b y  collapse or inf la t ion  of t h e  rubbe r  m e m -  
brane ,  :X. The  sys temic  blood pressure  compensa to r ,  8, is connec ted  to  t h e  card iac  end of a n y  large 

a r t e ry .  The  whole a p p a r a t u s  is submerged  in a c o n s t a n t  t e m p e r a t u r e  w a t e r  b a t h  a t  37.5~ 
[BE1RNT1KAL: Amcr .  J.  Physiol.  1~1, 1 (1938)]. 

hydrochloric acid solution of the same p~ to one of which NaC1 has been added. 
With the aid of a color indicator added to these solutions it is seen at the 
interface that  the solution without NaC1 turns acid while the other turns 
less acid. Similar experiments are readily performed with sodium bicarbonate 
buffer mixtures. With proper concentrations one solution distinctly the more 
alkaline of the two will turn the other more acid. This all happens without 
the intervention of a selective membrane. In biological experiments the ira- 
portant  role of cell membranes in acid base equilibria allow a ready demon- 
stration of phenomena similar to those of stratification. With the aid of two 
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electrodes, one in the blood and the other in the cerebrospinal fluid these 
principles may be tested. Injection of carbonate produces the expected reduc- 
tion of c H in both blood and eerebrospinal fluid while bicarbonate causes the 
same fall in the blood c~ but a distinct rise in the cerebrospinal fluid c~. 
When all chemoceptors are denervated intravenous inject.ion of carbonate 
decreases and bicarbonate increases ventilation and blood pressure, thus 
indicating that  the changes in breathing under these conditions where the 
center alone is involved cannot be correlated with accompanying changes in  

Fig.  139 A.  I n c r e a s e d  a c t i v i t y  of t he  c h e m o c e p t o r s  p r o d u c e d  b y  a d d i t i o n  of l ac t i c  a c id  to  t h e  b lood  per-  
f u s a t e  c i r c u l a t i n g  t h r o u g h  t h e  v a s c u l a r l y  i so la ted  c a r o t i d  b o d y .  V a s c u l a r  cons t r i c t ion ,  t h e  i n d e x  of  
c h e m o c e p t o r  a c t i v i t y ,  d imin ishes  Lhe f low of b lood  f r o m  21 to  9 co. pe r  m i n u t e  (see r e c o r d  V). V e n t i l a t i o n  

is a r t i f i c ia l  a n d  u n i f o r m  [BERNTHAL: Amer .  J .  Phys io l .  121, 1 (1938).]  

Fig .  139 B.  I n c r e a s e d  c h e m o c e p t o r  a c t i v i t y  p r o d u c e d  b y  lac t i c  ac id  as  i n d i c a t e d  b y  inc reased  vasocon-  
s t r i c t i on  a n d  p u h n o n a r y  ven t i l a t i on .  These  resul t s  c o n f o r m  wi th  a n  e x p e c t e d  inc reased  a c i d i t y  of t he  

chemocep to r s .  [BERNTHAL" Amer .  J .  Phys io l .  1~1, 1 (1938).]  

blood c~, but rather with the acidity of the "center". The role of acidity of 
the center to anoxemia will be considered below. 

BER~'r~AL (152) has studied the activity of the vascularly isolated carotid 
body as affected by sodium carbonate, sodium bicarbonate, carbon dioxide 
and lactic acid with the equipment illustrated in fig. 138. By eliminating the 
confusing and conflicting effects of physiological changes in blood pressure 
and pulmonary ventilation, he has been able to gauge the activity of the 
carotid body with accuracy. The indices of activity employed were volume 
flow of blood and pulmonary ventilation. Vascular constriction or decreased 
blood flow and hyperpnea indicate increased chemoceptor activity. 

ttypereapnic blood decreased the brachial flow of blood. Lactic acid 
added to the blood had the same effects (see fig. 139A). When natural pul- 
monary ventilation was allowed breathing increased as well (see fig. 139B). 
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Sodium carbonate increased volume flow (fig. 140A) and decreased pui- 
monary ventilation (fig. 140B) indicating a decreased carotid body activity. 

Fig. 140 A. Sodium carbona te  added  to the  blood circulat ing th rough  the  carot id  body  dur ing  un i fo rm 
artif icial  vent i la t ion  reduces  the  ac t i v i t y  of the  carot id  body  as ev idenced  by  the  d iminut ion  of tonic 
vasoconst r ic t ion .  The  vo lume  flow of blood th rough  ?,he leg was  increased f r o m  102 ca, to 175 cc. per  

minu te .  [BEI~NTI~IAL: Amer .  ft. Physiol.  121, 1 (1938).] 

Fig. 140 B. Sodium carbona te  ac t ing  locally a t  the  carot id  body  reduces b rea th ing  as well as vascu la r  
ac t iv i ty .  These results  conform wi th  an  expec ted  decreased ac id i ty  of the chemoceptors .  [BERNTHAL: 

Amer .  J .  Physiol.  121, 1 (1938).] 

Fig. 141 A and  ]3. The  t empora r i l y  increased vasocons t r ic t ion  and  p u l m o n a r y  ven t i l a t ion  p roduced  by 
a local c irculat ion of sod ium b ica rbona ted  blood t h r o u g h  the  carot id  body  conforms wi th  a n  expec ted  

t e m p o r a r y  acidified condi t ion of the  chemoceptors ,  [BERNTH&L: Amer .  J .  Physiol .  121, 1 (1938).] 

Bicarbonate on the other hand produced ~ temporarily decreased volume 
flow of blood and increased pulmonary ventilation indicating increased carotid 
body activity (fig. 141A and B). 

BRASSFIELD and HONG (153) have supplied further data on intracellular 
acid base equilibrium by the studies on salivary p~ in which they recorded 
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continuous changes of blood and sMiva with the aid of glass electrodes. The 
administration of carbon dioxide is seen to increase the hydrogen ion con- 
centration of both the blood and saliva (fig. 142) and artificial overventilation 
of the lungs decreases the c a of both blood and saliva (fig. 143). Intravenous 

Fig.  142. The  para l le l  increase  of a c i d i t y  of the  b lood  a n d  saI iva  p r o d u c e d  b y  a n  a d m i n i s t r a t i o n  of CO 2 
e x p e c t e d  f r o m  the  s imple  l aws  of d i f fus ion sugges t  t h a t  s a l i v a r y  c H m a y  be a f a i r ly  rel iable i n d e x  of a c i d i t y  
c h a n g e s  w i t h i n  the  s a l i v a r y  g landce l l s  d u r i n g  h y p e r c a p n i a .  B. P g  b lood  PH" S. PB sa l iva  PH- B o t h  cu rves  
c o n t i n n o u s l y  r e c o r d e d  w i t h  t h e  glass  e lect rodes .  [BRAsSFIELD a n d  BEHR~IAN* Amer .  J .  Phys io l .  122, 21 

(1938).] 

injection of lactic acids increases the e E of the saliva (fig. 144) while sodium 
carbonate decreases it (fig. 145). In the light of these results it is most signi- 
ficant that  sodium bicarbonate, which if it migrated freely across the sali- 
vary cell membrane would produce an invariable alkaline effect upon the 

Fig.  143. Ar t i f ic ia l  o v e r - v e n t i l a t i o n  increases  sa l iva  a n d  b lood  P m  The  c o n t i n u o u s  sa l iva  PH cu rve  was  
r eco rded  w i t h  the  g lass  e lec t rode .  B lood  p g  w a s  d e t e r m i n e d  f r o m  b l o o d  samples .  The  para l l e l  c h a n g e s  
in Pn  a re  re fe rab le  to  a free d i f fus ion of c a r b o n  d ioxide  f r o m  the  sa l iva  a n d  b lood .  [BRAS$FIELD a n d  

BI~ttRMAN: A m e r .  J .  Phys io l .  122, 21 (1938).]  

saliva nevertheless produces three effects 1. an increased c a of the saliva 
(fig. 146) 2. no change (fig. 147) and 3. a decreased c a (fig. 148). This varia- 
bility of results agrees with the variability of effects of sodium bicarbonate 
on carotid body activity and central reflex activity and thus supports the 
acid interpretation of the stimulation of breathing by sodium bicarbonate. 

