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Abstract

In many species of air-breathing vertebrates,&@nsitive airway receptors play an important role in ventilatory control. In
ectotherms, olfactory receptors often inhibit breathing and prolong breath holding when environmentav&®©are high.
CO,/H* sensitive pulmonary receptors (intra pulmonary chemoreceptors (IPC) and pulmonary stretch receptors (PSR)) regulate
breathing patterns in all vertebrates in a manner that reduces dead space ventilation and enhances the efficiemxrefiQ®©
under conditions of environmental hypercarbia, and/or reduced@® from hyperventilation. The greater £€ensitivity of
IPC may allow them to also serve as a venous, @&eptor (at least transiently when levels of metabolically producegd CO
begin to rise), prevent alkalosis during hyperpnea/polypnea, and may have contributed to the evolution of the extremely thin
air/blood barrier and increased diffusion capacity associated with the rigid avian lung. The presence of all three receptor groups
with different degrees of COsensitivity in most reptiles, however, gives rise to what appear to be anomalous responses to
environmental C@
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction these receptors appear to play the smallest role is the
mammals, they have not attracted the interest of their
While there is no doubt that the GB* sensitive vascular counterparts. It has become clear, however,
receptors associated with the systemic circulation (both that in many species of air-breathing vertebrates, they
peripheral and central) play an essential role in venti- play a critical role in ventilatory control. Initial in-
latory control in all air-breathing vertebrates, the role terest in airway chemoreceptors was largely confined
of CO,/H* sensitive receptors associated with the air- to reptiles Boelaert, 1941; Nielsen, 1961; Templeton
ways is less clear. Perhaps because the class in whichand Dawson, 1963; Pough, 1969 the 1960s and
early 1970s, however, there was an explosion of inter-
msponding author. Tel.: +1 604 822 2310: est in the existen_ce of a venous €8* receptor that
fax: +1 604 822 2416. could help explain exercise hyperpne&rfistrong et
E-mail addressmilsom@zoology.ubc.ca (W.K. Milsom). al., 1961; Lewis, 1976 This led to the discovery of
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intrapulmonary chemoreceptors (IPC) in birBsiger, Kinkead and Milsom, 1996ut see als&myth, 1939;
1968; Peterson and Fedde, 196Ghd subsequently in  Coates and Ballam, 199he tegu lizard Tupinam-
many (but not all) reptiledHedde et al., 1977; Scheid et  bis nigropunctatusBallam, 1984, 1985Coates and
al., 1977. It also ultimately led to a rebirth of interest  Ballam, 1987, the garter snakeThamnophis sirtalis
in extrapulmonary, airway chemoreceptoBallam, Coates and Ballam, 1989rats Coates and Silvis,
1984; Coates and Ballam, 198While the interest 1999 and humansYoungentob et al., 1991; Alvaro et
in IPCs was truly international in scope, the research al., 1993. These receptors are relatively rare, are stimu-
group in Gdttingen, led principally by Peter Scheid and lated by CQ levels below or near the animal’s end-tidal
Roger Fedde, focused and coordinated much of this re-CO, concentration, and produce a reflex inhibition
search through a series of conferences and a host ofof breathing Getchell and Shepherd, 1978; Coates
collaborative studies (see, for instanéedde et al., and Ballam, 1990; Coates et al., 1998; Coates, 001
1977, 1982; Scheid et al., 197Tn the years that fol-  (Table 1. Receptors with similar properties and/or re-
lowed, there was a progression of studies of airway flex effects have been reported in figugleson et al.,
CO,/H* chemoreceptors that reveal a picture of grow- 1992; thus, at present there is no reason to believe that
ing complexity, one that we will attempt to summarize they are not present in all vertebrat€sy. 1). In frogs
in this review. and rats, inhibition of carbonic anhydrase (CA) attenu-
ates the response of G@ensitive olfactory receptors
to transient changes in G@nd it has been suggested
2. Airway receptors and receptor responses that CA activity can serve as a marker of &€ensitive
receptors in the olfactory epitheliur@¢ates, 2001
2.1. Olfactory chemoreceptors
2.2. Vomeronasal chemoreceptors
A series of studies have identified upper airway
receptors sensitive to changes in £@ the nasal The vomeronasal (or Jacobsen’s) organ is an acces-
sensory epithelium, innervated by the olfactory nerve sory olfactory organ found in many tetrapods but ab-
in the bullfrog Rana catesbeian&akakibara, 1978;  sent in most turtles, crocodilians, birds, some bats and

