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The “Reaction Theory” of Respiratory Regulation

By Hans WINTERSTEINY, Istanbul

{To be concluded).

The discovery of the reflex origin of the effect of
O,-lack makes inadmissible the original attempt of the
Reaction Theory to atiribute this effect to a centro-
genic increase of Cy. So once more we stand before the
question first formulated by PFLUGER as to how the
lack of a substance can act in an excitatory fashion.
We can now pose the question whether our former
explanation based on an accumulation of acid meta-
bolic products during O,-lack in the centres themselves
cannot be applied to the aortic and carotic bodies.
Can we not restate the Reaction Theory in such a way
that the expression glomerogenic is substituted for the
expression centrogenic?

A number of earlier experiments (see CORDIER and
HeymaNs?) involving perfusion of the carotid sinus
have demonstrated that the end-organs of the carotid
nerve can be excited by an increase of Cy. SCHMIDT
and coworkers® have shown that this is also true when
all variations of CO,-tension have been excluded.
CoMRrOE* has emphasized the fact that the sensitivity
of the sinus nerves is sufficient to explain all cases of
hyperpneea during work attended by increase in
blood-Cy.

That the same may well be the case in hyperpncea
due to Oj-lack has been indicated by a number of
experiments from GESELL’s laboratory:— WINDER?®
observed that anoxic excitation was either absent or
eventually passed into a gradual depression when the
isolated perfused sinus caroticus was poisoned with
iodoacetic acid. From this she concluded that the
anoxic stimulation of the chemoreceptors of the
glomus caroticum depended on glycolytic processes,
probably on a production of acid. Observations by
WiINDER and coworkers® that isolated ischemia of the
glomus leads to hyperpneea, have similar indications.
This is also true of the findings of BERNTHALY con-
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cerning the behaviour of vascular reflexes originating
from chemoreceptors. His researches showed that all
factors producing an increase in C; of the cell (anoxia,
hypercapnia, cyanidemia, excess of lactic acid) lead
to an excitation of the vasoconstrictor centre, while
factors producing a reduction of C}; resulted in vaso-
dilatation. A rise of temperature which presumably
leads to increase of Cy in the artificially perfused
glomus is also followed by vasoconstriction and in-
crease of respiratory movements; reduction of tempera-
ture has the opposite effect (BERNTHAL and WEEKS?).

However, much more convincing than these indirect
conclusions are the experiments of EULER, LiLJE-
STRAND, and ZoTTERMANZ, They measured the action
potentials in the sinus nerves and showed that the
impulses which are always present under normal
conditions, became more frequent during oxygen lack
as well as with increase of CO,-tension and were
abolished by increased pulmonary ventilation or
oxygen supply. Reduction of the number of nerve
fibres from which the impulses are led off, leads to a
reduction in the frequency of the action potentials to
an egqual extent both for Oglack and stimulation by
CO,. This shows that the same nerve fibres are involved
in the sensorial function, a fact to be expected from
the Reaction Theory.

Still further, the action potentials produced by O,-
lack as well as by COgpstimulation vanish after in-
jection of 0.5-2 ml of 0-5 N ammonia (the pressor
effect remaining unaffected). In the same way action
potentials caused by cyanide infusion can be eliminated
by both Oy-supply and NHg-injection. A these experi-
ments leave no other explanation possible except that it i3
the increase of Cyy snside the glomus which causes nervous
excitation both under conditions of increase of CO,-pres-
sure and under conditions of anoxemia induced by a
reduction of Og-pressure. So even after the discovery of
chemoreflex drives in regulation of respivation, the
Reaction Theory retains its full validity, with the re-
placement of centrogenic by glomerogenic excitation.
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Recently, GEsern! has attempted to replace the
Cu-Theory of Respiratory Regulation by an Acetyl-
choline Theory, thus following the general fashion of
referring all phenomena in the nervous system to
acetylcholine. According to him, the effect of Cgm
depends on the anticholine-esterase activity of acids.
In this way the level of concentration of acetylcholine
produced and thereby the total magnitude and duration
of excitation would be regulated. Indeed the prolonga-
tion of the effects of acetylcholine through an increase
of Cy was proved in GESELL’S laboratory in a number of
investigations involving different organs.