When LV~DS~AA~i) (154, 155, 156 and 157) demonstrated that  monoiodo- 
acetic acid prevents the usual formation of lactic acid during oxygen defi~ 
ciency, he offered an opportunity of inquiring more specifically into the role 
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of acidity as a stimulus in hypooxic hyperpnea. On the basis of his work it 
may be reasoned that if oxygen deficiency increases pulmonary ventilation 
in the absence of glycolysis, lactic acid may  be dismissed as the normal source 

Fig.  1 ~ .  I n t r a v e n o u s  in jec t ion  of lac t ic  ac id  in- 
creases the  ac id i ty  of the  ou t f lowing  sa l iva  a n d  in- 
creases p u l m o n a r y  ven t i l a t ion .  [BRASSFIELD a n d  

BEttl~3IA),': Amer .  J .  Physio l .  122, 21 (1938).] 

Fig.  145. I n t r a v e n o u s  in jec t ion  of sod ium ca rbona te  
decreases  the  c H of the  sal iva .  [BRASSFIELD a n d  

BEttRMAN: Amer .  J .  Physio l .  122, 21 (1938).] 

of stimulation. On the other hand should hyperpnea fail to appear during 
oxygen lack yet be elicitable by carbon dioxide excess, lactic acid may then 

Fig.  146 to 148. I n t r a v e n o u s  in jec t ion  of s o d i u m  b ica rbona te  increases  sa l iva  cn in fig. 146, has  no ef fec t  
in  fig.  147 a n d  decreases  i t  in  fig.  148. These  resul t s  agree  w i t h  o ther  f ind ings  on s o d i u m  bicarbonate .  

See t ex t .  [BRASSFIELD a n d  BEHR)IA~': Amer .  J .  Physio l .  122, 21 (1938).] 

be regarded as the probable stimulus. HENDERSON and GREENBERG (158) 
attempted such experiments in dogs poisoned by intravenous injection but 
failed to obtain convincing results. WI~DEn (159) tried to overcome objection 
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to their procedure by localizing the action of monoiodoacetic acid to the vas- 
cularly isolated carotid body. Among the numerous difficulties of his experi- 
ments was the gauging of the dose 
of monoiodoactie acid sufficient to 
prevent glycolysis without produ- 
cing undue depression. To quote 

"Unfo r tuna te ly ,  in this series there 
were five out  of seven experiments in which 
both  the  anoxie and hypereupnie, and  also 
the asphyxie responses were abolished. In  
the  remaining two experiments conditions 
were somewhat more, bu t  not  ideally, fa- 
vorable for differential abol ishment  of the  
anoxic response. At  stages of these two ex- 
periments where the  normal  anoxic stimu- 
lat ion was gone, the hypereapnic response 
persisted, though to be sure considerably 
weakened. More importanL carbon dioxyde 
was definitely able to s t imulate  under  ex- 
t reme anoxia (asphyxial fluid), which by  
~tself was unable to stimulate. This is con- 
sidered evidemee t h a t  glyeolysis is an  actual  
l ink in set t ing up the  toeM excitatory pro- 
cess by  anoxia, r a ther  t han  merely a neces- 
sary source of energy during the short  
period of anoxia ."  

B ~ a n  (152), in his studies 
on the nature of the activating sti- 
mulus of the carotid body not only 
established to his satisfaction a cor- 
relation between intracellular aci- 
dity and carotid body activity asso- 
ciated with experimental Yariations 
Jn the bicarbonate system but also 
found, in agreement with theory, 
that  local oxygen want or local 
cyanide poisoning produced a simul- 
taneous ~-ascular constriction and 
augmented pulmonary Yentilation. 
He also demonstrated subnormal 
breathing on resupplying the carotid 
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body with its normal quota of oxygen following a period of oxygen want (see 
fig. 149A:for vascular effects). This subnormal chemoeeptor activity conforms 
with the original theories of M~YERnOF and HILL As the lactate ion disappears 
free sodium is liberated which combines with carbon dioxide. This reaction 
turns the ehemoeeptors more alkaline and holds their activity in obeyanee 
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until their carbon dioxide content has returned again to normal. BERNTHAL 
concludes as follows 

"Us ing  reflex vasoconstrict ion and  di latat ion as indices respectively of increased and 
decreased chemoreceptor discharge, a close correspondence was demonstra ted between changes 
in ehemoceptor act ivi ty and  theoretically co-existent changes in chemoceptor acidity. Titus the 
principles established by  GESELL in his theory of the  chemical (acid) control  of respiration and  
circulation may  be applied to the  carotid body as well as to the  intra-cranial  port ions of the  
chemically sensitive control mechanism."  

In the opening statement of WI~'DER, BERNTI~AL and WEE~S (160) on 
Reflex Hyperpnea and Vasoconstriction due to Ischenieo Excitation of the 

Fig. 149 B. LocM ischemia of the vascularly isolated carotid body intensifies the activity of the chemo- 
ceptors as shown by increased pulmonary ventilation and the decreased volume flow of blood or increased 
vascular constriction. Deoeclusion of the carotid artery leads to a return of normal activity. The temporary 
overshooting of the volume flow of blood is probably due to the excessive washing out of carbon dioxide 

from the vasoconstrictor center during the preceding period of hyperpnea. 

Carotid Body attention is called to a prediction in STA•LINOs Physiology 
(1933) " tha t  an extension of GESELhS (1925--1926) theory of chemical control 
of respiration to the recently discovered carotid chemoceptors would probably 
still explain known facts." They add 

" T h e  extension is receiving a growing body of factual  support.  The epithelioid cells of the  
carotid body, on anatomical  bases presumably the specific receptor cells (DE CASTRO, 1927--1928), 
have an  internal  s t ructure  suggestive of an  active metabolism (DE CASTRO, 1926). Since they 
have a relatively high volume to surface ratio, they may  be more susceptible t han  the  common 
cell to an  inadequate  environment  in relation to their  own metabolism." 

W~NDE~, BERNTHAL and WEEKS reason 
" I f ,  as such evidence indicates, the s ta te  of excitation of the  chemoreceptors is a product  

of interact ion of thei r  own acid metabolism with their  immediate envh-onment ra ther  t h a n  
pr imar i l y  a function of the  chemical quali ty of the  environment  per se, then  failure of refreshment  
of the environment  should lead to a cumulative disturbance resulting in excitation. Tha t  is, a 
purely quant i ta t ive  anemia of the  chemoreceptors wi thout  exogenous change in the  quali ty of 
the blood should reflexly excite respiration and  cardiovascular 'changes. The present experiments 
tes t  whether  this  addit ional  requirement  of the hypothesis is to be satisfied." 

Re~ference to fig. 149 B shows increased breathing and vascular constriction 
during temporary ischemia brought about by occlusion of the carotid artery 
between A and B and recovery with overshootings on deocclusion of the 
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carotid arteries at B. Pronounced apnea on deocelusion of the carotid arteries 
after a prolonged isehemic hyperpfiea may also occur (fig, 150). When breathing 
is again resumed periodicity often occurs just as it does during recovery from 
anoxemia in the intact animal. 

Instead of taxing the respiratory exchange of the chemoceptors of the 
carotid body by restricting the blood supply, the procedure may be changed 

Fig.  150. Local  i s chemia  of the  caro t id  body  produces  the  s a m e  in tense  h y p e r p u e a  as  no ted  in  fig.  149 B. 
Ar te r ia l  occlusion was  s t a r t e d  a t  A a n d  :E in the  u p p e r  a n d  lower  records  a n d  t e r m i n a t e d  a t  D and  K.  
The  i n t e r m e d i a t e  procedure  r a c y  be d is regarded.  T e r m i n a t i o n  of ischeraia  will be seen to produce  a long 
apnea  followed by  per iodic  b rea th ing .  The  apnea  is a t t r i b u t a b l e  to  t he  p reced ing  h y p e r v e n t i l a t i o n  a n d  i ts  
consequen t  cent ra l  hypocapn ia .  These  resul t s  are  s ign i f ican t  in  the i r  r esemblance  to those of hypooxie  
hypm~pnea in which  the  increased  ac id i ty  a n d  a c t i v i t y  of the  cheraoccptors  also lowers the  c H of the  r ema in -  

der  of t he  body.  [WINDER, BERNTnAL a n d  V~rEEKlg: Araer .  J .  Physio l .  124, 238 (1938).] 

by simply increasing the metabolic demands, leaving the circulation un- 
changed. With that in mind BERNTUAn and WEEKS (161) altered the tem- 
perature of the carotid body, perfusing it with blood at different temperatures, 
and recorded activity changes in terms of pulmonary ventilation and vaso- 
constriction. Cooling the glomus, in fig. 151, from 37 o C to 150 C decreased 
the amplitude and frequency of breathing (see also fig. 159.). Increasing the 
temperature above normal, to 430 C, produced superventilation. 