Table 1

Effects of (A) increasing inspired GCand (B) venous C@loading or increased metabolic G@roduction

Receptor Discharge Reflex effects

Ve fRIVT

(A) Effects of increasing inspired GO
Olfactory Increase throughout cycle Decrease Decrease fR primarily
Vomeronasal Increase Increase Increase fR primarily
Intrapulmonary Decrease tonic, decrease phasic Decrease Decremsedise/T
Pulmonary stretch Decrease Increase DecreasadrRrase/t
Arterial Increase Increase Increase iiftreasevr
Central Increase Increase Increase fR primarily

Net effect Increase, decrease, or no change Increase/decrease or no

change in fR, increasér
(B) Effects of venous C®loading or increased metabolic G@roduction

Olfactory No effect or slight increase during expiration No effect

Vomeronasal ? ? ?

Intrapulmonary No effect or slight increase phasic No effect

Pulmonary stretch No effect or slight decrease during expiration No effect or slight increase IncreasetiRe/T
Arterial Increase Increase Increase iicreasevr
Central Increase Increase Increase fR primarily

Net effect Increase Increase,fiRcreasevr
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olfactory ng’szrlo PSR IPC all diapsid reptiles examined so far (lizardsatz et
fish o al., 1975; Fedde et al., 197Efngke§:8updin et al,,
lungfish v 2003, alligators:Alligator mississippiensjsPowell et
. al., 1988; Douse et al., 1989Their CQ, sensitivity is
AR ¥, ¥ ¥ nearly abolished by intracellular inhibitors of carbonic
z:zsmms :// v “; anhydrase and inhibitors of Kiad* antiport exchange
_*f s b, 7 7 (Hemplema}n et al., 2000, 20p8uggesting that they
\ i — v 7 7 respond to intracellular pH rather than €fer se (see
‘ Hempleman and Posner, 2Q@His volume). A unique
i isHoge o ‘/ \ i feature of these receptors is their extremely fast re-
e o v oYy v sponse and sensitivity to rate of @éhange, resulting
gohios ¥ \ v . 4 in adynamic and responsive respiratory chemoreceptor
shakes F L o (Osborne et al., 1977; Hempleman and Posner, 2004
lizards v v ¥ ¥4 this volume) Table 1.

Fig. 1. Cladogram illustrating the phylogenetic relationships be- 2 4. Pulmonary stretch receptors
tween various vertebrate groups (left). Symbols indicate the presence

tvar ) h torS i h . . -
ot various anway chemoreceplors In each group Although the primary stimuli for these receptors

) , ) are changes in lung volume, pressure or wall ten-
aquatic mammalsHig. 1). Its innervation runs paral-  gjon  increasing pulmonary GOnhibits their dis-
lel to, but remains entirely separate from the main ol- ¢arge by varying degrees in amphibians, reptiles, birds
factory _system. I_t is b_elleved to partlc!pate primarily  5nd mammals (selilsom, 1995, 1998or reviews).
in sensing chemicals important to social or reproduc- he effects of C® on receptor discharge range from

tive behaviour, as well as for- feeding and prey trail- ;ngjgnificant to total inhibition, both between species
ing (Halpern and Kubie, 1984; Cooper and Burghardt, anq petween individual receptors in a single individ-

