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PREFACE

.‘ ince the development of the science of servomechanisms in World
‘.‘1ar II, biologists have been challenged to see the analogies between
servomechanisms md homeostasis and to reduce their descriptive analysis
of hoeostasis to a set of exDlicit numerical expressions (a model).
This laboratory has been dedicated to understanding the respiratory
regulation of carbon dioxide and o~~ gen on an informational basis;  that
is, we seek to avoid. getting lost in the intrigues of anatomy and mem-
brane biophysics until we understand more precisely how decisions are
made by the various control loops (reflexes).

In seeking this 1 oal we have developed specific powerful techniques
which allow us to study :he Ieteri; i nistic responses of the respiratory
system to subtl.e changes. From open-loop studies , in which we control
the concentration of ‘0 in the lung independent of the birds ventila-
tory movements , we have learne t that the respiratory system is sensitive
to small oscillations in CO2 concentration ‘ml that breathing will lock
onto the period of artificially induced CO-. oscillations. Closed-loop
studies, in which we use the bird’ s vent ilation as fee dback to control
the carbon dioxide concentration in the lung, strongly suggest that the
oscillations of (‘O.~ ir o luce l by vent i la t ion are the ria ,b or determinant of
the resp iratory period.

The exist.’ nce of intrapulmonary CO-. sensitive receptors (ICC) in the
avian lungs is oarticularly fortuitous because the messages we code in
the dynamic changes in CO . concentration are ~uickly sensed and acted
upon by the f i r S . Dis to r t ion  of the message by t ransmission thirou ’h the
blood is thereby avoi let . .5 have levelo r I a technique for s e l ec t i ve ly
blocking these intr;t~u]j;,onarv CO sens i t i ve  receptors wi th a small pulse
of SO~~, an a ct i o n  which is ;“~~ h ‘trid reversible.  We have leai’neS that
intranulmonary ‘0., sen s i t i ve  rec s ’ntors :  (1)  contr ibute  to the ventila-
tory lr i ve , ( 2 )  me t i  a t e  be ‘7 )  . ‘win g  phenomenon, ant ( 3) are important
to the s tab i l it y of th e i’ . ’m t it i o n  of CO,’. concentration .

‘ h i s  l-’iLon’ tt -ory has I evelo; e-i methods by which ventilatory control
can be st -u h e x  by subtly !;. -1,nieu l a t i n7: parameters which are normally
al tere I by ~he ‘ni t of v en t i l a t i o n .  The control system s are therefore
left intact ‘u . I the t.e ’hx;i hues provi Ic in f o rm at i o n  ab out how the systems
0 .- rat.’ uriler’ normal condiA J;is . This would Lp ;I)ear o I .e the best way
to s e ‘- at ou t i x x i  I ens taxi II n, ’ a- control sys te:’..

We are teeply inrlebteS F O ~1 ’  (1f1’ic e of Naval Research for its
early ‘070 7 ; i l loI ;s ‘; l IO ort . ‘ ifl I cons I ‘i”C c ; t t h i  xii st,ration of’ this Pr° ert.
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ACC~~fPLIS.HNENTf

The following is a list of the major achievements of this laboratory
groui’ during this granting period. Rather than describing each in de-
ta il, we have (when applicable) shown a figure illustrating the phenome-
non and sited references where more information can ‘e obtained.

1. A surgical procedure ’ has been developed for producing an awake,
upr ight , intact, unidirectionally ventilated preparation in which alveolar
gas concentrations can be rapidly cI;axigel . The essence of the unidirec-
tionally ventilated chicken preparation is that using a high flow rate of
the cas in the 1i;xi~’, the puL’;onary gas is forced to follow the CO-~ concen-
tration of the insufflated gas. (See Fig. 1.)

2. An electro-pneumatic transducer~ was developed to produce a time-
urescr ibed CO2 concent ra t ion  signal in the ins ;ir a to ry  g a s . This CO2
signal is modulated by an electrical informat ion signal , like from a s i g-
nal :enera tor

S’tny revisions have muir this system capable of producing indepen-
‘dent concentration s i~~~1aLls for CU-. and Oo in a gas stream of constant -

‘volume flow an.i i rl ’ssur’e . (~ ‘ ee “1g. 5.

3. Improvements have been made in methods for control of humidity”1
of the insuf i’lated ,.:-‘~s. The in is very sensitive to the drying of air-
ways because the air flow in this preparation is t,en times resting minute
vent i la t ion. The humid i f i ca t i on  techni que eliminates the need for a Icli-
tional dead space by ‘.r,tomizii;g water into the air s ’ re’j .xn.

14. A simple technique for regulating the temperature of inspiratory
gas was devise-I. The bird is extremely dependent upon ventilation as an
aven ue for heat loss since its feathers are a very effective insulator.
;eat was added to the gas stream by running a low voltage current through

a twelve ohm twenty-five watt electrical resistor.  The temperature of
the gas at the trachea’ s entrance was monitored by a thermister. Since
the gas flow was kept constant , the current through the res istor could
be easily a I ,iusted to rr oIuce the gas temperature le s ired. The addition
of heat also prevented condensation of water in the tubing.

s. A plethysmographic technique has been developed which uses a
ealii-nated leak to allow measurement of rate and volume of respiratory
movements while eliminating the troublesome effects  of temperature InS
pressure chai;ges or i rd-oa r d gas leaks from the preparation.