Glomus activity, as indicated by vasoconstriction, must be studied 
during uniform ventilation due to the interfering action of central hypo- 
capnia. Fig. 153 shows the diminution of activity under such conditions 
produced by a lowered glomus temperature. BERNTHAL and WEEXS conclude 
that their "findings demonstrate a further correspondence between changes in 
chemoeeptor aeti~ity and theoretically concurrent changes in ehemoeeptor 
acidity and they are therefore inclined to support the hypothesis that 
the functional activity of ehemoceptors is dependent upon the rate and 
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quality of their own acid metabolism as well as upon the properties of their 

enwronment. 
I t  is difficult to follow the arguments of SCH~IDT and COMROE (171) 

on the cellular acidity theory of chemoceptor activity in their recent review 

Fig. 151 a n d  152. P u l m o n a r y  ven t i l a t ion  is diminished by  ci rculat ing blood a t  subnormal  t e m p e r a t u r e s  
tl~rough the  v~scular ly  isolated carot id  body.  On increasing the  t e m p e r a t u r e  of the  blood above  no rn~ l .  
b r ea th ing  is also increased to supernormaI  values.  Blood t empera tu re s ,  f r eqnency  of brea th ing ,  t idal  a ir  
and  m i n u t e  vo lume  of b rea th ing  are indica ted  on the  records.  The  fac t  t h a t  cooling of the chemoeeptors  
decreases b rea th ing  leads to the  conclusion t h a t  t hey  are toulcMly ac t ive  under  normal  conditions of blood 

flow [BERNTI~)~I, and  ~VEEKS: Amer .  J .  Physiol .  127, 94 (1939).] 

Fig. 133. Cooling of the  carot id  body  decreases the  normal  ac t i v i t y  of the  chemoceptors  as indica ted  by  
the  increased vo lume  flow of blood or vascu la r  re laxat ion.  The  dips in the  vo lume  flow cm've  are  expel'i- 
m e n t a l  a r te f rac t s  a n d  m a y  be disregarded.  P u l m o n a r y  vent i la t ion  is uni form.  [B]~RNTHAL and  ~X/EEKS: 

Amer .  J .  Physiol .  127, 9r (1939).] 

on the "Funct ion  of the Carotid and Aortic Bodies." Factual evidence, pro 
or con, such as tha t  coming from the distant laboratories of the Karolinska 
Insti tut  at Stockholm seem to us far more significant. I refer to the experi- 
merits of vo~ EULEU, LILJI~STRAND and ZOTTER~'IAN (162) on the activity 
of the carotid bodies registered electrically in HERINGs nerve. They describe 
a high sensitivity to changes in oxygen and carbon dioxide pressures diverging 
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from normal and a linear relation of activity to the pressures of these gases, 
direct for CO 3 and inverse for 03 (see fig. 154 and 155). NH40H abolishes 
the activity of the carotid body during oxygen deficiency, but has no effect 
upon the stimulating action of nicotine and lobeline, so these drugs are thought 
to act central to the point at which oxygen lack and carbon dioxide stimulate. 
Reasons are given for assuming that these alkaloids act on the carotid body 
in a way analogous to their action on sympathetic ganglia. The authors con- 

elude that their observations "speak 
• strongly for the interpretation that 
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Fig .  154 a n d  155. G r a p h s  showing  the  r e l a t i on  of t he  f r e q u e n c y  of po t en t i a l s  in  ne rve  f ibers  of ~[ERINGS 
ne rve  to  t he  o x y g e n  s a t u r a t i o n  of t he  b lood  a n d  to  t h e  p e r c e n t  of c a r b o n  d iox ide  in  t he  a lveo la r  air .  

[EULER VON, LILJESTP.AN*D a n d  ZOT,rER~AN: S k a n d .  Arch .  Phys io l .  (Berl.  u.  Lpz. )  83, 133 (1939).] 

both kinds of stimuli (03 lack and C03 excess) act by increasing the e H in 

the chemoeeptors." 
In the original development of the cellular acidity theory GESELL con- 

s idered  the additive effects of oxygen lack and carbon dioxide excess as a 
strong argument favoring the theory, for  if the effects of oxygen lack are 
due to acid, the superposition of a second acid effect by the administration 
of carbon dioxide would perforce increase the original stimulation. GEr.LnOaN 
and his associates (163) agree to the greater combined action but are not 
prepared to interpret this effect in terms of acid. They are also perturbed 
by the fact that the brain turns more alkaline than normal during oxygen 
deficiency and employ that argument against the cellular reaction theory 
of respiratory control. But if it be remembered that the cellular acidity theory 
actually insists upon an hypoeapnie condition of the brain their argument 
no longer holds. In addition they are concerned about the failure of lactic 
acid to accumulate in the blood despite prolonged exposure to high altitudes 
[DILL, TALBOTT and CONSO~ARIO (164)] bu t  it must be recalled that a dearth 
of lactic acid in the blood stream at low oxygen pressures could be regarded 
as evidence for the perfection with which the theory is actually working. The 
limitation of anoxie stimulation to the chemoeeptors, in our opinion, makes 
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the concept of additive action of oxygen lack and carbon dioxide excess a 
most simple one. 

30. The Interaction of Central and Peripheral 
Chemical Control of Breathing. 

Before the important discoveries by I-IEYMANS (149) of the respiratory 
function of the carotid body it seemed necessary to consider only one chemi- 
cally sensitive regulatory structure in the explanation of the chemical control 
of breathing. Since then the problem has taken on new aspects and new 
relations which have engaged the interests of many. Important  among these 
problems still under investigation are the relative importance of the central 
and peripheral chemical control, the relative sensitivities of the center and 
of the chemoceptors to carbon dioxide, the relative sensitivities of the center 
and of the chemoceptors to oxygen, and the interaction between the central 
and peripheral controls. 

A determination of the relative importance of central and peripheral 
chemical control of breathing is no easy matter. When CnOMER and  IvY (166) 
studied dogs, trained to work on the tread mill, they found them apparently 
as efficient after denervation of the sinus regions as before, and DAUTREBA~DE 
(167, 168) maintains that dogs, deprived of their peripheral chemoceptor 
support, apparently acclimate and adjust their breathing to high altitudes 
in a manner similar to that of the complete dog. Strong difference of opinion 
exists on the latter point, but even granting the validity of DAVTR~BANDEs 
findings it seems precarious to conclude that the role of the ehemoceptors is 
unimportant. A compensation for a lost function does not necessarily mean 
that the lost function is of relatively little value. 

If sensitivity of control is helpful to the general well-being of the organism, 
statements concerning the unimportance of the reflexogenic control of breathing 
should be considered with great care. The increased action potentials of 
HEItlNGs nerve which are evoked by minor changes of carbon dioxide pressure 
within the physiological range [SAMAA~ and STnLLA (169)1, the elevation 
of alveolar carbon dioxide by the denervation of the carotid bodies [vow Ew,E~, 
LILJESTRAND and ZOTTER~AN (162)1, the increased activity of the isolated 
carotid body (measured in terms of vasoconstriction and  pulmonary venti- 
lation) by small changes of oxygen and carbon dioxide pressures [BE~T~AL 
(152)J, the increased activity resulting from small changes of temperature 
[BER~TtIA~ and WEEI~S (161)~, the increased electrical activity of the sinus 
nerve to an oxygen desaturation of blood below 96 % or to an increased alveolar 
carbon dioxide pressure above 80 ram. Hg [VON EULnR, LIL~ESTRANI) and 
ZOTTE~MAN (162)1, all spea k for a nicety of regulation by the ehemoceptors. 
Observations, such as these, could readily dismiss statements so commonly 
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found in our standard textbooks of physiology that a reaction to o x y ~  
deficiency does not set in until the oxygen percentage of the inspired air has 
fallen to 12. 

There can be no question whatever concerning the high sensitivity of 
the carotid body to oxygen deficiency as compared with the respiratory center. 
In the anaesthetized animal, at least, it is very much greater. Yet it cannot 
be held that the center is completely incapable of responding to either lack 
of oxygen or to the administration of cyanide. The threshold of stimulation 
to be sure is much higher, the incidence of stimulation to depression is low, 
but the observations of positive stimulation are too numerous to be ignored. 
Nor is this meant as an argument supporting a central stimulating action of 
oxygen lack in hypooxic hyperpnea. On the contrary, t he  center is regarded 
to be chemically apneie (hypocapnic) during intense hyperpnea of such origin. 
Nevertheless it must be realized that if oxygen lack exerts a central excitatory 
as well as a depressant action, in chemoceptively denervated animals, it must 
be capable of contributing such action at any time that oxidations are impaired. 
For that reason it seems advisable to retain the excitatory as well as the 
depressant potentialities of oxygen deficiency under all conditions. If of no 
other value, such central excitatory action as is demonstrable gives support to 
the cellular acidity theory according to which the activity of the carotid body 
may be evoked by oxygen deficiency. For further accounts on the relative 
sensitivity and importance of the central and peripheral mechanisms several 
other recent reviews are available [HEu (149), GESELL (147), SO,MInT 
and COMROE (171), JOHNSON, FORBES, DILL and HENDERSO~ (172)]. 