But, a number of recent observations (see SGZER and
WiINTERSTEIN?) make it appear doubtful whether
acetylcholine is an ‘‘action substance’ in the sense that
it is the material responsible for conduction and trans-
mission of excitation. Researches by Hevmans and
coworkers® have shown that different substances which
completely abolish the activity of choline esterase leave
breathing and respiratory reflexes unaffected. This
result brings with it the conclusion that choline esterase
plays no part, either direct or indirect, in the trans-
mission of nerve impulses.

“Explanation” means reference of new phenomena to
known principles. The action of Cy on the magnitude
and speed of many chemical reactions, both in biology
and in the chemistry of non-living systems, is a well-
known phenomenon. The replacement of this wide-
spread effect by a mechanism of which the general
nature is unknown and whose existence is doubtful,
appears to us at present to offer no advantage whatever.

When there is an adequate oxygen supply, the
central respiratory control system continues to function
even after permanent removal of the peripheral
chemical regulatory mechanism (elimination of all
chemoreceptors). This is true even when all mechanical
regulation has ceased to function during artificial
abolition of respiratory movements. WINTERSTEIN'S
experiment? proving the automatic nature of respira-
tion—namely the continuation of action potentials in
the phrenic nerve in curarized animals—is also
successful after elimination of the chemoreceptors
(WINTERSTEIN)®. Under these conditions too the
magnitude of pulmonary ventilation is regulated by
the Cy; of the blood and vice versa. To what a precise
degree this holds good even after elimination of the
chemoreceptors was proved by the experiments of
Banus and coworkers. In these experiments, after
an intravenous injection of acid, increased ventilation
—through a reduction of CO,-tension—had restored
the original p; within 10-15 min. to within 4 0-01 -
units.
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Similarly WINTERSTEIN! observed an imcrease of
pulmonary ventilation and C, of the blood, with
simultaneous reduction of blood CO,-tension, during
injection of acid into animals whose chemoreceptors
had been removed. This corresponds exactly to what
happens in normal animals and shows once more that
it is Cy and not carbonic acid which regulates the
extent of breathing. WINTERSTEIN'S observation on the
effect of Oy-lack on animals without chemoreceptors
take the form of a veritable experimentum crucis
against the carbonic acid theory. In such animals, as
we have seen, there is no sign of increase of respiratory
movements, on the contrary, there is a decrease of
pulmonary ventilation which leads to an ¢ncrease of
CQ,-fension. Thus in the first case there is a reduction
of COy-fension and an increase in vespivatory move-
ments, and in the second case a reduction of breathing
during sncrease of COq-tension. There could hardly be a
clearer and more convincing demonstration of the
lack of dependance of pulmonary ventilation on carbonic
acid.

After removal of the chemoreceptors, the C of the
blood usually decreases during oxygen-deficiency
respiration, clearly as a result of the greater extent
of reduction of oxyhemoglobin, However, this is prob-
ably not sufficient to explain the reduction of pul-
monary ventilation. It seems probable that, when the
hypoxic reinforcement of respiratory movements by
the chemoreceptors is no longer present, the amount of
energy of oxidation at the disposal of the centres is no
longer adequate to maintain their normal activity. Be-
fore the discovery of the effect of the chemoreceptors,
GEeseLL and coworkers? had performed experiments
in which the pulmonary ventilation was kept constant
by artificial respiration with opened thorax. Under
these circumstances oxygen-deficiency respiration
leads to a reduction of oxygen consumption, and hence
energy production calculated from it.

The chemoreflexes are characterized by their extra-
ordinary powers of resistance. For these reasons it is
possible to explain the observations mentioned above
(see p.224, 2" col.), of a number of authors (CoMroE and
Scumipt?, BENZINGER and coworkers4, BEECHER and
MovEer®), namely, that the respiratory centres lose
their capacity to be influenced by carbonic acid during
very deep anwmsthesia, especially with certain specific
ansesthetics, Under these conditions only the receptor
reflexes produced by Oylack are maintained and may
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even be accentuated. Their functional elimination by
means of high O,-pressures can bring respiratory
movements to a complete standstill. So CoMROE and
ScHMIDT have designated the chemoreflexes as the
ultismusm smoriens of the respiratory mechanism.

