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Central Chemoreceptors: Locations and Functions
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ABSTRACT
Central chemoreception traditionally refers to a change in ventilation attributable to changes in
CO2/H+ detected within the brain. Interest in central chemoreception has grown substantially
since the previous Handbook of Physiology published in 1986. Initially, central chemoreception
was localized to areas on the ventral medullary surface, a hypothesis complemented by the
recent identification of neurons with specific phenotypes near one of these areas as putative
chemoreceptor cells. However, there is substantial evidence that many sites participate in cen-
tral chemoreception some located at a distance from the ventral medulla. Functionally, central
chemoreception, via the sensing of brain interstitial fluid H+, serves to detect and integrate in-
formation on (i) alveolar ventilation (arterial PCO2), (ii) brain blood flow and metabolism, and
(iii) acid-base balance, and, in response, can affect breathing, airway resistance, blood pressure
(sympathetic tone), and arousal. In addition, central chemoreception provides a tonic “drive”
(source of excitation) at the normal, baseline PCO2 level that maintains a degree of functional
connectivity among brainstem respiratory neurons necessary to produce eupneic breathing. Cen-
tral chemoreception responds to small variations in PCO2 to regulate normal gas exchange and to
large changes in PCO2 to minimize acid-base changes. Central chemoreceptor sites vary in func-
tion with sex and with development. From an evolutionary perspective, central chemoreception
grew out of the demands posed by air versus water breathing, homeothermy, sleep, optimization
of the work of breathing with the “ideal” arterial PCO2, and the maintenance of the appropriate
pH at 37◦C for optimal protein structure and function. C⃝ 2012 American Physiological Society.
Compr Physiol 2:221-254, 2012.

Introduction
Central chemoreception refers to the detection of changes in
CO2/H+ within the brain and the associated effects on breath-
ing. In the conscious animal the response of ventilation to
changes in brain interstitial fluid (ISF) pH is very sensitive
(65,200). Figure 1 shows the relationship of alveolar ventila-
tion to cerebrospinal fluid (CSF) pH in a single conscious goat
subjected to both chronic acid-base disorders and acute CO2

inhalation. Note that a small change in CSF pH from 7.30 to
7.25 is associated with a doubling of alveolar ventilation; it
is a very sensitive homeostatic response (65, 200). Note also
that the relationship of alveolar ventilation to ISF pH is es-
sentially the same for both types of stimulation, metabolic
acid-base disorders and primary CO2 stimulation. The tradi-
tional concept of the function of central chemoreception is that
it, along with peripheral chemoreception at the carotid body,
(i) regulates arterial PCO2 within normal limits in response
to primary changes in CO2 and (ii) regulates blood and body
pH in response to acid-base disturbances (168). The primary
signal detected is thought by most to be pH either within or at
the membranes of sensor cells although recent data suggests
that CO2 itself can participate via glial activation (109) (see
Cellular Basis of CO2 Sensitivity in Neurons/Glia in Compre-
hensive Physiology). In the first case, the pH change arises
from a primary alteration in the ratio of alveolar ventilation to
CO2 production, which affects PCO2 and pH bringing about
a ventilatory response that acts to correct the disturbance;

in the second case the pH change arises from a metabolic
or renal alteration in H+ ion balance, which affects ventila-
tion and as a result PCO2 in a manner that acts to minimize
the initial H+ disturbance. In the first case, chemoreceptor
stimulation minimizes a primary disturbance in PCO2; in the
second case, it changes PCO2 essentially using ventilation to
minimize changes in pH of metabolic origin.

In this article, we ask the following questions about cen-
tral chemoreception: (i) where are central chemoreceptors?
What kinds of neurons are involved? Are glia involved? (ii)
What are the functions of central chemoreceptors? Are they
limited to arterial PCO2 and acid-base homeostasis? (iii) How
did central chemoreception evolve? Is there a unifying theory
to explain how pH sensitivity, a ubiquitous property of pro-
teins, is channeled by the whole organism to function in an
integrative manner? We will not discuss specific mechanisms
of pH detection but will discuss generic theories of such. Our
emphasis in this article, as in our own experimental approach,
is on data obtained on the whole animal, especially in the
unanesthetized animal studied in wakefulness and sleep. We
are systems physiologists and our goal is to understand how
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Figure 1 The response of alveolar ventilation to CO2 inhalation in
normal acid-base conditions (X) as well as in chronic metabolic acidosis
(solid triangles) and alkalosis (solid circles) in a conscious goat. Fencl
et al., Am. J. Physiol. 1966 (65), used with permission.