;99(). However, theinhibit'ion ofrespiratory frequency ;51 animal in some specieddnes and Milsom, 1979;

in response to upper aiway GOs greater after — poyej| et a1, 1988; Sundin et al., 20qTable J. The
vomeronasal nerve lesions in gartersnakes, suggestingnpinition is largely (but not completely) independent
that CQ-sensitive receptors in the vomeronasal organ ¢ ihe effects of the C@on pulmonary smooth mus-
of this species are excited by G@nd elicit a reflex e tone, and it is unknown whether these effects result
increase in breathing frequencgdates and Ballam,  fom changes in pH or C&(Milsom, 1995; Sundin et
1989 (Table . al., 2003.

2.3. Intra-pulmonary chemoreceptors (IPC)
3. Whole animal responses

Intrapulmonary chemoreceptors (IPC) have now
been described inthe lungs of several species of reptiles3.1. Steady state responses
and birds. They are located within the lung, innervated
by the vagus nerve and have discharge thatis inversely ~ While the response to environmental hypercarbia of
proportional to Pco,. The phylogenetic distribution  most air-breathing vertebrates is a robust increase in
of IPC suggests that this receptor group evolved after ventilation, this is not always the case. In many (but
mammals split from the reptilian stockify. 1). They not all) lizards and snakes, for instance, while low lev-
have not been found in amphibiadifsom and Jones,  els of environmental C®almost always cause ven-
1977; Kuhlmann and Fedde, 1979; Furilla and Bartlett, tilation to increase, breathing is depressed by higher
1988 or mammals Kunz et al., 197%and their pres- levels of environmental C£(>3%) (lizards Boelaert,
enceinturtlesis questionabliophes and Milsom, 1979;  1941; Nielsen, 1961; Templeton and Dawson, 1963;
Ishii etal., 1986; Sundin et al., 20pThey are present  Pough, 1969; Ballam, 1984; Klein et al., 2082akes,
in birds (seeScheid and Piiper, 198fr review) and Glass and Johansen, 1976; Gratz, 1979; Coates and
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tors that are inhibited by increasing levels of £0
high levels of environmental hypercarbia act on these
chemoreceptors to elevate tidal volume and reduce
breathing frequencyHedde et al., 1977; Furilla and
Bartlett, 1988 (Table 1. All air-breathing vertebrates
appear to possess slowly adapting pulmonary recep-
tors. In those in which this mechano-receptor dis-
charge is C@-sensitive, high levels of intrapulmonary
CO;, also elevate tidal volume and reduce breathing
frequency Jones and Milsom, 1982 Table 1. All
air-breathing vertebrates also appear to possess upper
airway chemoreceptors in the nasal epithelium whose
discharge is stimulated by GGand continuous (but
not phasic) hypercarbia acts on these receptors to dra-
Fig. 2. (A) Ventilatory flow (upper trace) and G@omposition of matically inhibit breathing frequency with little effect
gas entering the external nares (lower trace) in the tegu lizard il- gn tidal volume Eig- 3 Table ]) (Coates and Ballam,

lustrating the effect of inspiring CO (B) Ventilatory flow before, 1987, 1989 Ballam and Coates, 1989: Coates et al
during, and after infusing C£into the gut of a tegu lizard illustrat- ! ’ ’ §

ing the effect of increasing levels of metabolically produced,CO 199])' Fma”y' snakes at least, also appear to possess

(Ballam and Donaldson, 1988; Ballam and Coates, 1989 a further group of vomeronasal receptors that produce
an increase in breathing frequency and ventilation in