Recently, a number of fundamental investigations
have appeared concerning fhe part played in regulation
of respiration by the divectly central factors (hemato-
genically controlled) and by factors duwe to reflexes
originating in the chemoreceptors (glomerogenically
controlled factors). ,

GorrwitzErR-MEIER and LERCHE! performed ex-
periments in which continuous $y;-measurements were
made in the isolated carotid-sinus circulation as well
as in the arterial blood of the general systemic circula-
tion. They found that the respiratory centres possess a
lower threshold than the chemoreceptors of the glomus
caroticum during respiration of gas mixtures rich in
CO,, that is to say during hematogenic increase of Cy.
On the other hand all investigations show complete
agreement that the effect of O,-tension is glomerogenic.
GESELL and coworkers? as well as BJURSTEDT? have
estimated the part played by chemoreceptors by
means of reversible cold-block of the carotid nerves
after section of the vagi. GERNANDT? discovered that
the chemoreceptors could be selectively put out of
action by local injection of 0-5 N acetic acid. This
method made it also possible to estimate the part
played by the different chemoreceptors, and to con-
firm the fact demonstrated by earlier experiments that
the influence of the chemoreceptors of the glomus
aorticum was very inferior to that of the chemo-
receptors of the glomera carotica.

The reduction of breathing after elimination of the
chemoreceptors shows that they are continually active
under normal conditions. This fact already discovered
by EULER and coworkers? in previously mentioned ex-
periments, was confirmed by GESELL and coworkers
and especially by the researches of GERNANDT.

In apparent contradiction we have the repeated ob-
servation of increase of respiratory movements in
human beings breathing pure oxvgen. This has been
established by Heck® WAaTT and coworkers? and by
ALvErRYD and Bropy® BineT and Strumza® were only
able to observe a depressing cffect of breathing oxygen
in chloralized dogs, but not in the normal animal. One
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must bear in mind that breathing oxygen produces two
opposed effects:— the elimination of the normal chemore-
flex drive must have a reducing effect on pulmonary
ventilation, whereas the decrease in reduction of oxy-
hxmoglobin must increase the difficulty of removal of
carbonic acid and must therefore also increase the Cy
of the tissues and so lead to a reinforcement of pul-
monary ventilation. The end result will therefore
depend on which of these factors predominates.

The reduction of respiratory movements on elimina-
tion of the chemoreceptors shows that the normal O,-
tension of the blood is sufficient for their excitation,
an excitation which will become stronger and stronger
the more the O,-tension of the blood {and therefore in
the glomus) falls. However, according to GESELL's
school, this effect of stimulation of the chemoreceptors
is also dependant on the prevailing CO,-tension. The
greater this CO,-tension is, the smaller the influence
of the chemoreceptors; the smaller it is, the greater
their effect. Thus the apneea caused by CO,-lack due
to hyperventilation is considerably prolonged by eli-
mination of the chemoreceptors, and may even lead to
death of the animal, as HEvMans and JacoB! have
shown.

With CO,-pressures above 5-69%, the chemoreceptors
according to GESELL are completely ineffective, and
regulation of respiration is purely central. However, as
we have seen above, this is not the case during certain
kinds of deep anwsthesia, where the respiratory
centres have completely lost their sensitivity to CO,,
and respiration is only maintained by the more
resistant chemoreceptors.

As accepted by GESELL too, the hyperpneea of Oy
lack is purely glomerogenic, so that sudden cold-block
of the carotid nerves produces an apnecea which may
easily lead to the death of the animal,

BjursTEDT? registered simultaneously the pul-
monary ventilation, the oxygen saturation and the Cy
of the blood of dogs, and investigated the effect of
elimination of chemoreceptors by cold-block during
acute Oylack and during O,-lack lasting many hours.