6. Open-loop t rans ients’ of the venti latory I’ l - S t ’ O I l S /-’ to a st ep
‘ii’ , x ; . ’t in C)) , conreritr’it,lon sh ow ‘ui ~i nit,ial proport i onal crescendo with
a t j re (‘OflS tfl21t o f U / 

• ‘on I;;. . ‘ ‘a’ FIgs. 3 and h~

2

“~ ‘ ‘ : .  p



a . The Sac: that there is no oversb oo~ in the transient
response SIeaas a-arns t the presence of a strom ’ terivati’.’e com-
pox :ez ;t in the respiratory cycle.

b. The response of ventilation to rane functions indicates
the absence of a strong der iva t ive  (‘on. / O;;eIlt .

7. Open-loop stead y s tate  analysis ’ show the following :

a. She response of an awake , uprigh t I r eh z r a t i on  d i f fe r s
from the anesthetise l , o;’ex i -cheste i , supine chicken Dreparation
x’ e orted b y ‘

~~ 1 he .  The awake chickens lo no ’ tolerate ‘0-. concen-
t ra t ions  above 7~ while anesthetized ones tolerated up to 20% 5)..
i kewise , the sens i t iv i ty  of tv ’tke chickens to C0~ is ‘reater than

that of anestheti:e.t ones.

b. do te lots of responses to s i x i u s o i  Ial CO2 oscillations
of vary i n -  f cc  ;ucn . ’ ‘It colist ’u;t  r r n l it u  be w i  mean CO - level show
ero ’resr ly e  t i r . i x ;u t ion of r e st )  r”.t ory envelope oscillations tt
h i  ~:hier t r e - ~u/:nc 11.5 in constras t to the Icc 11 ct ions of rate con —
t;’ol. (See - 5 ‘w i  o .)

c. Chase plots jour on sever ’ .l .S; i. ’Ice xn ’ a,- ree well with the
tim e constant ore fiction from :he st ~ ‘:  r’es :’onsrs .

An externally closed-b oo or’e:’ara~,ion ”~ was developed. The
respiratory ‘oxi :~rol loop was externally close-I t f ; r o u g b i  ‘in analog comput-
er. (See I i -  -

. 7. ) The chicken ’ s respiratory mo’;errerits effect the
alveolar SO- - via  the ‘ii ‘oct On. :

17~ go, (~ 
- ‘~~ ) It

c’ ‘UI’ ilo ,’ of ‘ be SO ‘ I FO u~’t iO f l ,

& K ‘1-0: 0:’: lox i a l i t y  con ’ ’ ~nt .s ,

i ;ic ’. i r ’ I ory flow .

The ‘lose ;-boo; preparat ion is in,; or ’t ax t ;‘e,”~use :

( 1) It  hirlo s : r ’~’~~.”,’~’ hona ’ost ’ tt  ic r. ecl ;anisr,s , such as
those for C0-~ ‘is; i ‘wi b—ba se ‘ el’u ’’

( 2 )  It -  allows mr tn i ; )uLa t ~ on of ‘in ‘s;abo,: of the venou s
CO- lou -f which o ,b ;r r v i or would .: Ii ffi.’ul t.

(3 )  I t  allows ‘omo ’io ’;sox , of the t r ’uisfer  function of
the P i obog i c / .1 - ‘o:’r’ox rx;t ix; and øut , of the b o o .

( 14  ) It can :‘rov ide a r e tb o l  of i n v e s t  1 g~ ‘1mg  whether ’
the resi i ra~~c p.- ‘ i r i t r o l  icr ‘‘I x ; learn or



h .  ‘l’he closed-b oo preparat ions  shove l”

1) ‘I’h e system Se,:’k~ a stubli’ ’’ oil lib r’iun i i x i which; the
alveolar ‘02 f luc tuates  mb - ou t a const ’u ;t s ean value .

( 2 )  ‘I ’ en ;cor ’ in i iy  .‘le ’,’a t ix i g  t h e  alveolar ‘0 above this
nono l xtlIcLI! \r ’,l l ;e ca : ;se i  th ie ch icken ;  to t r ’ , ’’ ,tb ;e  Sis ter ‘w i
- lee l er , r e t -u r n i x ; g  h is alveolar SO to i t s  previou s I
(See si , - . - : - .

(3) If the alveolar SO was temporarily lowered , the
chicken womb - I breathe slower and less deeply, returning the
alveolar CO-- . to the equilibrium level .

( 1 4 )  The i’e~rn lu te i equili ’ t’ium level of alveol’~r SO was
tecen lent on the CO boo 1. ( ‘ ce : i ’ . °. ) ( T h e  CO load ix;
this  preparation represents metabobica l l y-c roouce.l  -SO~ that
must ic equal to the  CO. exhal e I for the st eu ly state CO
level to i c maintained. The ‘0- load was sL-oub-ated by the
analog computer .)  The p o s sib i l i t y  of integral control is re-
t’u~ e l by the presence of oi ’SSl ’t ,  error.

It  was fo~in - I I l i ’ t t  o sci l l ’ t ions of alveolar CO would be use I to
mace - re ’ tt: I I . ’.

a . ‘ ic i:; ’ c-ui be ‘ e ’ — ’omp i i s l i e  I ir; open—loop Irel’arati on vii ‘U;
input ‘0- r i mle about a meax i v ’ luc. (See Ci ’. 15.

b. l’he r’an~’e ct f requencies for w’r . i ch  en’ c-’~ix iment is poss t i l e
is two octaves  for any ‘iven s;ea:; - ‘0 value .

c. The ‘rr, l i t u  Ic of the oscillations was uiiu:,pont:wt ‘is long
‘is it was af ove t b r ’shoi ; . (See  i i . 11.