Closely related to the question of relative sensitivities is the problem 
of joint action and interaction of the two chemical mechanisms of control. 
Recent studies of this phase of the problem [GESELL, LArIDES and L~VlN (173)] 
have revealed some unsuspected relationships which seem to clarify eertain 
aspects of the chemical control of breathing,�9 While the results to be described 
are by no means as refined or as quantitative as many already described above, 
they have the advantage of simplicity and of revealing underlying principles 
missed by the more fundamental approaches in the individually isolated 
systems working by themselves. 

Both vagi were cut to eliminate aortic presso and chemoceptor influences. 
Effective cold blocking devices, chilled or warmed with circulating a!cohol, 
were kept in place on both sinus nerves. The sinuses were permanently col- 
lapsed to eliminate pressoreceptor effects. Blocking and deblocking HERINGs 
nerves thus served to abolish and reestablish at will all theoretically existing 
chemoceptive stimulation and allowed comparison of breathing of purely 
centrogenic chemical origin with breathing of combined centrogenie and 
reflexogenic origin. Such comparisons were made under several important 
modifications of respiratory conditions. 
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The first experiments (fig. 156) show the role of the ehemoceptors in 
cutting short the duration of apnea produced by standard artificial over- 
ventilation with room air. The periods of overventilation employed to produce 
hypocapnia and the periods of sinus nerve block are indicated by the hori- 
zontal bars. In fig. 156 A artificial overventilation producing an apnea of 
approximately one minute when the carotid bodies are out of function, is 
insufficient to produce apnea of any duration when the chemoceptors are 
normally functioning again. Fig. 156C, in which HERINGs nerves are functio- 
ning, shows that  the signals arising in the carotid bodies cut apnea from approxi- 
mately 60 seconds (see fig. 156 B where the nerves are blocked), down to 
20 seconds. Certainly this is a most striking effect. The chemoeeptors are 
most decidely effective in this capacity of avoiding long pauses in breathing, 
particularly when this action is compared with the relatively small depression 
of breathing noted on blocking HERIN~s nerve during eupnea (fig. 156 C). 
The chemical stimulation at the carotid bodies which assists the center in 
reinstating breathing is no doubt a combination of carbon dioxide excess 
and oxygen lack of which the second is probably the most important. 

The following observations concern carbon dioxide. Much evidence, 
not as quantitative as might be desired, has accumulated indicating that  the 
center is as sensitive, if not more  so, as the chemoceptors to carbon dioxide. 
If this is true, the central mechanism should respond to a smaller rise of carbon 
dioxide pressure than the chemoceptors. But even so, breathing still remains 
a resultant of the centrogenie and peripheral or reflexogenic action of carbon 
dioxide. (Refer back to fig. 22 which shows how the reflexogenic eleetrotonic 
current adds on to the centrogenic electrotonic current and increases the 
frequency of discharge.) A reduction of breathing such as occurs when [-IEttINGS 
nerves are blocked, therefore, does not mean that  the chemoceptors are more 
sensitive than the center to carbon dioxide.  The same directional change 
should occur regardless of the relative sensitivities. According t o  our views, 
the results simply indicate that  the reflexogenie component has been withdrawn 
from the centrogenic component upon which it builds. 

To analyze the joint action of central and reflex response to carbon 
dioxide, dogs were allowed to rebreathe into a restricted volume of gas con- 
taining 40 % oxygen. The high percentage of oxygen was intended to confine 
the response to the increasing carbon dioxide percentages which follow on 
rebreathing. I t  will be seen (fig. 157) that  HERINS nerve block produced 
an appreciable reduction in breathing so long as the carbon dioxide percentage 
of the inspired air was low (1.5 and 3.5 %). At 5 % the reduction was exceedingly 
small and at 6% it seemed entirely missing. Breathing however continues 
to increase with increasing hypereapnia indicating that  the hyperpnea of the 
higher intensities is entirely centrogenic. The relative intensities of centrogenic 
and reflexogenie breathing of hypercapnic origin are indicated in the second 
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and third schemas of fig. 159. The solid black area J, K, H, I, L of the second 
schema shows the increasing volume of centrogenic hypercapnic breathing 

Fig.  156. The  inf luence of the  caro t id  bodies on the  dura t ion  of apnea  p roduced  by  ar t i f ic ia l  ove rven t i -  
la t ion  of the  lungs  a f t e r  double v a g o t o m y .  The  dura t ion  of apnea  is m u c h  longer  when  HERINGS nerves  
arel, b locked ind i ca t ing  a h igh  sens i t i v i ty  of the  chemoceptors  to changes  in  oxygen  a n d  carbon  dioy~ide 
pressures  w i th in  ~he physiological  range .  The  t w o , o b s e r v a t i o n s  in  the  uppe r  record  are  to be compared  
wi th  each other ,  a n d  record  B is to be c o m p a r e d  w i t h  record  C. F o r  f u r t h e r  detai ls  see tex t .  (GESELL, 

LAPIDES a u d  LEVIN. ~ Amer .  J .  Physio l ,  I n  Press . )  

and the cross hatched area G, H, K shows the diminishing volume of reflexo- 
genic breathing with increasing hypercapnia. On the basis of the findings of 

Ergebnisse der Physiologic. 43. 40 
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YON EU~Ea, LILJESTRAND and ZOTTE~SIAN (162) demonstrating a linear 
relation of ehemoceptor activity to concentration of carbon dioxide, we have 
assumed that the actual activity of the carotid bodies is represented by our 
cross hatched ~rea M, Q, N, O, P of the lower figure. Consequently, if breathing 
is a resultant of eentrogenic plus reflexogenic activity, if reflexogenic activity 
is a linear function of concentration of carbon dioxide, and if I-I~RINO nerve 
block produces no reduction in breathing, it iollows that  the e//ects of che- 
moceptor activity must be abolished by carbon dioxide at some point central 
to the carotid bodies. We have seen how respiratory reflexes are weakened by 
the central action of carbon dioxide (see section 28). I t  is, therefore, suggested 
that carbon dioxide not only sets up chemoceptor reflexes in the periphery 

Fig. 157. Repeated cold Mock of IS[ERI~'GS nerve during progressive hypereapnic hyperpnea shows de- 
creasing reflexogenic breathing. When the inspired air contained approximately 6.5 % carbon dioxide 
HERING nerve block produced no reduction in breathing, indicatin~, t ha t  hyperpnea at.;ttiis coaeentr&tion 

is purety centrogenie. (G~NELL, LAPIDES a~nd LEVIN: Araer. J. Physiol; In  Press.) 

but at the same time weakens these very same reflexes by virtue of its central 
action. As reflexogenic activity is abolished centrogenic activity of increasing 
proportions steps in to take its place. 

The pictur e is very different with increasing hyperpnea produced by an 
unbroken progressive reduction of oxygen in the inspired air (fig. 158). The 
dog is connected again with a rebreathing tank, containing at the very beginning 
a 40 % oxygen mixture in nitrogen. Under these conditions HE~ING nerve block 
produces a slight reduction of breathing, explainable by the elimination of the 
peripheral stimulating action of carbon dioxide. Similar cold block with the 
oxygen of the inspired air at 19.7 % produces a decidedly greater reduction of 
breathing thus indicating the highly sensitive response of the chemoeeptors to 
oxygen deficiency. At 16.6 % 02, breathing is cut still more, not only below that  
of the hypooxic hyperpnea but distinctly below that  of the eupnea when the 
oxygen stood of 40 %. This shows the graded response of ehemoceptor activity 
to graded oxygen deficiency. At 12.5 % 02, breathing is reduced still more. 
In fact there is a momentary eassation which gives way to a periodic type of 
breathing. At 8.6%, removal of ehemoceptor support leads to a prolonged 
apnea, which only after a period of approximately two minutes gives way to 
centrogenie h y p e r p n e a .  This shows ~hat the chemoceptors take complete 
charge of the chemical control of breathing even at relatively high oxygen 
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Fig. 158. l~epeated ]~I~RING ne rve  block dur ing progressive hypooxie  hype rpnea  in a vagotoln ized  dog. 
The  increasing reduct ion  of b rea th ing  which  occurs wi th  each cold block indicates  the  impor t ance  of 
reflexogenic b rea th ing  dur ing  hypooxia.  The occurrence of apnea  when  ~ERI/~GS nerves  are  blocked a t  
8.6 % O~ shows t h a t  b rea th ing  m a y  become pure ly  reflexogenie a t  re la t ive ly  high oxygen  pressures.  The  
fac t  t h a t  b rea th ing  is m a r k e d l y  depressed when  th  e chemoeep to r  signals are  abolished a t  19.7 % Ca in the  
inspired a i r  shows the  sensit ive response of the  c hemoeeptors  in the  physiological range  of oxygen 

pressure,  [G~SELL, LAPI])ES a n d  L~Vt,w: Amer .  J .  Physiol .  I n  Press.)  