central chemoreception operates within the awake (or sleep-
ing) animal and the description of this function is the goal
of this article. One axiom for our work is the fact that anes-
thesia profoundly depresses chemoreception thus making it
difficult to interpret the physiological significance of findings
obtained under anesthesia and making it impossible to un-
derstand central chemoreceptor function in different arousal
states. Figure 2 shows the relationship of alveolar ventilation
to arterial PCO2 in a conscious goat comparing the response
in the unanesthetized state to that following light anesthesia
(200). Note the marked decrease in response sensitivity. Ef-
fects of anesthesia on studies of the control of breathing have
long been recognized. For example, lesions of the pontine
regions involved in the control of breathing have large effects
on the breathing pattern when studied under anesthesia. The
animals breath more slowly and with larger breaths (62). But
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Figure 2 Effect of light anesthesia on the ventilatory response to
inhaled 2.56% and 5.6% CO2. While breathing 5.6% CO2, 10 mg/kg
sodium pentothal was injected through a catheter in the jugular vein.
Subsequent measurements were made during the last 5 min of a 15-
min period of anesthesia. Pappenheimer et al., Am. J. Physiol. 1965
(200), used with permission.

when such lesions are placed and then studied in unanes-
thetized animals there is little effect unless the animal is once
again anesthetized (243)

Central chemoreception has been the focus of many recent
reviews (32, 87, 88, 173, 179, 207), the 2010 Comroe Lecture
(179), a Mini series of nine papers in the Journal of Applied
Physiology (42), and a Special Issue in Respiration Physiol-
ogy and Neurobiology (189). The related topic of brain and
CSF acid-base regulation has also been recently reviewed
(166, 167, 169).

The Location of Central
Chemoreceptors
Background and history
Central chemoreceptors, first localized to areas on the ven-
tral surface of the medulla, now are thought to be present
in many locations within the brainstem, cerebellum, hy-
pothalamus, and midbrain (135,145,146,160,168,228,259).
Figure 3 shows at left the classic view of the location of
central chemoreceptors on the ventral medulla with shaded
areas outlining the three traditional areas (rostral, interme-
diate, and caudal) while on the right of the current view of
the location of central chemoreceptor areas in a variety of
sites is summarized (28,63,130,168,171,173). Leuson (135)
showed in 1954 that application of acidic fluids within the
cerebral ventricles produced an increase in breathing thus
demonstrating the presence of central chemoreception. Sub-
sequent application of such fluids to different locations led
to the discovery of two regions of the ventral medullary sur-
face that were proposed as the central chemosensitive areas
(145, 160, 259). The two areas included a rostral area located
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Figure 3 Locations of central chemoreceptors; the classic view: chemoreception located at ventral medullary surface (left panel) and the current
view: chemoreception is widely distributed in hindbrain (right panel). Abbreviations: R, rostral; M, middle; C, caudal; LHA, lateral hypothalamus;
DR, dorsal raphe; FN, fastigial nucleus; 4v, fourth ventricle; LC, locus ceruleus; 7N, facial nerve; cNTS, caudal nucleus tractus solitarious;
AMB, ambiguous; VII, facial nucleus; SO, superior olive; PBC, pre-Bötzinger Complex; rVRG, rostral ventral respiratory group; cVLM, caudal
ventrolateral medulla; RTH/pFRG, retrotrapezoid nucleus/parafacial respiratory group; and Pn, pons [modified from Figure 1 in Nattie (168)
and used with permission].

approximately at the rostral-caudal level of the more deeply
located facial nucleus and a caudal area located approximately
at the level of the hypoglossal nerve rootlets. This discovery
and its schematic depiction has held an almost mystical sway
on respiratory physiologists. However, these initial experi-
ments were performed under anesthesia and required large
pH changes to obtain effects on breathing. Questions were
raised as to whether the cells involved in sensing these pH
changes might be located more deeply within the medulla, an
idea that is compelling given the anatomy of medullary blood
vessel distribution, namely, that the vessels originate on the
ventral surface and penetrate into the medulla, and the pres-
ence of Virchow-Robins spaces, invaginations along blood
vessels penetrating from the ventral surface that allow CSF

(and acidic pH fluids) easy access to deeper sites [see (167)].
Figure 4 shows a view of the ventral medulla, the blood ves-
sels filled with a visible dye, that demonstrates the profuse
vascular network on the surface, which penetrates dorsally
into the medulla. No cell is far from a source of blood supply.