Ballam, 1989; Andrade et al., 2004n general, CQ response to environmental hypercarb@oétes and

increases tidal volume, but the higher concentrations Ballam, 1989 (Table 1. Depending on the balance,
usually decrease breathing frequency and total ventila- environmental hypecarbia may give rise to a wide spec-
tion (Fig. 2). In the tegu lizard, in which increasing trum of responses ranging from an increase, to no
levels of inspired CQ significantly decrease venti- change, or even a decrease in ventilation.
lation, venous C@ loading (to simulate an increase
in metabolic CQ production) dramatically increased 3.2. “Post-hypercapnic hyperpnea”
ventilation Ballam and Donaldson, 1988ndicating
that the route of C@ administration is important in In many species, return from hypercarbia to air is
determining the nature of the respons&( 2). accompanied by a marked transient increase of ven-
From these and other studies, itis clear that there aretilation relative to values during hypercarbic expo-
varying degrees of opposing excitatory and inhibitory sure Eig. 4). Thus, in the South American lungfish,
influences during environmental hypercarbia, arising Lepidosiren paradoxéSanchez and Glass, 2001he
from different receptor groups (systemic arterial versus anuran amphibianRana catesbeiangKinkead and
airway) in different species of air-breathing vertebrates. Milsom, 1996, the lizardsCrotaphytus collarisLac-
The net effect of these inputs on total ventilation results erta viridis andUromastyx aegypticudielsen, 1961,
from the relative strengths of each input. Differences Templeton and Dawson, 1963; Klein et al., 2D@ad
in the ventilatory responses to GOf various species  the snakesAcrochordus javanicysColuber constric-
are now thought to be due to differences in afferent tor andCrotalus durissugGlass and Johansen, 1976;
sensitivities and/or differences in central nervous sys- Nolan and Frankel, 1982; Andrade et al., 2))04
tem processing of afferent information from different an immediate relative hyperpnea is seen when in-
receptor groupslable ). spired hypercarbic gas is replaced with a normocar-
All air-breathing vertebrates are believed to pos- bic gas mixture, an effect termed the “off-response”
sess peripheral arterial chemoreceptors and centralor post-hypercapnic hyperpnea. This off-response has
CO,/H*-sensitive receptors. Stimulation of these re- been interpreted to suggest that during conditions
ceptors elevates ventilation (sééilsom, 1998 for of environmental hypercarbia, the stimulating effect
review) (Table 1. As mentioned earlier, birds and of systemic hypercapnia is, at least in part, masked
diapsid reptiles possess intrapulmonary chemorecep-by an inhibitory effect of tonically elevated airway
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Fig. 3. Intrapulmonary pressure (upper trace) ventilatory flow (mid-
dle trace) and C®composition of gas entering the external nares
(lower trace) in the tegu lizard illustrating the effects on breathing
when CQ is (A) held constant or (B) pulsed at the same mean con-
centration through the upper airwayallam and Coates, 1989

COy (Boelaert, 1941; Nielsen, 196empleton and

195

diately, while the excitatory effect of elevated systemic
CO, persists until a new steady state is attained.

If this interpretation is correct, then the post-
hypercapnic hyperpnea should be greater in instances
where both the excitatory effect of the systemic hyper-
capnia (i.e. the level of C&) and the inhibitory effect
on airway CQ-sensitive receptors (as indicated by the
reduction in steady state breathing frequency during
sustained hypercarbia) were greater. The literature con-
tains reports suggesting both that thereTisnipleton
and Dawson, 1963; Andrade et al., 2D(Hig. 4 and is
not (Nielsen, 1961; Nolan and Frankel, 19&2corre-
lation between the level of environmental hypercarbia
and the magnitude of the response to;C&moval. In-
terestingly,Klein et al. (2002)found that there was a
correlation when the data were expressed in absolute
terms, but not when the data were expressed in relative
(proportionate) terms. Why consistent results have not
been found in all studies is hard to say but this may re-
flect the kinetics of the receptor responses. Itis possible
that receptor kinetics are such that there is a maximum
response that can be produced and in some species this
is produced at lower levels of inspired @@asking
this correlation.