-I . Hut ,” i uncut of t re -r ’di ho ’ ‘o: C ix ;u e r on a on e—to—one  o s c i l l u —
t i o n — t o — b , r r ’ i , t b i  co rre spond exi r e  through fre iuen cy  so lulations of the
50.-. o s c i l lat i ons . (See Fl , .  i’d .)

e. ‘icin was also possible in the close i-loop rre: ’ir’~t ion by
a I h u g  ‘n  osc I il’ ,t or ’,’ disturbance of CO~~. (See C i ’ . 12.

f . h-u sing of resp iratory movem’n , I s  w i L t ;  the SO - oscillations
in the closed-loop case was such tha t  the cosl i n e - i  e f fec t  was to
muy~im iz e  alveolar oscillations. (~‘ ee i”i ’. U

10. - clays in the externally closed-loop preparation” of number 8
have the following effects :

a. A six-second delay causes periodic sinusoi lab oscillations
in mean SO - and respiratory movements. ‘ ce “i , ’. 13. )

~~~•
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1 . An eight-second delay causes frank Cheyne-Stokes respira-
tion. (See Fig. 114.)

11. The chicken’s respiratory system appears to be sensitive to
two frequency bands of CO.--. oscillations, very slow changes (the mean
CU-.) and the frequency of breathing. AC coupling allows the higher
frequency oscillation ‘;f’orr~~~iofl to be fed back ix;to the system while
fi l tering out the low :‘re-tuency c}i’ir;ges in mean CO2 . ( Se e Si5. 15.)
Thus the CO~- . ( t )  has a r ipole  with each breath but the mean CO2 over a
5-10 second interval remair;s constant. This technique with a delay in
the feedback loop has l el  to the following discoveries. ( S ee l ig. lu .)

a. Delays less t ,h :u - ; the initial oeniod of respiration (with
no delay) le:;gthens the respiratory period a corresponding amourit~
i.e., a one-second delay lengthens the respiratory period one
second.

b. A -belay s li , ’j ; tlv  ‘reuter than the in i t ia l  oeriod reverts
the r e r l o  I to its oni ’i:;ul lurat ion.

c . Increas ing the  iclay f’urther lengthens the respiratory
period b y only one-half the  l ength of the  delay ; i . e . ,  a two-second
increase in the delay tise only increases the period one second.

S. This continues wit i i  the  perlo I becomes sbowe : to twice
the ini tial m t ’n i o d  when the period again reverts to the  duration of
the init ial per i od.

e. A further iI i . ’re ’t se in the delay incre as es the period by an
amount only one- th in  the :unount of the .ie1ay~ i.e., a three-second
increase in the Ielay yiel is only a one-secon i increase in the
period .

12. 7o iel lino of the e f f e c t  of belay on res: i ratory e r i ol  sug-
gests’:

a. The phenomenoni is essentially the interplay of two events ,
ti ,e begitiri ing of the inspiratony movement , an t  the beginning of
lowering the ~ ‘u~-.~ 

- \eopec t ively  B (or 5) and S (or 2) .
B C B — C

b. The interval I~- ’ is the external interval composed of a
mechanical  tel’iy of o . 14 seconds and a ccmiputer delay we can ~‘hax i , ’e
fr~~rx 0 to 10 s e co n i s .

c. The interval C-B is the i’;trinsic delay within the cd’, i c k en .
It is c x i i  to the r e s p i r at o r y  period w i t h  s.’ro delay .

Increasing 0 11e lb— (’ i x i t e r v i l  l ir e ct  b y increases period.
When the P-C’ int erval her’~ ’nes longer than the S-B interval a spoxi-
taneous P ‘iuses a s- ox; I sequence ‘~ ;i ‘h is 1 uterI ~rke I with  the

5



f ir s t . ‘Ilils ‘ii ’ ’ol i i i ts  for  t .lc ’ i3 I o ’:. , ‘ ; I  v i n g  O l ’ H i’

t e r b c  I . ( , ‘-1. ’e l”i :. 17.)

e. at ’ con - — l u  be t h a t  t h i s  :‘:e ’h ’u i i s r ,  c e o ; ;  t o  i’ro:’ t h e  act ion
31’ a respiratort’ os’ ill’~tox’ which Il i z i - ’t ior;s - t u r i n ; ’ no r ’5:~i tre ’~thi ir i ’
it ‘he ‘ t : i - ’ -:eii . ‘[‘his oscill ’ito:’ cono is  of ‘u ; i n t ’ - ’m:C i c  loop
r u : L r i i n , , -’ f t-os  the b r a i n  t o  ( ! ; r  t’ , ’ i o , ; r ’ L t D t ’ V :: , ;ocUl:i ’ou’ , ’ . b ow’m ’e I

‘it -. (r e s u l t  n ’  Si-on ins:’ i r ’ t i  311 5 letec re I by the 502 re ’e:)t ono
in the lu x i ’ ;  this r e tn ’ig , -ers the brain to cause another  b r eath .

S e e - i . - ’. i - . )

13. A se~’o:L I stable tee :‘, :tck alooritlu:’” was ir~vente I ~~iich ma le