Cells responsive to pH changes and located more deeply
within the medulla were described in vivo (7, 111, 124) and
in vitro in medullary slices with focal localization within the
caudal aspect of the nucleus tractus solitarius (NTS) (41) an
interesting location in that this region is a primary relay site
for afferents arising from the peripheral chemoreceptor, the
carotid body. The issue of whether or not central chemore-
ceptors were solely located at one site just beneath the ventral
medullary surface was fully opened to scrutiny by the findings
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(A)

Figure 4 A confocal image of arteries filled with fluorescein-tagged
albumin (red) and serotonergic neurons stained with anti-TPH anti-
body (green). (A) TPH-IR neurons and arteries seen in on the ventral
surface of the medulla en bloc; filled vessels include arteries and some
veins. [Adapted with permission from Macmillan Publishers Ltd: Nature
Neuroscience (20), 2002.]

of Coates et al., (28, 29). Initially, Coates was asking whether
acetazolamide, a known respiratory stimulant, produced its
effects in the brainstem by simply applying it to the ven-
tral medullary surface in anesthetized animals (29). Phrenic
nerve activity, the measure of ventilatory output, increased
and tissue pH decreased at the site of acetazolamide appli-
cation; the mechanisms by which acetazolamide increases
ventilation include stimulation of central chemoreceptors by
a brain tissue acidosis. Acetazolamide was then applied by
microinjection at a variety of regions to ask if specific sites
would, when acidified by the focal injection of acetazolamide,
increase ventilatory output (28). One nanoliter injections of
acetazolamide (5-10 µM) into the brainstem of anesthetized
cats and rats in vivo decreased tissue pH in a focal, localized
manner with a measured stimulus intensity like that associ-
ated with a 36 mm Hg increase in arterial PCO2 and a region
of decreased pH limited to within 350 µm from the center of
the injection. Using focal acetazolamide injections as a probe
for central chemoreceptor sites, ventilatory responses to in-
jections were uncovered at the: (i) ventrolateral medullary
surface (within 800 µm of the surface) at locations dorsal to
the traditional rostral and caudal chemosensitive areas, (ii)
nucleus tractus solitarii, (iii) locus coeruleus, (iv) rostral as-
pect of the medullary raphé (raphé magnus), (v) pre-Bötzinger
complex (PBC) (239), and (vi) fastigial nucleus of the cerebel-
lum (126,271). While the stimulus intensity, although focally
applied, was large, and the use of a drug raised the issue
of nonspecific effects, these data nevertheless suggested the

presence of a widespread distribution of central chemorecep-
tor sites that can affect breathing in the anesthetized animal
in vivo. The presence of anesthesia likely explains the need
for such a large focal stimulus intensity.

The challenge then became to find a method to produce a
focal acidosis within specific brain regions in unanesthetized
animals, a difficult task in that blood flow can quickly clear
exogenously added CO2. Li et al., (138, 142) discovered that
by using reverse microdialysis with artificial cerebrospinal
fluid (aCSF) equilibrated with 25% CO2 together with a high
dialysis flow rate they could induce a steady-state situation
of CO2 delivery and removal by brain blood flow that pro-
duced a focal tissue acidosis. Under anesthesia, this approach
reduced tissue pH measured by microelectrode in situ by an
amount like that found with an increase in arterial PCO2 of
35 mm Hg with the region of acidosis limited to within 550
µm of the probe tip. In conscious rats, this same dialysis in
the retrotrapezoid nucleus (RTN; see below) decreased focal
pH measured within 200 µm of the dialysis probe by much
less, an amount equivalent to that induced by a 6.6 mm Hg in-
crease in arterial PCO2 (138). Dialysis with aCSF equilibrated
with 5% CO2 did not change brain pH. Figure 5 A shows a
schematic drawing of this setup, which allows measurement
of ventilation and metabolism during defined arousal states
with focal dialysis in specific brain regions. Figure 5B shows
an example of recordings of breathing made in wakefulness,
non-rapid eye movement (NREM) and rapid eye movement
(REM) sleep. Using the dialysis technique, the Forster lab
(99, 100) compared the pH change produced by dialysis of
aCSF equilibrated with different concentrations of CO2 in
vivo and in vitro. The pH change measured in vitro would re-
flect that throughout the unbuffered aCSF solution while that
in vivo would reflect in addition the powerful “buffer” effect
of local cerebral blood flow (CBF). The measured pH change
in vivo was on average about 20% of the in vitro change.
This observation plus the observed difference in the degree
of the brain tissue pH response to the same dialysis condi-
tions in the anesthetized versus in the conscious rat described
above underscores the importance of CBF in the clearance
of exogenous as well as of endogenous CO2. This technique
was applied in the conscious, unanesthetized rat to examine
putative central chemoreceptor sites using a physiologically
relevant stimulus, one that is equivalent to a 6.6 mm Hg in-
crease in arterial PCO2, focally applied at different regions.
Note also that this approach does not directly affect the pe-
ripheral chemoreceptor and can be applied in different arousal
states. The focal stimulus intensity is considerably milder than
that associated with using 5% or 7% inspired CO2 as a central
chemoreceptor stimulus. When breathing 7% CO2 the arterial
PCO2 in the conscious rat increased by 15 mm Hg and the
degree of brain tissue acidosis was double that observed with
focal acidification by dialysis (138).