40* 
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pressures. Now this apnea is a most important phenomenon because it is 
thought to reflect the chemical condition of the center. During eupneie con- 
ditions, breathing is only slightly reduced by HEmNO nerve block which is 
evidence for the existence of a large component of central chemical stimulation. 
Why then is such central st imulation missing when reflexogenie support is 
withdrawn during hypooxie hyperpnea? Is stimulation wanting because of 
the depressing action of oxygen deficiency during the prolonged apnea ? The 
ultimate hyperpnea would answer "No" to the latter question. The results 
were tentatively explained in the preceding section in which it was concluded 
that the brain turns more alkaline then normal during hypooxic hyperpnea 
from the excessive elimination of carbon dioxide. Oxygen de[iciency by virtue 
o/ its local stimulating action at the chemoceptors produces central hypocapnia 
and thereby prevents both stimulating and depressing actions which it otherwise 
might have produced at the center. 

The interaction of centrogenic and reflexogenic components is represented 
in the upper schema of fig. 159. The vertical distance A, C is assumed to 
represent the reflexogenic component due to the action of oxygen lack existing 
normally at 21% oxygen in the inspired air at the chemoceptor. Distance 
O, E represents the centrogenic component due either to carbon dioxide alone 
or to the combined central effects of carbon dioxide and oxygen lack. As 
oxygen deficiency increases from left to right, the activity of the carotid bodies 
increases along line AB, in conformity with the findings of VON E~'LEa. LISJE- 
STRAND and ZOTTER~A~. Carbon dioxide is swept out of the centers in pro- 
portion to the growing ventilation and eentrogenic ventilation falls along 
line CD, in conformity to the growing hypocapnia. Nevertheless the total 
ventilation continues to increase, which can only mean as the diagram shows, 
that reflexogenie breathing is increasing at a greater rate than that represented 
by gradient A, B. This disproportionate increase is attributed to the pro- 
gressive augmentation of the ehemoceptor reflex by the growing alkalinity 
of the center. Triangle DFD' which is but a part of the total reflexogenic 
component ABD'C simply represents a superapneic condition of the center. 

For the present, the nature of the central stimulus reinitiating breathing 
following apnea produced by H~mNO nerve block during a "super apneie 
condition of the center (see fig. 158 C and corresponding conditions at 8.6% 
Oe in fig. 159) can only be conjectured by a process of elimination. Provided 
unknown reflexogenie stimulation from sources other than the carotid and 
aortic bodies can be disregarded, the reinitiated breathing must be considered 
of centrogenic origin. Had the apnea been caused entirely by a paralyzing 
action, that action would have been expected to increase and to have terminated 
in death. Had the stimulation of breathing been one of direct action of 02 
lack, there should have been supernormal rather than subnormal centrogenic 
breathing when HEmNO nerve block took effect. But if the apnea was due 
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to acapnia, time was essential for a reaccumulation of acid and a rebuilding 
of the central stimulus. We suggest that this occurred partly as a result of 
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Fig.  159. A s c h e m a t i c  r e p r e s e n t a t i o n  of the  c h a n g i n g  p r o p o r t i o n s  of cen t rogen ie  a n d  ref lexogenie  b r e a t h i n g  
d u r i n g  p rogress ive  h y p o o x i c  a n d  h y p e r e a p n i c  b r e a t h i n g .  The re la t ive  in tens i t ies  of cen t rogen ie  a n d  ref lexo-  
genie  b r e a t h i n g  were de te i~f ined  b y  t e m p o r a r y  b i l a t e ra l  b lock ing  of ]~ERINGS nerves  in  v a g o t o m i z e d  dogs.  
A r e a  A, B, D', D, E i l lus t ra tes  resul ts  o b t a i n e d  d u r i n g  progress ive  o x y g e n  def ic iency a n d  a reas  G, I ,  
L,  J a n d  M, Q, N, O, P show f ind ings  d u r i n g  progress ive  h y p e r e a p n i a .  The  solid b l ack  a r e a s  i nd i ca t e  
t he  a m o u n t  of cen t rogen ie  b r e a t h i n g  a n d  the  cross  h a t c h e d  a reas  i nd i ca t e  t he  s imu l t aneous  degree  of 
re f iexogenic  b r ea th ing .  D u r i n g  o x y g e n  def ic iency eent,rogenie b r e a t h i n g  d iminishes  w i t h  a dec reas ing  
a m o u n t  of o x y g e n  in  the  insp i red  air .  A p n e a  comes  on  w h e n  HERING8 nerves  a re  b locked  w i th  the  per-  
c en t age  of o x y g e n  a t  a p p r o x i m a t e l y  13. (See p o i n t  D.) The  d u r a t i o n  of a p n e a  g rows  as  t he  degrees  o 
o x y g e n  def ic iency  increases  w h i c h  sugges t s  a p rogress ive ly  i n c r e a s i n g  h y p o c a p n i a  of the:  cen te r .  T h  e 
a u g m e n t i n g  h y p o e a p n i a  is r e p r e s e n t e d  b y  t h e  s t ipp led  cross  h a t c h e d  a r e a  D, F ,  D ' .  I t  is a p p a r e n t  t h a t  
re f iexogenie  b r e a t h i n g  increases  as  a r e su l t  of  two  changes :  a n  a u g m e n t i n g  e h e m o c e p t o r  a c t i v i t y  a n d  a 
dec reas ing  cen t rogen ie  b r e a t h i n g .  F r o m  p o i n t  D ref lexogenie  b r e a t h i n g  g rows  despi te  a n  a p p a r e n t l y  
o p p o s i n g  h y p o e a p n i c  cond i t i on  of t he  cen te r .  A more  logical  i n t e r p r e t a t i o n  seems to  be  t h a t  i t  increases  
t h r o u g h  the  a id  of t he  in tens i f i ca t ion  of ref lexes r e su l t i ng  f r o m  a n  inc reas ing  a l k a l i n i t y  of t he  centers .  
D u r i n g  h y p e r e a p n i a  t he  p r o p o r t i o n s  of een t rogen ic  a n d  ref lexogenie  b r e a t h i n g  c h a n g e  in  oppos i te  d i rec t ions .  
Re f l exogen ie  b r e a t h i n g  d i s a p p e a r s  w i t h  the  c a r b o n  d ioxide  of t h e  insp i red  a i r  a t  a p p r o x i m a t e l y  6 %, whi le  
c e n t r o g e n i c  b r e a t h i n g  con t inues  to  increase .  W i t h  c h e m o c e p t o r  a c t i v i t y  i nc reas ing  a l o n g  line M, N a r e a  
M, Q, N,  O, P r e p r e s e n t s  t he  po t en t i a l  a m o u n t  of pe r i phe ra l  chemica l  s t imu la t i on .  Of th i s  a m o u n t  of 
p o t e n t i a l  s t i m u l a t i o n  se t  u p  in  t he  pe r i phe ra l  ehemocep to r s  P ,  N,  O, P is abo l i shed  b y  the  cen t r a l  h y p e r -  
c a p n i c  ac t ion .  The  m o s t  obv ious  a n d  s t r i k ing  conc lus ion  r e a c h e d  on  c o m p a r i n g  t h e  resu l t s  of h y p o o x i ~  a n d  
h y p e r c a p n i a  is t h a t  b r e a t h i n g  t ends  to  become  p u r e l y  re f lexogenic  d u r i n g  o x y g e n  def ic iency  a n d  p u r e l y  

cen t rogen i c  d u r i n g  h y p e r e a p n i a .  (GESELL, LAPIDES a n d  LEVI~-: Amer .  J .  Phys io l .  I n  Press . )  

the high anaerobic acid metabolism in the brain [McGI~TY and GESELL (166)~ 
and partly as an effect of the reaccumulating acid in the blood. 