the effect of the tem’! of breathing , i~; all-or-none t . } , . nos.enor,. ‘S h e
‘il,:oi’itlin ; was:

‘~( -.o--. c j ( . ; _ K f e ) it

‘1 CU” = CO . in - he ir ;sut ’:’laoe I -as

C & K = proport ionali ty constants

14 the analog of ‘0.  ~ro 5)cec

- - the ’Sr e r u e i c - ,’ of el’t’e’Ii ve (super tU ;‘‘n ’.i .o I ) -r e ’ t  ‘us
.1’ • , each b r e a t h  ‘neater  than a ‘er ’ ‘i t  r i  tbn ’esb;ol I

voluo:e). This h~res!;ol I vol-n.e t-t ’i ,:ger’s a bowerixig
of - ‘f l ~ a f ixed  ‘s cum ’ 1)~

This  stu 5’ r e v e a l = b  the following:

a~ Ste re w’ s a canoe 0:’ .~~‘ SO- . ’ s in wh ich  th e  b i n :  could f re—
:uency mc iul: te to obtain -a stable ste:i ly s ta t e ‘ -~~ . ( : ‘ ee Sic. l’~.

A stable 50- . coul not be :o-timt’ ,ine - i above this x’:i_’ig e .

c. A secon;- 1 mechanism was utilize I below this r ’w ’e that of
t ’ LKirU’  ineffect ive , subtb resliold breaths.

S t a b i l i ty  is wr e n  lent upon a short ct-action t ime e we-.:;
SO- sensing ‘in i ~ L :u s tm en1t  of ti l:,il volume and fr’ : , : en ’ ’.. This is
almost certainly due to the peripheral CO.- . receptors in the lung
rather than central receptors in the t r a in  or spinal f luid.

11; 5 . 1. Seissl er ’ in vest  h - t e l  the e f f ec t s  of i’i’:ss’iic chances
of pulmonary SO on ti hal ‘~‘o1’s:e in the un i  l irer t ionn,l l y ventilate .1 avian

c c  ar- it  ion ; . Usin,’ ‘ i-c’ ‘ ‘oupl ’m i ’ , he produce : See P -‘irk control of CO~
con;neiiti’ation while producing f i s t  00-. concentration ch’i,nges at different
uhases in the  respiratory cycle.

a. Comparisons between an oscillatory and non-oscillatory
CO- s ignal  (at the same mc ’s  CU2 )  showed b oth ti ha l volume arid

I,)
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period -.iucu’ease I ‘is a result, oh ’ I li e CIA-. osc I l icI Ions . ( ‘ e’’
Fi.g.  - o .

P • When a 2 per ’ent (deer ’ s i x i g )  ~‘ ‘ . s t e :  was no’;’: I
a ~‘espi n-i cry cycle , the Pta’ 5 s ti hab c’oic’re Iecrease-i  an its
respi rat o r~; n e r i c - b  increase The r e sp i ra to ry  : at t e rn  van e I so
:ruc-b ; Wi tli Si -er  changes , t h a t .  - ‘ i cc  tt I ‘ ir ;  I o’j s t ~‘m:it,i c ihov in o  of
the lownsI I’D  into the cycle ii I riot ‘ n’oi ’ t r  tO lIe  I r t c c’. i caa l.

c. ‘Then a 2 percent increasing s t em was move throu c.b a
respiratory cycle , L i  l i i  volume varied with where it ; the cycle t h e
ui steo cc ‘iu’re :. The r , ’s:ir :um e f f e c t  on IA tab ‘,‘ol’jxre cesulre ~I wh en
the mi s t er  curie in ml 1-e x air a t ion . Three di fferent c o l d s were
uresen te i  to possibly reconcile this phenomenon :

( 1) enivative  s:srip lin - of SO . dur in ’  a fixed part of
t h e  respir” i ’,orv cycle.

( 2) . “u c n b i n c  of mean CO8 dur i ng a f i x ed  rant  of the
r e s o ir t t ox 5 ;  c v ’ le .

(3 )  The cli  mom ,; e f fe c t  due t o  a nonlinear property of
the 50--. receptor.

These results support the hypothesis that Iynnr.ic behavi or of pul-
sion,ary 0O, e f f e c t  t ida l  volume.

1 • 
- - . A . Oi Jler ’ 1 i n ’;esti ,’ite : the avian respiratory control sys-

tem for regulation of - ‘02 h” chruigin ’ the aboonithm of the computer com-
ponent in the feedback loop.

• A chang e in the cain of the plant component hoes not result
in a Propor t ion -c l  chan ’e of the o: en-boon gaixi of the syster~. This
suggests th at  there is a provision for automatic cain control . Auto-
m a t i c  gain control s i . - Tht  be L’nport’c:t in sor.e pid_’:ionary diseases
where the effect iveness of ventilation in eliminating 0o8 is Ic-
crease.1.

b. ‘I:’t,ngi rig the cii :;  of the ul:u,t IQeS r iot , h owever , si -ui f i —
can tly change the  intercept of the i’enti 1 ‘,ti or ; i’s • mean CO2 :ux’ ’e
(i.e., the apneic level of mean 002). This ix:t.erc-.ept- is Iirectly
rebate l to the set point of a nega t ive  fee lback regulator.

c. ‘Sh e biological “ controlling sys tem ” is surprisingly li:;ear .
Sat .a of ventilat ion c’s , force-i °2 disturbance a nt  of mean 502
vs , Force i -5O~-. h i c t ’ ; r han ; ’e fall in straight lines. The latter :bot
allows ic t~ecnisi’cti on of tire respiratory system open-loop ‘ain~