If the responses seen during the first minute of the
“off-response” are an accurate indication of the “un-
masked” level of excitation being provided by sys-
temic (arterial and central) chemoreceptors, the “off-
response” may be a useful tool to examine the net ef-
fect of airway CQ on ventilatory responses in all ver-
tebrates. We have attempted to do this with data taken
fromthe literature ifrig. 5. Here we see thatin the frog,
gecko and rattlesnake, total ventilation only increased
modestly during hypercarbia, but there was a further
increase in ventilation during the first minute of the
post-hypercapnic hyperpnea, a time when arterial lev-
els of CQ would be elevated but declining. Inthe gecko

Dawson, 1963; Nolan and Frankel, 1982; Coates and and rattlesnake, both breathing frequency and tidal vol-

Ballam, 1989; Kinkead and Milsom, 1996; Klein et
al., 2002; Andrade et al., 20pAVhen animals begin
to breathe normocarbic air again, arterial Clévels
will still be elevated for some time but the level of
CQO in the airways will be elevated only during expi-
ration. Arterial levels of C@Qand end-expiratory levels
of CO, will fall slowly as whole body CQ stores are
lowered and CQis eliminated, whereas inspired GO
levels will fall immediately. Thus, the inhibitory effect
of tonically elevated airway Cgis eliminated imme-

ume were reduced during hypercarbia by the inhibitory
effects of airway CQ, and the net effect of removing
upper airway inhibition was extremely large. On the
other hand, while the caiman responded to inhalation
of COy in a very similar fashion to the rattlesnake (a
decrease in breathing frequency and a large increase in
tidal volume), both variables returned towards normo-
capnic levels immediately when the @®as removed;
there was no “off-response”. Similar results have been
recorded in the lizardJromastyx aegyptius/here it
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Fig. 4. Ventilatory flow (upper trace) and G@omposition of gas entering the external nares (lower trace) in a rattlesnake illustrating the post-
hypercapnic hyperpnea in ventilation that occurred during the return to air after breathing various levejs Bh€8witch back to breathing
air occurred at time 0Andrade et al., 2004

was attributed to faster washout of g@om blood, slightly decreased total ventilation. Introducing £0

lungs and airways due to increased pulmonary perfu- to the lungs, bypassing the mouth, produced less of

sion and ventilationKlein et al., 2002. Finally, in the a decrease in breathing frequency but, it also pro-

turtle (as in mammals) the initial response to inhaled duced an increase in tidal volume similar to that seen

COyis quite robust and ventilation immediately returns  when the CQ was inspired through the noseig. 6).

to normal on return to normocapnia. This suggests that COacting on upper airway re-
ceptors may partially inhibit breathing frequency in
the tegu lizard Ballam, 1985; Coates and Ballam,

4. Relative roles of the different receptor 1987, but has no effect on tidal volume. Part of the
groups reduction in breathing frequency and all of the in-
crease in tidal volume arose from receptors within the

Just as the response to inhalation of C€an be lungs or vascular system, most likely from inhibition of

highly variable, the relative roles of different receptor intrapulmonary chemoreceptor€dates and Ballam,
groups in producing these responses are also highly 1989.
variable. The data indicate that inhibition of the hyper- In the South American rattlesnake, neither the
capnic ventilatory response arises from different sites steady state response, nor the post-hypercapnic hyper-
in different speciesHig. 6). pnea arose from receptors in the upper airways. When
In the American bullfrog, experiments in which the upper airways were bypassed, there was a greater
the olfactory nerve was transected revealed that thefall in breathing frequency and total ventilation than
response to inhaled GQncreased to levels similar  when they were notHig. 6). This suggests that, in this
to, or exceeding, those seen during the “off-response” species, all inhibition arises from receptorsin the lungs,
(Kinkead and Milsom, 1996 These data suggest that a conclusion consistent with several other studies from
all of the inhibitory effect of inhaled C&on ventilation other species that have shown that vagotomy, which
arose from the upper airwaygig. 6). removes feedback from lung receptors but not upper
In the tegu lizard, inhalation of COdecreased  airway receptors, eliminates the post-hypercapnic hy-
breathing frequency, increased tidal volume and perpneaBoelaert, 1941; Nielsen, 1961; Templeton and
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Fig. 5. Comparison of the relative changes in breathing frequency (fR), tidal voMmei(d total ventilation ¥g) that occurred in various
species during steady state exposure to 5% &wvell as during the first minute after the return to breathing air (posf-Gdndred percentage
represents the values for each species while animals were breathing air. Frog dat&ismkead and Milsom (1996 gecko data from Milsom
et al. (unpublished), rattlesnake data frémdrade et al. (2004aiman data from Tattersall et al. (unpublished) and turtle data Kdsom
and Jones (1979)