The results of the experiments with acute O,-lack
agreed in essentials with those of GESELL and co-
workers. After section of the vagi cold-block of the
carotid nerves during hypoxic hyperpncea produces a
reduction of respiratory movements which goes entirely
parallel to the increasing alkalinity of the blood, thus
proving that the central* impulses are reduced ac-
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cording to the lowering of the Cy. That this reduction
is due to the change in Cy; and not to a paralysis of the
respiratory centres through O,y-lack is indicated by the
following considerations:— the reduction of respiratory
movements, which sometimes can lead to complete
cessation of breathing, naturally produces a new rise
in Cy; this leads to a new increase of respiratory move-
ments; on the contrary if there were an anoxic para-
lysis of the centres this paralysis could only be in-
creased by a reduction of pulmonary ventilation.
Further as we shall presently see in discussing experi-
ments on chronic oxygen lack, the reduction of C; and
suppression of respiratory movements becomes less the
longer the duration of hypoxia, while a paralysing
effect of Oylack should become more pronounced the
longer it lasts. Hypoxic hyperpnoea, however, is itself
entirely dependant on the chemoreceptors, and it can
happen—as in GESELL'S experiments mentioned above
—that respiration is maintained entirely by the chemo-
receptors (that is by glomerogenic drive) when the Cy
of the blood is very low. Under these conditions eli-
mination of chemoreceptor drive by cold-block can
bring breathing to a standstill.

In hypoxia of long duration (9-10 hours) the alkalin-
ity due to the hyperpneea gradually disappears entirely,
clearly by compensatory migration of alkaline ma-
terials from the blood. At the same time the glomero-
genic chemoreflex drive becomes continually less, the
central drive comes more and more into the foreground
until at length it controls breathing almost completely.
Then cold-block of the carotid nerve remains without
effect. In one case it was possible to reverse the experi-
ment so that, after hypoxia of five hours duration, fol-
lowed by two hours respiring 1009, O,, the chemo-
receptor block again became effective.

As a result of his experiments, BJURSTEDT comes to
the conclusion that the activity of the centres is re-
gulated by the Cy of the blood with which it goes
completely parallel. So far it entirely supports the
correctness of “WINTERSTEIN'S first Reaction Theory”
—namely of the regulation of breathing by the C, of
the blood. On the other hand, the effect of Oylack,
depending as it does on chemoreceptors (i.e. the
glomerogenic chemoreflex drive), in an exactly opposite
fashion would be greater the more alkaline the blood is.

However, this conclusion of BJURSTEDT, based on
the apparent parallelism between the glomerogenic
chemoreflex drive and the alkalinity of the blood,
stands in direct contradiction to experiments we have
mentioned above {see p.261). In these experiments—
particularly of ScuMiDT and coworkers’—the excitat-
ory effect of ¢ncreased Cy was established for the
artificially perfused sinus. BJURSTEDT's conclusion is
also contradicted by certain observations which he
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himself has not contested :-— ZoTTERMAN!demonstrated
increase in the action potentials in the carotid nerves
during CO,-inspiration and intravenous injection of
acid. Further EULER and coworkers?, in experiments
mentioned above (see p.261), showed that action
potentials caused by excess of CO, or Oylack could be
abolished by NHg-injections. It therefore seems clear
that the experimental results have been misinterpreted
by BJURSTEDT.

His own data show the way to a solution of this
contradiction. He himself points out that the increase
of glomerogenic drive with increasing alkalinity of the
blood might be due to O,-lack, since the Oy-fension of
the blood falls with decrease of Cy, although the O,-
saturation may remain the same. He believes, however,
that this explanation could not satisfy all cases, since
sometimes hyperventilation contiriues to increase in
spite of the increase in O,-saturation to which it leads.
As a direct proof of the dependance of the intensity of
the glomerogenic drive on Cy in a sense conirary to
that indicated by the Reaction Theory, BJURSTEDT
quotes the following experiments:— in the course of
respiration with reduced O,supply, he further lowered
the latter by rebreathing, but in spite of the increase of
Cy; caused by this procedure, he noted a reduction of
hyperpneea. ByurRsTEDT has clearly underestimated the
extent of the effect of Cy; on O,-tension. We have at-
tempted to calculate the changes in O,-tension in this
case which he considered to be so especially convincing.
As a result we have found that, in spite of the reduciion
of the Oy-saturation of the blood, the increase in Cy has
occasioned an increase in Oy-tension, which might well
be sufficient to explain the decrease in glomerogenic
drive and the consequent decrease of hyperpneea.