This measure  lescribes the effect iveness  of 10--. re°ulation in the
presence of metabolic - l i s t  urban:’es. The r e l at - ivebo  -lecreased noise
on t h e  v ent i l a t i o n  vs . mean CO.--. response curve um:pared to the
noise on c :‘-a t e ar; i t. i ial volume vs. mc ix ; ‘0 response curve s
i nfers t h a t  ‘,‘eni, i I- id ion is the cex ;b. r a l  output.  v’iri ’ihle ra her’ th an
i n - l epe n  l e nf l y  - ‘ex ;er ’i ’ e~I values of ‘~‘C an I t i  lab volume .

7
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1. The sens ~i t I vlIy of the resp 1 ratory ‘ontroll ir;1~t sys ter :, Is
a f’ur t c t ion  of I t ;e SO , oscillation :u:;nl I t,u le , ‘i t .  t h e  sam e me - cr ;  ( ‘I)

1 ar - ’e:’ , ‘li :_ c m i  llat. Ic-no have -uì i xthih ‘1 tory ef fect i i  b ox ; vent i la’ 1
The results for ccc’,’ sn;’ill CG’. oscillations ‘i t pro.’ i : h b n . ’ t h e  s t a t i c
case demonstrate tI ; ’i t  the dyn~~~ic and the static characteristit’s
of the respi ra tory  -oz ;troll in ig system are quite d i f ferent. ( ‘ Cc
ri:, 21. )

be. In the closed-loop preparation ~~,th y SO - - held constant , t h e
feedback algoriths ; controls the ~~ concentration. Without rec ’:t.,h in ’ the
7, 02 inifts .howx i ct a rate ., ( the  computer cnabo ’ of ra te  of 02 con-
sunnption) ,  With each in s t i r a t i o n  ,

‘
~ 0-~ is raised an increment proportion-

al to the tidal volume of the  ‘u ;’euth .  It was found that :

a . ‘it low “I values t h i s  w’is a stable cboscI-boop sy stem ,
which regulate  I pulmonary -7 0-. at  ahout 20 volumes per cent . (See
-1 ,,- , 22 .)  If :co:t;ent u’ily 07 was increased to 3C5 - the animal would
breathe a l i t t l e  slower -‘w i  the S. would be r e tu r i~’: I to :15’. Con —
‘,‘e r-sei v if 0-’-. wet ’e mom ent :cnil y icc-ceased to 12’-” l’aster and deeper
rem: i r a ’ cc ;  s,o’:ec,ent s woul l t’etu:-r . the 02 to about 20’. (See i-jO .
23.

P. ~
‘S a sic lior:. ‘

, value a slow oscillation in : : :e’ci ,  5. of a
fr’equen ’y of at om 0.01 its ie’,’e Lat e . ( . ‘ ee I a . 5 . A fhcrthe:’
i n ni ’e’ i s ’  in the , value produced l u’ . -e’ ’scr l i tude 0’, oscillation of
it out the s-ste 0.01 s f:’e ’:uer ; r,’ with:  .S:ara :te ;’j stic Jheyne-Stokes

breath ing . (See Sic. 25.

c. No such ins t - ab i l i t y  exists in our CIA-. regulating chicken
re t ”c;”itic :;s . S t e  tifference may be e - m i ai re~i t y  t h e  delay between

t h e  tic-ic of i:; ’ :”m s et  : i ’ em t . i ; in ’  s:oveuen ;ts and the t i me  tl:e receptor
:c e:ts thie effect. ‘u--. receptors -or e present in the lungs and ~~

receptors -ir e about 5 seconds down the line in arteries or the
cain ,

17. ‘ .‘yctlic J.ns ’. ’i , : -  il it \ ’  as a i”um ct i oi ;  of eede ccta’. clay: Using
the st-uc-Is,t’ I closed-loop l’rep al”ct ion , an absolute time delay v_as a i l e l
to the f’ee h b ma ’lc b o y . ~‘ie found (see ( i ~~. n6) :

‘.. The s y s t em : respot ; ic-i  to a pulse b i s b i u ’ i  ‘ce similar  to a
-‘ ,l id :t ly  u .n-i- c— i’s::pe I itecon I ci’ :c ’n SyS  e: -.

; t i n ~ a 2- secoxt h absolute tin e Id a’, to the system be-
cr ises the ‘. : :,a r ent  c.umpt :i ’ coefficie:;t of the s’,’st cm , sli d i t  1, ’ .
Ailin g a ~~~— or c- -second -lelay t’:-o lures n one ~:i, :‘::‘ - ‘n :

r . ‘ui 0—secon belal-; produces an apnare :it l’,’ mu; 1-unped se -on I
order system which osci llates without - lecc er . .er ;t .

i~;i in; ’ further delay rr o lu -cs a s’;st ’s. 1:; :chicui ‘~~e
os-il l -c t ion crescendos until  saturation

.0
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e. The shape ax Ll  syrn met ry  of these oscillations m ay tO: In-
dicative of a surprisIngly linear system .

t’. Since the  total system is second or icr iui l ~ce exter’;;’tI
feedback element is f irst order , t };e l i o ~ o. ’ i c ’  I. respira tory con ;-
troller is b eb;avin~~ ’ts -a linectr f i r s t  or der eIcn~’nt..

rI. We I t u e  worked out the t i ; , i t  - ‘a: i t I c ’ -,l ‘ 0 1,0>: u r n  t . on ol’ ;oW
r t ime delay effects the apparent cI:u :;liIt; ’ i ’, ’’ificiexh ‘u;-d natural