Dawson, 1963; Gatz et al., 1975; Glass and Johansen5. Functional significance
1976; Nolan and Frankel, 1982; Andrade et al., 2004
It is interesting to note that in garter snaké€xnates These observations beg the question, “Why are there
and Ballam, 198) total ventilation was depressed by so many different C@sensitive receptors in different
hypercarbia due to upper airway receptors, whereas inlocations with different degrees of GGensitivity"?
rattlesnakes, breathing is modestly elevated without up- The interactions between the various receptor groups,
per airway receptor involvement. particularly inthe reptiles, appear designed to produce a
Finally, in the turtle, where the response to in- robustresponse to metabolically produced@yper-
haled CQ is robust, bypassing the upper airways does capnia), with only a very modest or even inhibitory re-
not produce any change in the ventilatory response sponse to environmental GGhypercarbia). Does this
(Milsom and Jones, 1980 simply reflect the fact that hypercarbia is not commonly
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Fig. 6. Comparison of the relative changes in breathing frequency (fR), tidal volp)ex(d total ventilation ¥g) that occurred in various
species during inhalation of 5% G®ia the external nares (5% GlDas well as during the first minute after the return to breathing air (pos)CO
and when inspired either bypassing the nares or with the olfactory nerve denervated ¢594uB@s only). Hundred percentage represents
the values for each species while animals were breathing air. Frog data i«inteead and Milsom (1996)egu data fronBallam (1985)
rattlesnake data frofAndrade et al. (2004pnd turtle data fronMilsom and Jones (1979)

found in nature by these animals and, thus, the responsemental CQ levelsrise. Thus, ithas been postulated that
to hypercarbia is an anomalous response of a systemstimulation of olfactory chemoreceptors by changes
designed for other functions? Or, is there some biolog- in CO,/H* might function to inhibit breathing when
ical significance to the hypercarbic response? the ambientPco, is higher than levels in the systemic
blood, reducing CQ uptake while the animals seek
5.1. Olfactory receptors and avoidance responses fresh air Coates and Ballam, 1987As such, CQ/H*
chemosensitive olfactory receptors may serve as the af-
In all air-breathing vertebrates, olfactory receptors ferent limb of a defensive reflex that initiates reduced
appear to have no influence on resting ventilation when ventilation or breath holding, while animals seek a bet-
environmental CQ levels are low. In species such as ter environment. Such responses have also been pos-
frogs, lizards and some snakes, these receptors inhibittulated to occur in fish as a defensive reflBxfleson
breathing and prolong breath holding when environ- et al., 1992. Hypercarbia is not uncommon in aguatic
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environments and retention of such a reflex in some true and feedback from these receptors will also act to
terrestrial animals would not be surprising. One might prevent CQ loss under conditions where breathing is
predict that these receptors, and this response, wouldelevated, such as during certain behavioural displays.
be more strongly developed in species that encounter,

and can choose to avoid, hypercarbic environments. 5.4. Phylogenetic trends

In situations where they cannot avoid the hypercarbia,
however, these reflexes will be in conflict with excita-
tory respiratory responses.