For completeness it must be mentioned ~hat apneas frequently did termi- 
nate in death without outward signs of respiratory stimulation. I t  is, therefore, 
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reasonable to assume that  depression capable of completely counteracting 
stimulation can and does occur. Signs of such depression are visible in the 
falling blood pressure during the last two nerve  blocks of figure 158. 

These experiments, we believe, support the evidence which is accumulating 
in favor of an all inclusive cellular acidity theory of respiratory control, for 
the center and for the chemoceptors alike. The peculiar interaction between 
ehemoceptor and central activity offers such unified interpretation, e. g. the 
supernormal alkalinity of the brain can no longer be used as an objection to the 
acceptance of the cellular reaction theory. The acidity theory demands that  such 
conditions should and do prevail for the well-being of the organism as a whole. 

Fig. 160. The admin i s t ra t ion  of a gaseous mix tu r e  low in oxygen decreases the  hydrogen  ion concent ra t ion  
of the  sal iva and  ar ter ia l  blood when  compensa to ry  p u h n o n a r y  ven t i l a t ion  is al lowed to occur. Changing 
eg  is recorded wi th  a glass electrode in the  flow of sa l iva  (see S-PH). Blood PI~ de te rmined  on blood 

samples is indica ted  below (see B-PH). 

But GELLHO~N and LAMBEI~T (163) maintain that  the c~ of the brain 
diminishes during the uniform artificial administration of a gaseous mixture 
low in oxygen. But what is meant, by the c~ of the brain? Is it the c H of the 
interior of a nerve cell, of the blood, or of the intervening tissue fluids ? An 
electrode cannot at present be successfully placed within a brain cell and, 
therefore, direct measurements of intracellular cK are impossible. An electrode 
placed on the surface of the brain must be considered as lying outside the cell 
between the blood and t h e  interior of the cell. It  is, therefore, subjected to 
the dual influence of ..the blood and the cell. Actually the c~  of the blood 
diminishes during oxygen deficiency due to the reduction of the hemoglobin. 
The effect of that  change should be to turn the electrode more alkaline. 
Theoretically the cell should turn acid as a result of the increased anaerobic 
metabolism. The effect of that  change should be to turn the electrode more acid. 
The question then arises what will the resultant be and what does it signify ? 

The experiments of BaASSFI~LD and BEHI~ANN on salivary PE indicated 
that  the saliva, like the cerebrospinal fluid, like the chemoceptors and like 
the reflex centers, turned acid to the administration of carbon dioxide and 
sodium bicarbonate and alkaline to the injection of sodium carbonate. The 
electrode may, therefore, be regarded as figuratively within the salivary gland 
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cells and possibly reflecting in general the c n changes occurring within cells 
during hypooxia. The alkaline change in the saliva during the administration 

Fig. 161. W h e n  a gaseous mix tu r e  of even h igher  oxygen conten t  is nex t  admin i s te red  by  uni form art i-  
ficial Yentilatiou the  sa l iva  t u rned  acid immed ia t e ly  despite a t e m p o r a r y  decrease of blood c~. I t  is, 
therefore,  logical to conclude t h a t  oxygen lack tends to t u r n  the  g landula r  cells more  acid t h a n  normal  
if the  washing  out  of excess acid by  increased p u l m o n a r y  vent i la t ion  is p reven ted .  [BRASSFIELI) and 

BEHRNA~rN: Amer .  J.  Physiol.  122, 21 (1938).] 

Fig. 162. Fig. 163. 

Fig. 1 6 4 :  Fig. 165. 

Fig. 162--165.  W h e n  oxidations are  impai red  by  the  in t ravenous  in ject ion of cyanide the  ac id i ty  of 
sal iva and  ar ter ia l  blood change in a m a n n e r  similar  to t h a t  produced b y  oxygen  deficiency. Compare  
the  uppe r  two fig. 162 and  163 a n d  the  lower two fig. 164 and  165. When  compensa to ry  p u l m o n a r y  
vent i la t ion  was al lowed in fig. 162, bo th  sal iva and  blood tu rned  less acid, Dur ing  un i form artificial pul- 
m o n a r y  ven t i l a t ion  in fig. 163 bo th  sal iva and  blood tu rned  more  acid. I n  fig. 164i in which a larger  in- 
ject ion was  given,  and  in which  a g rea t e r  anaerobic  fo rmat ion  of acid m u s t  h a v e  occurred,  the  sal iva 
first  tu rns  less acid and  then  more  acid t h a n  normal .  E v e n t u a l l y  the a u g m e n t e d  vent i la t ion  decreases 
sa l ivary  elt below normal .  W h e n  compensa to ry  vent i la t ion  is not  al lowed the saliva tu rns  highly acid 

for a long period of t ime.  [BRASSFIELD and  BE~RMA~N: Amer .  J .  Physiol .  122, 21 (1938).1 

of a 7.5 % oxygen mixture in fig. 160 in which the animal controls its breathing 
agrees with changes already described for blood and tissues. The hypoeapnia 
produced by hyperventilation has turned the saliva alkaline. A slightly 
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richer oxygen mixture administered in uniform volume, to avoid excessive 
elimination of carbon dioxide, leads to an opposite acid change (fig. 161). 
The saliva now turns distinctly acid. Recovery of normal values follow on the 
readministration of room air. The administration of cyanide, designed to 
lower the rate of oxidations has similar, if not greater effects, on cE-alkaline 
when increased pulmonary ventilation is allowed, and acid when ventilation 
is kept uniform (fig. 162 to 165). In fig. 164 a temporary acid change occurs 

Fig. 166 and  167. Changes in e~i recorded wi th  a glass electrode rest ing l ightly on the  surface of the exposed 
cerebrM hemisphere  of a dog. A gaseous mix tu re  of low oxygen  conten t  is admin i s te red  in bo th  figures. 
I n  fig. 166 in which compensa to ry  p u l m o n a r y  vent i la t ion  is al lowed the  c~ of the fluid in contac t  wi th  
the  electrode decreases. I n  fig. 167 where  snc h compensa t ion  Ss not  al lowed and in which the same gaseous 
mix tu r e  is admin i s te red  by  un i fo rm artificial  ven t i l a t i on  the c t t  of the fluid in contac t  wi th  the  electrode 
increases. I t  is concluded, therefore,  t h a t  in the  condit ion of this par t icu la r  expe r imen t  the  changes in 
acid me tabo l i sm of the  b ra in  cells exer ts  an  acid effect upon  its f luid env i ronmen t .  I t  should be r e m e m b e r e d  
t h a t  the  blood, which  also is capable  of modi fy ing  the  cg  of t issue fluids, would  necessar i ly  t u r n  more  

alkal ine f rom reduct ion  of hemoglobin  alone. (BRASSFIEL]) and  ttANDS: Unpubl ished. )  

despite a supernormal pulmonary ventilation indicating an extremely high 
rate of acid formation. 

Electrodes placed on the surface of the brain show the same distinctly 
alkaline shift during oxygen deficiency when pulmonary ventilation increases 
(fig. 166) and an acid change when overventilation is prevented (fig. 167). 
Sometimes the electrodes indicate an initial alkaline swing which only later 
gives way to an acid shift. This may indicate that  the effects exerted by the 
blood upon the electrode come on more quickly than those exerted by the 
brain cells. In other experiments the alkaline change is even more persistent, 
possibly indicating a compensatory increased volume flow of blood, for oxygen 
deficiency is known to markedly increase the volume flow of blood through 
the brain. Possibly later experiments will actually demonstrate that  increased 
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volume flow of blood can overcompensate for the cellular acid effects of hypo- 
oxia just as hyperventilation does. Even so the principles of the acidity theory 
of respiratory control would be unaffected. 

A most interesting point of eentrogenic and reflexogenie interaction 
is the opposite trends of hypereapnia and hypooxia in breathing. Hyper- 
eapnia tends to eliminate reflexogenic support of chemical origin in favor 
of complete centrogenic breathing of chemical origin. Hypooxia on the other 
hand tends to eliminate centrogenie breathing in favor of complete reflexogenie 
breathing. Of the two threats to a continuous flow of energy oxygen lack 
is the more dangerous. I t  is, therefore, well that a tough outlying structure, 
such as the carotid body would seem to be [ScHMID'r and Co~uoE (171)] 
carries the brunt of respiratory control rather than the centers. Sensitive as 
the centers are to reduced oxidations, disaster might readily follow if they 
were subjected to the damaging effects required to produce stimulation, ttyper- 
capnia on the other hand is much less injurious to tissue metabolism but i ts  
depressing effects upon chemical respiratory reflexes could on the other hand 
be most disastrious, had central chemical control of breathing not evolved. 
One need only picture , an animal in violent combat to see the necessity of a 
central response to increased carbon dioxide. A sudden outpouring of carbon 
dioxide from the muscles and a nullification of peripheral chemical stimulation 
would put an end to breathing. Perhaps it might, have been better So! ? 