Using this approach, eight putative central chemoreceptor
sites have been identified (Fig. 3): (i) the RTN (138, 142),
(ii) the rostral medullary raphe (MR) (raphe magnus) (99,
183), (iii) the caudal MR (99, 100) (raphe obscurus) indirectly
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Figure 5 Drawing of experimental setup including blow up of dialysis probe tip (A) and example of typical tracings (breathing, electroen-
cephalogram (EEG), and neck electromyogram (EMG)) in air and 7% CO2 during wakefulness (AW), nonrapid eye movement (NREM), and
rapid eye movement (REM) sleep (B).

via the RTN (47), (iv) the caudal NTS (184), (v) the region
just dorsal to the caudal ventral medullary surface (36), (vi)
the pre-Bötzinger region (126), (vii) the fastigial nucleus of
the cerebellum (154), and (viii) the orexin neuron containing
regions of the hypothalamus (Li N, Li A, Nattie, E; personal
communication). Thus a mild focal acidosis at many, but not
all, brainstem sites can stimulate ventilation.

The ventral medulla
Here, we focus on three specific anatomical regions within the
ventral medulla, which are likely the sources of chemosen-
sitivity for the initially described ventral medullary surface
chemosensitive areas.

Retrotrapezoid nucleus

The RTN a putative central chemoreceptor site of importance
is also related to the parafacial respiratory group (pFRG)
(197), which may be involved in rhythm generation. The role
of the RTN and the pFRG in rhythm generation is covered
elsewhere (see Mechanisms of Respiratory Rhythm Genera-
tion in Comprehensive Physiology).

The RTN was originally identified and named by Smith
et al. (238) as a cluster of neurons situated between the ven-
tral border of the facial nucleus and the ventral medullary

surface that was labeled by retrograde tracer after injection
into the dorsal and ventral respiratory groups (VRGs). At the
same time, we had observed in anesthetized cats (Fig. 6) a
dramatic decrease in phrenic nerve activity, often to apnea,
and a severely reduced response to increased CO2 and to hy-
poxia after a 10 nl injection of kainic acid (4.7 mM) (187)
at sites within 400 microns of the ventral medullary surface,
which appeared to be within the RTN as described by Smith
et al., (238). We subsequently explored this region in a se-
ries of studies initially in anesthetized then in unanesthetized
rats. Using kainic acid to produce lesions we showed that the
RTN contributes significantly to the CO2 response, more so in
anesthesia than in wakefulness (4,178,181,188). In conscious,
unanesthetized rats with prior unilateral kainic acid-induced
lesions of the RTN there is no detectable effect on baseline
resting breathing but the response to hypercapnia is reduced
by 39% (4) an effect that differs markedly from the apnea and
absent CO2 response observed in anesthetized animals with
similar lesions (181). In fact, the effect of RTN inhibition
or disruption on breathing under anesthesia was so powerful
that it precluded the design of experiments to be performed
in wakefulness as any perturbation performed while the rat
was anesthetized often prohibited recovery. The application of
different lesion producing techniques helped with this prob-
lem. First, taking advantage of the fact that the RTN is rich in
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Figure 6 The average response of integrated phrenic amplitude to
increased end-tidal PCO2 before (solid line) and after (dotted line) in-
jection of 100 nl kainic acid into the retrotrapezoid nucleus (RTN). These
rats were anesthetized initially with halothane followed by chloralose-
urethane. Mean +/− SEM values are shown (n = 4). [Reprinted from
Respiration Physiology, 97, Nattie EE, and Li A. RTN lesions decrease
phrenic activity and CO2 sensitivity in rats. 63-77, 1994, (181) with
permission from Elsevier.]