In amphibians, it would appear that there are only
two groups of C@-sensitive airway receptors, the ol-
factory receptors and the PSR. The net effect of inspir-
ing CO, on these two groups is a function of the net
inhibition of breathing due to olfactory receptor stimu-

While no role for the modulatory effects of the lation and the change in pattern resulting from inhibi-
vomeronasal receptors on respiration has yet been pro-tion of PSR discharge. While there are too few data to
posed, it has been suggested that the receptors found irdraw firm conclusions, it appears that the net effect in
the nasal epithelium may function to detect changes in frogs, is slower, deeper breathing (enhanced “faveolar”
environmental CQoriginating from prey or predators, ventilation) during hypercarbia followed by a signifi-
especially in confined burrow8éllam, 1985; Coates  cant post-hypercarbic rebound that would serve to flush
and Ballam, 1987, 19§9Why this should lead to anet  the lungs on return to breathing fresh air(kead and

5.2. Prey detection

inhibition of breathing and change in breathing pattern
is not at all clear. While this may reduce the frequency
of body wall movements, making the waiting preda-
tor, or alerted prey, more difficult to detect, the size of

Milsom, 1996. While it is tempting to ascribe this to

a diving life style, where internal C{build-up would

be expected, this response is primarily due to stimula-
tion of the olfactory receptors that would continue to

each breath and associated body wall expansion thatbe ventilated by buccal pumping even during breath-
occurs when they do breathe is enhanced. This would holding.

also seem to be inconsistent with the proposal that the  The chelonians and mammals arose from the stem
vomeronasal chemoreceptors are involved in the chem-reptiles at about the same time. Interestingly, olfac-
ical sensing associated with feeding and prey tracking, tory receptors appear to have little effect on overall
since stimulation of these latter receptors excites ven- ventilation in either group, and the effect of g@n
tilation (Halpern and Kubie, 1984; Coates and Ballam, PSR discharge does not lead to much change in net

1989; Cooper and Burghardt, 1990
5.3. Control of breathing pattern

One role of CQ/H* chemosensitive pulmonary re-
ceptors (IPC and PSR) may lie in the regulation of
breathing pattern to enhance the efficiency of,@®-
cretion under conditions of environmental hypercarbia.
Both PSR and IPC contribute to inspiratory termination
(Banzett and Burger, 1977; Milsom et al., 198CO;

ventilation. For these groups, there is little difference
between ventilatory responses to hypercapnia and hy-
percarbiaBallam, 1985; Coates and Silvis, 199%he
two groups in which we see the most profound differ-
ence between ventilatory responses to hypercarbia and
hypercapnia are the diapsid reptiles and the birds. These
groups also both have IPC.

In the diapsid retiles there is tremendous variation
in the extent to which ventilation is affected by olfac-
tory COp-sensitive receptor stimulation, as well as in

reduces discharge of both receptor groups and acts tothe magnitude to which respiratory pattern is altered

prolong inspiration, increasing tidal volume and de-

by increasing levels of intrapulmonary GQncreas-

creasing breathing frequency. This acts to reduce deading levels of environmental C£may inhibit total ven-

space ventilation under any condition in which pul-
monary CQ is elevated. The extent to which this is of
benefit to an animal will be a consequence of the mag-
nitude of the ventilatory dead space, and the extent to
which changes in pattern are offset by net changes in

tilation (tegu lizard) Ballam, 1983 or lead to modest
(rattlesnake) Andrade et al., 20Q4or robust changes
in total ventilation (caiman) (Tattersall, G.J., Andrade,
D., Abe, A.S., Brito, S., Milsom, W.K., unpublished).
Compared to the pattern of ventilation seen during