frequency of a secox;J orier system .

h. ‘b’’ usc;rerte:;t.s of the ‘cp;cc ,rer;t I U i i l  1 : ; ~ coeff icient f r o m . the
sm’titudes ot ’ the oscil l’ ct i c - x i s  a ree well w i t h  thi eo : ’et ical ne lie—
t ions .

18. :‘ inc ’e our exp ex’iments s u ’ c’est tI;e -“viar ; respiratory a ’em ’cke r
involves -ì monost:ii lc t eb - iy  eles.e;,t in t E ; e  t r a in , we were intrigued l’y
the work of i avies rui b Y-’s::nu t m  in which ;  they mac -c I the resoin’ ,m ion  of
a rat with slow sinusol lal currents -cup l ied  to snail areas in the :::e :ubl ’ .
In S. P. ~‘ot’ -an ’ s i nivesti -at i ox i ’ , h e :

a . - o ’ t e ’g-e i the ct - e n — l o o m , :  I ‘a c i rm ’ at - i v i e s .

- -en :~onm’: r’ id.e I t w o — t o — o n e  block ( I .e . , s ’.in:,lus c i t e  lou t ic
the “em ‘c-I ;::’ c c ’ e

- :‘:: ‘ t ’  ‘c I ‘ ‘ C  C’: at ’  i t :1 - , n~ t , — J c . t ’  i t ,  i ; : ,  i S O ;  I ’ L l . St  in~ i n :
t’a l l i x  , . “ ‘ ut  - i I I ’ :’, ’ :’ ’ :, t i i t ’,ts It; t 1 ,  ‘‘‘sr i c’ ’ 0!’’, ‘:, ‘ ‘le .

c i ’ ’;  :‘‘‘-‘ m i ’k s i - c, ’l, :‘r ’ v , el’o’ ’ t ’ , ’— s r i r ’ u r : . i- ‘ c’r lii
l at e  b ese pai ’ ix ; ’ ’ ‘a ’e’Ls  c - f ’  t b , - ~‘- C me

e. ‘at : i s ’ .j v’’ ’r’ ’’ i ‘ii’ - o:; c-f icl’i;-, ‘ 0 ‘ ho ’ :‘eet ; ‘ c ’ ’: loop -
e:’a ’ e ;  a p-a t e:’:. of ~s:,; S to ‘ c’ ‘ c r c - t o . ‘ - tag .’ ‘c urd: l ike ‘h o se
of t hi ’ ’ un i t i  “‘‘~~~~ I orsul I. , ‘c: ,  ‘ h a  it e ; oh:

C. I be : ‘c-un I - : -~ cc ‘~“c5 a s,,s ’ em - S ~C’~ ~ id i 01; ‘ ‘f ’ each ;  r’ ’s : :‘rom
the r’re ri c ’ ’.e : d o .  - . ‘St e ~~~

- , C i on  ,s a u ~ oe x L’v a sli d, ’ s l i m m c, ‘e in:
In ~b : ’u so r ob  ‘ ‘ ‘ o’ s ip  e ’wc, ’n s ’ l : : , I  ,s ‘w’  r e t ’ m c ’  ‘h rou . ’l: e cci:
c-sr I ’ ( i • c’ • the ;e i ’  i o m’s a :t;: ,‘ ‘ ‘~~a:~ of ph ;ac

10 . open— - ,00p I ic i t ; ’ ~f - - c o t  I ‘‘ it i c - n ,  WI ’ ( .  i ~ “e’”e’ ’ , 1: - t i e  ‘Iave
S ine >,“~~~“:ci , s ’u’ ”e w l -;- S , ‘ I. - .:, ‘ui~~ ’ v - s i t r t  s c v  ‘ oo ’h  w- cves

were use I . Stat r ’cn ,-e of ‘acing w- ’: ti :e s- n ’  for e c  ‘h , -- . ” ,s ’ is ;  icr  ‘
oct’ uI es. ‘IC looked for ‘u~ event in ‘Lu “‘u c . : “u ‘ orr : wi :i :1: 5. i,’,ht Ic
t . r i , ’,-erir ;c the next breath . .‘u i ’i: ui e’,’c’ r. ’, sl,ou b I h u t -p er ;  a - .  onst ix , ’ lone
per iod before f};!’ ne:: t . c ’ ’ ’ ’ : .  • We b ;a I most’ , 0 : t 1; 15 ( V , ’ t ’ to Pt ’ th,e
t in;e of - ‘0 lowering s in ce  i’  h u m  : ‘o ’; .  shown tha t  a creat ,‘olley of i t t’ -
pulses Lo s up the v - ms nerve ~~i ‘ -1 .  ‘ . -

~ i o w e n i n ’ . Hut the inc be tween ,

‘
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CO . l ower i i ; , . ’ ‘ux ; . i t be ’ I ;” x 1 - i ; s p i r ” it t oll vax ’i ’ ’  I t ’n’c -m w’ . -.” ’ i ’ cri : t o  w~c, , t t , . . .
The t . im c  between w~te x ; (‘0:, first ml ‘u ’ts or ( t ’  t e r ’ 1c ’ ; ’ ,-’ i xi ~: :eiss , ’ I ! . !:r’ou, , ’i;
a minimum ) until tine nex t, i n s t i l  c i t  i c - n  0 ‘‘c c -n c  : ‘cliii ’ ‘u S. ~ ab out  P
seconds . So i t  is presumably t u e  t r i . ’ e c i n ~g even ’ • “c h a v e l inu s of
further experiments with more exot ic :ux S. ‘iper’iolic W ’c’ ,’c ’orm S to tes ’
this t’ ix ; i in ; ’.

20 . ev e lomea  a t e c h n i - r,ue for selectively h loekix ;g  a set of intro-
t uL c:oxourv ,5 -. receptors ~I: ’s ifl the awake bir c .

a. This teci ;r ;i  ~ue involve I a b u n , ’ a censure I pulse ( approxi—
rc’; ’ el’,’ one ::inu t e i t ,  :uc”u to :; ” of sulfur iio:-:i he , ~‘ U .. to the  in —
o u ff l ’ c tin c  air  s t ream , i:, a iitl i i rec ti or ~all’,’ ’~’en ;t I l ’ te i  ~‘h 1 ‘ken .

• 
, i n - b e  :‘ i;er  “eg o”  ; i ;; s of t h e  v’ig’ul -u f i ’e rer ;t  f ibers frou

t i:ese 1 ‘s sh ow,’ i a t’t e r ’  a latent;’:, ’ of about 30 seconds the I;
would s t o  f i rm ; - for 5 to 10 r:,i:;u’es axiS then would, return. (See
‘i~~. 27. )

c • ‘\ L ’ m i n ; i s t c ’it ior ;  of the ‘ c u  b lock of I’ ‘5 I u r i r ; g  ‘cc-ing ex—
t~ tni:::ex ;ts sI:ow’: : o u c h ;, ’ wo’:I i - ~’e’i,’ ,t ’ ’ ‘‘c a sini bar latency of