31. A Comparison of Hypooxie and Hypercapnic Hyperpnea. 
Oxygen deficiency and acid excess constitute the two primary physio- 

logical threats to a continuing supply of energy and there are reasons for 
belieu that  both are constantly at hand. I t  is their stimulating action which 
forces us to breathe for when removed by overventilation of the lungs breathing 
stops until the chemical stimulation returns. Assuming that oxygen defi- 
ciency or acid excess varies with changing physiological conditions, the type 
of breathing produced by a predominating action of either one or the other 
becomes a most interesting inquiry. Breathing, more or less characteristic 
for hypooxia and hypercapnia are illustrated in fig. 168 and 169. In general 
breathing during hypercapnia is slower and deeper than that of hypooxia 
and the chest and abdomen are compressed, rather than expanded, as in 
hypooxia. 

These differences in hyperpnea now seem to have a simple explanation. 
For example the greater residual volume of the lungs during the expiratory 
phase in hypooxia is most probably a chemical reflex initiated in the chemo- 
ceptors. As we have already seen, the hyperpnea of hypooxia is entirely a 

reflexogenic phenomenon for the centrogenie breathing actually falls off to 
zero when ehemoceptor activity is abolished by blocking HE~INGs nerves in 
the vagotomized dog. Since the chemoceptors are connected with both respi- 
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ratory half-centers some reason must be found for the selective tonic activity 
of the inspiratory half-center. This, we believe, is the preponderant impin- 
gement of chemoceptor signals, and consequently the preponderating after- 

Fig.  168. t I y p o o x i c  h y p e r p n e a  9 r o d u c e d  b y  a t e m p o r a r y  a d m i n i s t r a t i o n  o f - a  gaseous  m i x t u r e  low in  
o x y g e n  c o n t e n t .  The  f i r s t  a n d  second  t r a c i n g s  are  r e s p i r a t o r y  excurs ions  of t he  ches t  a n d  a b d o m e n  r eco rded  
w i t h  enc i rc l ing  b a n d s .  The  lower  r e c o r d  is a s p i r o m e t e r  t r a c i n g  of p u h n o n a r y  ven t i l a t i on .  No te  a re la-  
t i ve ly  smal l  increase  in  t he  a m p l i t u d e  a n d  a l a rge  increase  in t he  f r e q u e n c y  of b r e a t h i n g .  The  v o l u m e  of 
t he  lungs  a t  t h e  e n d  of e x p i r a t i o n  is g r e a t e r  d u r i n g  h y p e r p n e a  t h a n  d u r i n g  eupnea .  C o m p a r e  these  resul t s  
w i th  those  of h y p e r e a p n i a  in  fig. 169. [GESELL a n d  MOYER: Q u a r t .  J .  cxper .  Phys io l .  24, 331 (1935).] 

synaptic action in the inspiratory half-center. Fig. 170 showing the action 
of cyanide will illustrate, for the effects of cyanide are like those of oxygen 
deficiency. When hyperpnea is provoked by intravenous injection of cyanide, 

Fig.  169. t I y p e r c a p n i c  h y p e r p n e a  p r o d u c e d  b y  a t e m p o r a r y  a d m i n i s t r a t i o n  of a gaseous  m i x t u r e  h igh  in  
c a r b o n  dioxide c o n t e n t .  See p reced ing  f igure  for  iden t i f i ca t ion  of t r ac ings .  No te  the  r e l a t ive ly  smai l  
increase  of r h y t h m  a n d  the  l a rge  a u g m e n t a t i o n  of a m p l i t u d e  of b r e a t h i n g .  In  c o n t r a s t  w i th  the  h y p o o x i e  
h y p e r p n e a  of fig. 168 the  ches t  a n d  a b d o m e n  a re  seen to  cons t r i c t  d u r i n g  the  e x p i r a t o r y  p h a s e  of h y p e r -  

pnea .  [GESELL a n d  ~[OYER: Q u a r t .  J .  exper .  Phys io l .  ~4, 331 (1935).] 

inspiratory activity, as reflected in the electrogram of the external inter- 
costal muscle, is greatly strengthened and lengthened in record B. (The vagi 
are cut.) Expiratory activity, as indicated by the eleetrogram of the trans- 
verse sterni muscle, is shortened and only slightly strengthened. Later in 
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hyperpnea 
extended into the  expiratory phase. 
of after-discharge resul- 
ting from the accumula- 
tive after action of the 
myriads of signals arising 
in the intensely stimu- 
lated chemoceptors. Ex- 
piratory activity has in 
the same time disappea- 
red, no doubt from the 
reciprocal inhibiting ac- 
tion of the inspiratory 
after-discharge. This in- 
terpretation is streng- 
thened by the return of 
the expiratory activity 
so soon as the inspira- 
tory after-discharge dis- 
appears during recovery 
(see record F). 

Another striking 
example of reciprocal in- 
teraction of the inspira- 
tory and expiratory half- 
centers during long su- 
stained effects of impa- 
ired oxidations is illu- 
strated in fig. 171. Ini- 
tially cyanide produces 
powerful con-tractions of 
the expiratory muscles,., 
as indicated-in the trans- 
terni response, which 
however diminish in in- 
tensity as inspiratory ac- 
tivity increases and in- 
hibits the expiratory half 
center. Increasing inspi- 

(record C) inspiratory activity is strengthened still more and 
This extension is no doubt a process 

Fig. 170, iElectrograms of inspiratory and expiratory muscles showing 
the interaction of these opposln~ groups during cupnca and hyper- 
pnea produced by intravenOUS injection of cyanide, .E; I. External  
intercostal muscle and T, S. Transverse sterni m~isele. Record A shows 
normal expirator~,activity~ following upon normal inspiratovy act iv i ty  
during eupi18a:. I.n fete!'4 B inspjratory act iv i ty  is markedly increased 
both in intensity ant i 'durat ion by cyanide. The effects in expiratory 
act iv i ty  are less. A~.the action,of cyanide continues the inspiratory 
discharge fails to end at  the close of inspiration as shown by the 
powerful after-discharge extending throughout the phase of expiration. 
nmqng the period in which inspiratory after-discharges occur, ex- 
p i ra tory  ac t iv i ty  is missing. This is explained by the reciprocating 
inhibition of expiratory act iv i ty  exercised by the inspiratory after- 
dlseharge, for as soon as this after-discharge disappears expiratory 

act iv i ty  returns. See record F. [GESELL and WRITE: 
Amer. J. Physiol. 122, 48 (1938).] 

ratory activity is evidenced in two ways: by the electrogram of the internal 
intercostal muscle and by the increasing volume of the lungs during the ex- 
piratory phase (note downward trend of the tidal air record). 



636 ROn~T G~s~.L: A Neurophysiologic~l Interpretation of the Respfi'atory Act. 

In fig. 172 after-discharge develops in the inspiratory half-center wi thout  
the slightest sign of stimulation on the expiratory side. But  this record is 
of particular interest from another point of view, for it reveals the forces 
which are at work in the shifting of the respiratory phases. I t  will be seen 
that  the  first hyperpneie inspiratory discharges in record A cut off sharp and 

Fig.  171. I n t r a v e n o u s  in jec t ion  of c y a n i d e  p r o d u c e s  a power fu l  s t i m u l a t i o n  of the  e x p i r a t o r y  musc les  as 
i n d i c a t e d  b y  the  e l e c t r o g r a m  of t h e  t r a n s v e r s e  s te rn i  muscle .  As h y p v r p n e a  con t inues  i n s p i r a t o r y  a c t i v i t y  
p rogress ive ly  a u g m e n t s  a n d  increases  t he  v o l u m e  of t he  lungs  d u r i n g  the  e x p i r a t o r y  p h a s e  (see the  fa l l ing 
e x p i r a t o r y  level  of t he  sp i rome te r  ~ t r ac ing ) .  As th i s  occurs ,  e x p i r a t o r y  a c t i v i t y  d iminishes ,  sugges t i ng  t h a t  
t he  e x p i r a t o r y  ha l f  c en t e r  is y i e ld ing  to  r e c i p r o c a t i n g  inh ib i t i on  c o m i n g  f r o m  a n  inc reas ing ly  ac t i ve  in- 

s p i r a t o r y  center .  [GEtBELL a n d  W~ITE: Amer .  J .  Phys io l .  122, 48 (1938).] 