the level of total ventilation. The opposite will also be the “off-response”, which is believed to more closely
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mimic the response to metabolically produced,CO hypocapnia@sborne et al., 19%7Here the CQ sen-
however, in all cases the pattern of breathing is altered sitivity of both PSR and IPC would act to decrease tidal
in a manner that would increase relative faveolar ven- volume and increase breathing frequency wherp CO
tilation (Figs. 5 and & In animals with large saccular levels are low, preventing alkalosis during the hyperp-
lungs, this not only reduces dead space ventilation but nea associated with thermal polypnea and behavioural
also flushes the lungs and air sacs. On return to breath-displays.
ing air, the post-hypercarbic response (off-response) In conclusion, it would appear that olfactory re-
would further refresh the air in the lungs. Finally, ceptors have evolved to inhibit breathing and prolong
in situations where levels of CCfall (hypocapnia), breath holding as a defensive strategy when environ-
this would act to decrease tidal volume and increase mental CQ levels are high. They give rise to reflexes
breathing frequency, concentrating air flow to the more that are retained in some, but not all species of lower
highly developed gas exchange portions of the lung vertebrate. PSR evolved to terminate inspiration and
that surround the opening of the trachea and primary promote expiration (amongst other things). £&&n-
bronchi. sitivity allows PSR to alter breathing pattern to reduce
In birds, what little data there are suggest that ol- dead space ventilation when @@vels are high. How-
factory receptors play little or no role in the control ever, the degree of GOsensitivity of PSR is highly
of ventilation. IPC do appear to contribute to changes variable. IPC appear to have evolved to perform sim-
in breathing pattern during hypercarbia, but given the ilar tasks, but their increased GQensitivity allows
mechanics of ventilation in birds, this would have less them to not only reduce dead space ventilation when
effect on dead space ventilatioBgheid and Piiper, intrapulmonary CQlevels are high, but serve as a ve-
1986. In birds, however, the IPC appear to take on nous CQ receptor, at least transiently when levels of
new roles. Birds are unique in that the portion of the metabolically produced Cf{begin to rise, and prevent
lung associated with producing airflow, and the gas alkalosis during hyperpnea/polypnea, and may have
exchange surface, have become separated into the aicontributed to the evolution of the thin air/blood bar-
sacs and lungs respectively. With this change, the lungsrier associated with the rigid avian lung. The presence
have become rigid and this appears to have allowed theof all three groups of receptors in most of the rep-
blood gas barrier to become thinner, greatly increasing tiles, however, with different degrees of @®ensitiv-
the anatomical diffusion capacity of the lunBdrry ity, gives rise to what appear to be anomalous responses
and Duncker, 1980 The IPC largely take over the to increasing levels of inspired GOThe biological
role of the PSR in this rigid lung where they moni- significance of these responses is still not clear, and
tor the washout or dilution of C®in the respiratory ~ may not be clear until more is known about the oc-
passages during inspiration, which is a function of the currence of environmental hypercarbia for any of these
rate and depth of each inspiratioBoheid and Piiper,  species and experiments are run under more natural
1986. conditions where animals are free to choose what they
It has also been suggested that IPC may contribute breathe.
to the hypercapnic ventilatory response and, in partic-
ular, that these receptors might be able to monitop CO
flux from venous blood into the pulmonary space and Acknowledgements
act as a venous CQOeceptor Fedde et al., 1982As
such, they could act to minimize or even eliminate any ~ We would like to acknowledge the contributions of
increase in R@0, arising from increased metabolic Peter Scheid to this field, and to the intellectual devel-
CO;, production. This, however, might be a transient opment of the authors. Peter, and the grouptiGgen
effect of changes in breathing pattern in which tidal in the 1970s and 1980s, created an environment that
volume increases faster than breathing frequency de-stimulated and promoted interaction and the free ex-
creases. Presently there are data to both suppedde change of ideas. The many conferences and collabora-
et al., 1982 and refute this hypothesi#/flsom et al., tions that they sponsored promoted the development of
1981). The extent to which IPC may perform a unique this field to an extent that would not have been possible
function may be in eliciting ventilatory responses to otherwise. We are indebted to him.
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