a - :  ca:’: i::: ’ c i ,’ 30 Sc ’cO :~ ci ( u , -  ‘ 1  • “ c ‘ in ;  ;“t t ,ic- ’;;~ a l t er’ 5 to li

it , 1 nut - cs (se e Vi ‘a :“~ )~

i n  gi’:’’:, by r. .’ i : t ’ l - c - i o n ;  i~ ‘oul : c - u c t i n 0’ ui.
‘co S it ~’s : - . 1) i r ’ t ’ctlc’ on 1- ‘ ci , or ( 2 )  syste r : i crully through the

:‘boo I ‘0 ‘ c t  ‘:ri’ l, 01’ : c ’~ ta, “cc o e m t o t ’s , c-c :-oth 1 Site second possi—
i li t :.’ w ’ s u - i c :  c-u ’ ‘,‘,‘h, cI; ‘ I . e  1 ; ~ ,“L’,’C l O t O  in , e c t i on  of the s ine lose

SO~. t i l  not re ck ‘ u ci :. - ’~ ( ‘ ut ’ - :  -
. -

it. Si,-’~ 3C , - :co- a”:,’l;,’ ‘ I . c  ‘ ‘ I  1’’.’ of t -I .e  in:ection causes a
st ee i~~ii~ of remm i “H ’ 0!”. “ ‘ e - c.:;: a loss of synchr ony lue to the
r’u~ge of p ’ucim ’ -el m ’ r i m ’  : . ~:t when ‘i .e  :5”,’ :uencv rate of the
CO-~ o sc i lL i ’ ; ’ ic-n is I: ,  ‘cease I, o:,’:;cia’on:: again ‘a’: c2 - r o •

e. S ir , i  :.i 5 ’ c- i ’ i on of ‘0- .  block of I i S ~ l u r ing  -lose i—loo m
re ,ml’ u ’- i o t ~ of ‘(a sh , ow ~~; the re, ’ul’cte i level rose from d- to b-~
‘in I fell hack bc-wi, to ~~~~

‘ ‘ f t c~’ eleven rir;utes (see ‘i, -. 31) in
i e ’cm~ one ~t:’o c ni :’ .t ’n ; ’

I ’ . ‘ih i ristr’S i on of .O.~ (‘lock lun inL-  closed-loop regulation
at  -u ;o ’- I ” c  t i ne  sh ow” I ecr’e’useI stability of CO-’. ~‘e~aulation , a

~erioIi c oscillat,Ion of ‘0- level similar to the oscillation pro-
lured by fee lb - - c - h ’. lel ay. ~. ‘ ec b ig . 3S .)

1”. ‘Si ts instabili ty of the ‘0--. rc --ula’ion system after S5c,
bboc’ Ke I ‘.1cc I ‘ it W~ S icc- I d e  ; . Figure  33 shows t he ‘Thr ee known
sets of rece;:! ors with fee I:”ci’ k regulation Ct ’ ‘ - - . The ‘cnterv
represents a ran , Smi ss i Or l  l ine ‘ i ; , b” i mr ~’ 3~ - ‘ Y t ! ’ o’ S S C S  th is
relationsh ip in block b i n -c’s’. form, ‘cx ; l  i’sm s t h e  receptor in the
carot id  ‘0 i’/ and me lulla s r ,’s~ cr1” ‘; cr or ’ec~’m ’.ors with a delay
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e~~nponenit (blood t rru ;sit ‘ in :; ’.- )  h i  ‘ h i ’  I n—c I r e  k 1-u ’ :  . 1” i ,,m r ’n-
shows t ine  ‘ i x i r u t o . ’ s i r n u i ’u t  ion of i’ I , - . ‘~ c . “1 ~~~ ; r ’ ’’ ~e O ’r: ,oI ,;: ( I L  ‘5’

two sets of pni r runet er s  whi ‘h c i  vn ’ c ’ - ’ ’ ’,co:; ’ I Ic ru p r cox hn ’ct l onns 01’ Lbi ~’
urut -ter rus of response to : i r ; ts t changes :r~-~’ . , i i ;  Fl,,’ . 35.

1:. Large Ic-ties of ‘0’ , r o - Iu . -e I a slow - t e e :  ins: i r at  ion
similar to ISb n patter :~ -a us’.’ b b y t i i ’c t e r ’ cl ‘ - ‘c” : ’ n. :’ . Compare
Fic . 37 wi th FiC .  38 as ‘c control .

51. One lr ’cwh -u c k  w i t h :  I be u r , i  Ii ce-:tior ;:cll ’, .“-mt  i l u t e  I i i  r i  pre : - ur-
titian is that c i x ’  flows at. a :::uch faster’ rate ui I r;ot tb r o ’;gh ; b:e sun e
routes as in; n c-r ind v e n t i l a t i o n. ~~~~~~ h i o x  i he  (or ‘a:, ’,’e r sei ’,’ , fr e s h ,
a i r)  pulses into th e  air  s t r eam ;  ten to “c u d’ all ar ms c-i’ the l ung at
once and not in t h e  sequence of normal : ceu t h  h: ,~. The i’cb i ow i n o ’  cr e ; ’ c ra ~
tion elio:inates these oI:,~ect ions , yet  still shows ‘ .~c • -:e n ,t ; 1”t or ’ ,’ ::o’.’e-
merit s are t r i m - c r c  ; by - ‘b;’i n,-’e: in ‘u . Figure 3’ : shows t h e  e x : t  r ir ,eut’ul
s et u p .  The t i n  ( - c e -u th s  IS roi ; ,,-l: -a tr’ ’ i,-hi eost cm ,’; f i ’ ) rH a “uS S’ ce’ut:. it;
which the CO. cc-x: ’’’n,tra ’ ion cmi , he -mi  ckly  c’h:cn -e I fcc -n  ‘; ~‘0 ( - :  ou t.
the value of e n b  expirtitory ‘0 - . )  to i~

0- , ’O , ( t ’r~’sb , ‘~ic~ ‘U: ; ‘ne: , : a
This is c Ube.; a ulse of “fresh air.” ‘‘exit- ilat ion is c.-on~itc -~’e - ! I V a
whole body rleth’,’sr-:ogramh at; I th ;t- Inc of be , ’ ins ~in  ‘u

’ ins: ; r u t  i t o , ‘

used to trigger t b ; e  mulse of “ fresh nh’ .’ Therefor e , whe n.  t b , e ’u , io:aI.
breathes , the first air to reach: his lure-s is ‘ lo t ’. I r :‘~‘o::, I:’- ‘hen i
space in h is tr:c -i;ea (‘a ti’ c ’0-,)~ P. r 5 ‘ a ’  is :‘oi l ow ’ ’  : b ’’,- ’ b . e 5 t ‘a - ‘

in gas str eam, precediru’ tI e oulse~ rest: air “c-tm --s t x ’ ~u; I l-~stb ,’ ‘
~~~~