The calculation was made on the basis of HiLL’s
formula
y Kxn

100~ 1+Kan

where x is the O,-tension, ¥ the O,-saturation and »n and
K constants, and on the basis of the PETERS-BAR-
croFT graph, of which the coordinates are pg and ~log
K. Here the unproved but (since we are dealing with
comparative estimations) justifiable assumption has
been made that the constants are the same for canine
and human blood (see HasseLparLca?®)., On this basis
the O,-tension before re-breathing was 23-2 mm Hg and
after re-breathing 26-5 mm Hg.

If we summarize the results of all the investigations
we have discussed, we get the following picture of the
chemical regulation of respivation.

That activity of the respiratory centres which is of
central origin goes entirely parallel with the reaction of
the blood and, as far as hemafogenic regulation of
breathing is concerned agrees completely with the

1 ¥, zZorTerMAN, Skand. Arch. Physiol. 72, 73 (1935).

2 . v. BuLer, G. LiLjesTrRAND, and Y. ZoTTERMAN, Skand.
Arch, Physiol. 83, 132 (1940}.

3 K. A. HasseLBALCH, Biochem. Z. 78, 134 (1916).
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Reaction Theory. The effect of lack of oxygen is entirely
reflex by way of the chemoreceptors, whose activity—
again in complete agreement with the Reaction Theory
~depends on the ¢niracellular hydrogen-ion concentration
in the glomus. This glomerogenic regulation of respiratory
movements in hypoxia leads to increase of alkalinity
of the blood on account of the induced hyperpncea.
This increase in alkalinity for its part reduces the
oxygen tension of the blood for the same oxygen
saturation, thus increasing again the intracellular Cy
in the glomus and consequently reinforcing hyperpnaea
by chemoreflex drive. Thus the apparent disadvantage
of increase in alkalinity of the blood during hyperpncea
by oxygen lack proves in the end to be advantageous.

If one seeks for a teleological explanation of this
peculiar mechanism of glomerogenic regulation of
breathing, we may assume with Grseri! that a peri-
pheral mechanism came into existence to protect the
vitally important centres with their great oxygen
demands—a mechanism which reacts with the greatest
sensitivity to any reduction of oxygen tension. No
special mechanism is necessary for the easily diffusible
and relatively innocuous carbonic acid. Here, the
great sensitivity of the respiratory centres to any
change in C is sufficlent to initiate any necessary
changes in respiratory movements.

Zusammenfassung

Es ist seit langem bekannt, daB sowohl O,-Mangel
wie CO,-Anhédufung eine Verstarkung der Atmung her-
beifiihren. Um die Wirkung dieser beiden Faktoren auf
einheitlicher Grundlage zu erkliren, wurde der Gedanke
geduBert, daB O,-Mangel die Erregbarkeit der Atmungs-
zentren fiir CO, erhdhe oder umgekehrt. Aber Anderung
der Erregbarkeit ist nichts anderes als eine Umschreibung
der Beobachtung, daB die Wirkung eines Reizes unter
bestimmten Bedingungen groBer oder kleiner ist als
unter anderen. Uber die Ursache dieses Verhaltens wird
nichts ausgesagt. Ein wirklicher Versuch, die Wirkungen
dieser beiden Faktoren einheitlich zu erfassen, wurde
durch die Reaktionstheorie der Atmungsregulation unter-
nommen. Nach dieser Theorie beruht die erregende
Wirkung der Kohlensdure auf ithrer Natur als Sdure und
jene des O,-Mangels auf der Anhiufung saurer Stoff-
wechselprodukte in den Atmungszentren. Dies bedeutet,
dafl in beiden Fillen der wirksame Faktor von einer
Steigerung der Cy dargestellt wird. Im ersteren Falle
wiirde es sich um eine hdmatogene, im zweiten um eine
zentrogene Steigerung handeln.