clean at the end of inspiration. Momentarily they do the same in records B 
and C but  shortly after the end of inspiration a new set of discharges appear. 
Though separated by  a short interval of t ime from the main inspiratory dis- 
charge they are no doubt the after-discharge of the normal inspiratory activity. 
If that  is true, why do they not come on without  the intervening silent period ? 
We suggest tha t  this most  interesting phenomenon is due to a rebound effect 
caused by a sudden and normal weakening of the inspiratory discharge at 
the end of the inspiratory phase such as seen in record A. At tha t  moment  
the inspiratory center suddenly withdraws its negative charges from the 
axon hillocks of tile expiratory cells which are thereby stimulated. Their 
momentary  activation in turn reciprocally inhibits the after-discharge of the 
inspiratory half-center thus producing the gap. Only after the rebound effect 
has disappeared is the inspiratory half-center free to after-discharge again. 
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Why then is there no inspiratory after-discharge during hypercapnia ? 
We have found none. This we believe is due to the fact that the hyperpnea 
of hypereapnia is a eentrogenic activity, in which the signals initiated by 
carbon dioxide in the chemoeeptors are counteracted by the action of carbon 

Fig. 17~. Temporary inhibition of the inspiratory after-discharge. Cyanide increases the inspiratory 
ac t iv i ty  of the external intm;costal muscle but fails to increase the expiratory act iv i ty  of the external 
abdominal muscle, (see record A). As hyperpnea progresses inspiratory after-discharges develop (see 
record A). As hyperpnea progresses inspiratory after-discharges develop (see records B and C). Each 
after discharge is temporari ly delayed. This is a t t r ibuted to an hypothetically rebound effect produced 
by a sudden reduction of the inspiratory act iv i ty  a t  the end of the inspiratory phase. This withdraws 
negative charges (inhibitory) from the axon hillock of the expiratory cells releasing them from their inhibition. 
The resulting act ivation of the expiratory half center momentarily inhibits the inspiratory after-dis- 
charge. In  record D in which the inspiratory after-discharge is vir tual ly as strong as the original inspiratory 
discharge there can be no abrupt  reduction of inspiratory act ivi ty  a t  the end of the inspiratory phase 

and, therefore, rebound cannot develop. [GESELL and WHITE: Amer. J. Physiol. 122, 48 (1938).] 

dioxide at the center. After-synaptic action and its consequent after-dis- 
charge fail to develop. 

The differences in frequency of breathing during hypooxia and hyper- 
capnia are also related to the chemical conditions of the centers, particularly 
in relation to the vagal reflexes. The importance of the vagus nerves in fre- 
quency control has been discussed before in connection with the accelerated 
breathing produced by a combination of chemical and proprioeeptive reflexes. 
For example, sulphide injected in the intact animal produces an enormous 
acceleration of breathing which is often missing when the vagi are blocked 
(see fig. 178). If we now bear in mind that carbon dioxide produces a chemical 
vago~omy by virtue of an increased c~ of the centers [GEs~La and Mor~R (79)]. 
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and that  hypooxic hyperpnea sensitizes the ~agal reflexes by reducing the 
e~ of the centers, the opposite effects of hypercapnia and hypooxia on fre- 

quency of breathing are rea- 
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dily understood. 
One more factor explai- 

ning the frequency differences 
in breathing under these two 
conditions may be suggested 
and that  is the greater ex- 
pansion of the lungs during 
hypooxia. The increased resi- 
dual discharge of the vagal 
stretch receptors might by 
itself decrease the frequency 
of breathing as suggested by 
AD~IA~ (83) but it must be 
remembered that a powerful 
insp/ratory activity is added 
to an augmented expiratory 
activity, a combination which 
is capable of producing a high 
frequency of phase shift. 

Fig. 174 will help to sum- 
marize this comparison of 
hypereapnia and hypooxia. 
For simplicity let us assume 
that hypereapnia abolishes all 
reflexes. The center then dis- 
charges by its own inherent 
rhythmic activity along the 
pattern lines ABC. But car- 
bon dioxide increases the in- 
tensity of the discharge. This 
could accelerate or decrease 
the frequency of breathing as 
many experiments show. We 
have arbitrarily made the een- 

ter discharge along the pattern lines A.D.C. Returning now to eupnea, by remo- 
val of hypereapnia we add the accelerating effects of the several proprioeeptive 
reflex modifications of the original central discharge A.B.C. as indicated in ;the 
schema. The first modification is that  of stretch reflex of the GoLGI endings. 
As a result of the intensification of the inspiratory activity the discharge comes 
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to an earlier end. It grows and then expires along lines A.E.F. thus reducing 
the depth and increasing the frequency of breathing. Adding next the modifying 
effects of the hypothetical muscle spindle reflex the discharge now trans- 
pires along line A.G.tt. which reduces the depth and increases the frequency 
of breathing still more. The vagal reflex modification produces the same 

A B C - - C E N T R A L  INO ACCESSORY DRIVE)  

A D C - -  II + CHEMO DRIVE 

A E F - -  I I  + H + GOLGI  �9  

A G H - -  H + iI + . + S P I N D L E  

A I J-- I I  + I I  ,~ I I  4- I I  

DRIVE 

+ V A G A L  DRIVE 

I 

A L J 

D 
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Fig.  174. A h i g h l y  s c h e m a t i c d i a g r a m  i l l u s t r a t i ng  h o w  t h e  i nhe ren t ,  d i scha rge  of the  i n s p i r a t o r y  cen t e r  
A, B ,  C is mod i f i ed  "by ceil;tidal a ~ d  !~eripheral chemica l  s t i m u l a t i 6 n  a n d  b y  t h e  p rop r ioeep t ive  reflexes.  
A d m i n i s t r a t i o n  of c a r b o n  d iox ide  to  a dea f f e r cn t ed  cen t e r  inc reases  t he  , in tehs i ty  of t he  cen t r a l  d i scha rge  
a n d  m a y  e i t he r  increase  or  dee lease  the  r h y t h m  of these  d ischarges .  T h a t  effect  is s c h e m a t i c a l l y '  s h o w n  b y  
t r i ang le  A, D, C. R e m o v a l  of excess c a r b o n  d ioxide  a n d  r e t u r n  of p r o p r i o c e p t i v e  ref lexes modif ies  t he  
cen t r a l  d i scharge .  E a c h  p rop r iocep t ive  ref lex is bel ieved to  in t ens i fy  a n d  to  c u t  t he  i n s p i r a t o r y  d i scha rge  
s h o r t  t h u s  dec reas ing  the  d e p t h  a n d  inc reas ing  the  f r e q u e n c y  of b r ea th ing .  These effects  a r e  s h o w n  for  t he  
GOLGI, t he  musc le  sp indle  a n d  the  v a g a l  s t r e t ch  ref lexes b y  t r i ang les  A, E,  F ,  A. G. I t . ,  a n d  A. I. & Tr iang le  
A. I. J .  r ep resen t s  n o r m a l  eupne ic  b r e a t h i n g .  O x y g e n  def ic iency  m a y  m o d i f y  e u p n e a  b y  in t ens i fy ing  
the  d i scha rge  a n d  b y  i n t ens i fy ing  al l  m o d i f y i n g  p rop r ioeep t ive  reflexes.  I f  t he  in tens i f i ca t ion  of t h e  
d i scha rge  p r e d o m i n a t e s ,  b r e a t h i n g  m a y  be inc reased  in  d e p t h  as well as  f r equency .  I f  t he  in tens i f i ca t ion  
Of the  m o d i f y i n g  P ropr iocep t ive  ref lexes is excess ive  i n s p i r a t i o n  m a y  be c u t  off p r e m a t u r e l y .  B l ~ a t h i n g  

is a c c o r d i n g l y  shMlow a n d  exceed ing ly  r ap id .  See t r i ang les  A. K .  L.  a n d  K .  M.  L .  

effects along limes A.I.J. which represents eupneie breathing. Hypooxia 
adds modifying effects to the eupneic discharge A.I.J. The increased activity 
of the chemoceptor endings tends to increase the depth of breathing. The 
increased intensification of the proprioeeptive reflex modifications through 
alkalinization of the centers tends to cut inspiration shorter. Hyperoxie 
breathing thus becomes a resultant of these two effects, the balance of which 
determines the great variations which actually do occur during oxygen deft- 
ciency (see AML and AKL) . . . . . . . . . . . .  