502.

‘ 1 • HI airt’ “- sI;oa’O how c-hanoi ;; ’ ‘I . e  l il a ,’ , t , ,- ‘ - - we~~:~ i :~smira—
tion ant I the pulse of :‘r - e s b  air eC: ’~:c’ ’ 5 r e s : - ; c ’C o : ’ y  ‘e r i c :.

[cit -t is increase i n’cor ’i r’ ’-o” -.,’ : e r i o  ;, T, ax~ I the : e r i c - I  of
in sP i ra tion , T , , ‘ “ c  both I ; ; ‘ ‘ : ‘ c’ ’u ’:  : • This :‘::‘er ; to’l c’’ h ol. is- t r ;e
ox; a I r ’ e’ :.t. i ’ — ; - y — : - c ’ ’ - i t b ;  b a s i s  when, -r is ‘L’e; ’e ; : ‘,‘:,‘o:,i.’’ :li :. In:
‘r’ic. 5, t has i eex ; v -ur ic  ; in a sinusoi tab t”ctte rr,~ T1 -ion x T :‘,tLb o’,,’.
hot ,e t.I :”. t K , the t im e  b et w e en ,  the r io t .’ in 2 0 - .  ‘ ix, : , ‘:u. i  r u t  to ; . be-
gins , ‘ , stays n i l - ct ivel’; ‘ons : ‘ u c t -  • ‘d€’ b ell cc-i ’ t his  S l O W S  a r i s e
in 20 H ‘a t ’s the  t;e:-: ’~, cxl i r ’ c t i o n , .

b . To t e st  wbi ~’tH :~’t ’ t h e  event- tri ’, ’eri  :~~‘ exm i r ’ i t i o r ;  was t I ;e
;o w r ;— s (  coke or the c n ’ — s ’ r’oke ci ’ time ta~

1
~ ’ - , ‘,I c-’ ‘ci ftP of th:e  pulse

was ch in -e r . The value of K i t t ’ i y e :  (‘ons ’ ’ur , t .  w h i l e  the time i e-
tweet ;  the Iow’n—st . coke of “0 ani the i c -inn ing of e x t - i  ration in, —
‘r e u Se I ‘he  i r t  ms’.our ;~ *b:e ;-u ls ’.’ w”s i m c r ’ L ‘c se I . Therefore , t b ; e

down-stroke was not t r - i -
- o a r i n g  event . (S ee ic . “1.
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