Eine groBe Zahl von Beobachtungen sprechen zu-
gunsten dieser Theorie, am iberzeugendsten jene, in
denen CO,-Spannung und Cy sich in entgegengesetzter

1 R, GesgiL, Ergebn, Physiol, 43, 477 (1940).
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Richtung dndern und die Anderung der Lungendurch-
liftung der letzteren parallel geht, wie dies bei Siure-
injektion der Fall ist. Die scheinbar abweichende Wir-
kung von Bikarbonatinjektionen findet ihre Erklirung
in der rascheren Diffusion der undissoziierten Kohlen-
siure. Die mangelhafte quantitative Ubereinstimmung
zwischen der Wirkung von CaCl,- oder NH,Cl-Azidosen
einerseits und CO,-Inhalationen andererseits 148t sich
auf die Wirkung des eingebrachten Kations zuriick-
fithren.

Eine neue Periode der Lehre von der chemischen
Atmungsregulation begann mit der Entdeckung der
Chemorezeptoven (Karotis- und Aortennerven), besonders
mit dem Nachweis, da der Ursprung der hypoxischen
Hyperpnbe nicht zentral ist, sondern im Glomus aorticum
und vor allem in den Glomera carotica gelegen ist. Es war
daher eine Modifikation der Reaktionstheorie erforder-
lich, in dem Sinne, dafl die Steigerung der Cy, durch
welche die hypoxische Hyperpnde bedingt wird, nicht
zentrogen, sondern glomerogen ist. Zahlreiche Beobach-
tungen sprechen fiir diese Auffassung. Der entschei-
dende Beweis ihrer Richtigkeit wurde durch die Fest-
stellung gefithrt, da8 die bei O,-Mangel und die bei
CO,-Anhdufung erzeugten Impulse durch die gleichen
Nervenfasern geleitet und beide durch NH,-Injektion,
also durch Herabsetzung der Cy, beseitigt werden. So
bleibt also die Reaktionstheorie auch nach Entdeckung
der Chemorezeptoren von Bestand, nur muB der Aus-
druck zentrogen durch glomerogen ersetzt werden.

Nach Ausschaltung der Chemorezeptoren bleibt die
automatische Tétigkeit der Atmungszentren unter ge-
wohnlichen Bedingungen erhalten und wird wie beim
normalen Tier durch die Cy des Blutes reguliert. Hin-
gegen bewirkt O,-Mangel keine Hyperpnée mehr; er
kann sogar eine Hypopnoe herbeifiihren, die zu einer
Steigerung der CO,-Spannung AnlaB gibt. Dies ist ein
experimentum crucis gegen die CO,-Regulationstheorie:
Saureinjektion (mit oder ohne Ausschaltung der Chemo-
rezeptoren} erzeugt eine Herabsetzung der CO,-Span-
nung mit Atmungssteigerung; O,-Mangel nach Chemo-
rezeptorenausschaltung bewirkt eine Steigerung der
CO,-Spannung mit Atmungsverminderung.

Untersuchungen iiber den Anteil der direkt zentralen
und der chemoreflektorischen Impulse an der Regu-
lierung der Atmung ergeben, daBl die ersteren gegen
Kohlensiure eine niedrigere Reizschwelle zeigen als die
letzteren und daf8 ihre GroBSe der Cy des Blutes vollig
parallel geht. Sinkt diese unter ein gewisses Niveau, so
wird die Atmung nur durch die Chemorezeptoren er-
halten und erlischt bei deren Ausschaltung. — Die Wir-
kung des O,-Mangels wird ausschlieBlich durch die
Chemorezeptoren vermittelt, deren Titigkeit von der
intrazellularen Cy im Glomus abhingt. Die glomerogene
Atmungsverstirkung bewirkt eine Alkalisierung des
Blutes, die dessen O,-Spannung herabsetzt. Diese Herab-
setzung erzeugt wieder eine Steigerung der Cy im Glo-
mus und dadurch eine weitere Verstirkung der Atmung.
So steht die hypoxische Verminderung der Blut-Cy, die
scheinbar der erforderlichen Atmungsverstirkung ent-
gegenwirkt, in Wirklichkeit auch im Dienst der Atmungs-
regulation.