its expression of neurokinin 1 receptors (NK1R), injections
were made into the RTN of a conjugate of substance P (the
NK1R ligand) to the mitochondrial toxin, saporin (185,267).
The conjugate is internalized into RTN cells and with release
of saporin the cells are killed, a process that takes hours to
days allowing the rats to recover from anesthesia before RTN
cell death occurs. These rats had a 30% decrease in the CO2

response present both in wakefulness and in NREM sleep that
was associated with a 44% loss of NK1R immunoreactivity
in the RTN (185). These rats also had a decrease in ventila-
tion under resting conditions along with an increase in arterial
PCO2 indicating the loss of a tonic drive from RTN NK1R-
expressing neurons. Second, taking advantage of the fact that
RTN neurons express Phox2b (vide infra), injections of a
lentivirus construct containing the PRSx8 promoter specific
for Phox2b neurons along with allatostatin, the drosophila
receptor, were made into the RTN region (151). Postmortem
estimates via enhanced green fluorescent protein (EGFP) im-
munohistochemistry indicated 50% to 64% transfection of
RTN neurons. In conscious rats, specific inhibition by in-
jection of allatostatin reduced the CO2 response by ∼60%,
a substantial effect, without alteration of resting ventilation
(151). Other experiments substantiated this chemoreceptor
role for RTN neurons. The acute use of reverse microdialysis
with a gamma-amino-butyric acid (GABA)-receptor agonist,
muscimol, into the RTN of conscious rats inhibited the CO2

response (170) while focal GABA-receptor antagonism with
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Figure 7 Ventilation in absolute terms (A) and expressed as % base-
line (B) in unanesthetized rats (n = 7) dialyzed with 25% CO2 in the
retrotrapezoid nucleus during wakefulness (solid circles n = 13 trials)
and behaviorally defined sleep (open circles, n = 10 trials). Mean +/−
SEM values are shown. Control room air values were obtained before
and after 20-min period of dialysis. The four preexposure control values
were combined into single value. Ventilation during focal RTN acidi-
fication was significantly greater during wakefulness when expressed
in absolute terms or as % baseline. Note that ventilation increased to
24% of baseline. There was no response during sleep. Li et al., J. Appl.
Physiol. 1999, (142), used with permission.

bicuculline increased baseline ventilation (175) showing the
presence of a tonic GABAergic inhibition in the RTN of un-
known origin. And, focal acidification of the RTN in the rat
increased ventilation in wakefulness but not sleep by about
24% due to increases in tidal volume (Fig. 7) (142).

A series of parallel studies in conscious goats added
important information on the functional significance of
the rostral ventrolateral medulla (RVLM), a larger region
that included the RTN as well as portions of the nucleus
paragigantocellularis lateralis (PGCL) and the parapyramidal
neurons of the caudal midline raphe. Cooling of RVLM
neurons in goats by the placement of thermodes on the
surface had much smaller effects on baseline and CO2

stimulated breathing when the goat was awake as compared
to being anesthetized (71, 193). However, if the disruption
of the RVLM is substantial in size, for example, by bilateral
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coagulation or bilateral and large neurotoxin injections (226),
one can observe hypoventilation as well as reduced CO2

sensitivity, even in the unanesthetized state. It is not clear to
what extent these experiments affected other, deeper regions.
Overall, the effects of RVLM disruption on breathing are
more dramatic when studied under anesthesia and in the
absence of anesthesia, any remaining response to increased
CO2 in the presence of RVLM disruption likely originates
from other central chemoreceptor locations. Input to the
brainstem from sources other than central chemoreceptors
also likely contributes to the responses to RVLM disruption.
For example, cooling of neurons in the RVLM has a
slightly greater inhibitory effect on breathing in sleeping,
unanesthetized goats than in awake goats. And peripheral
chemoreceptor denervation together with surface cooling in
sleep produces long-lasting apnea (193). This suggests that
carotid body and the RVLM (and perhaps other sources)
together support respiration during sleep (193) (vide infra)

The Guyenet laboratory has studied the RTN region in
anesthetized rats and has identified the specific types of
neurons that account for the sensitivity to CO2/H+ along
with the afferent and efferent connectivity of the RTN
(82-84,88,162,220,244). With results similar to earlier work
from our laboratory (180) they showed that the activity of
RTN neurons is largely tonic but becomes more respiropha-
sic if CO2 is increased (85) and they demonstrated afferent
connections from a variety of brainstem sources (134) as did
others (33). They have also shown that RTN neurons project
to the main groups of brainstem respiratory neurons, respond
to CO2/H+ in vivo and in slice preparations in vitro, receive
functional afferent inputs from the peripheral chemoreceptor,
the carotid body (252), and from the posterior hypothalamus
(73), regions that are also chemoresponsive in vivo and in
vitro. This lab has made a substantial contribution to the study
of the RTN and central chemoreception via the identification,
thru a series of beautiful studies, of the chemical phenotype
of the RTN chemosensitive neurons. Figure 8 summarizes
some of their findings and demonstrates their approach. RTN
neurons that respond to CO2/H+ in vitro and in vivo express
the glutamate transporter VGLUT2 and the autonomic ner-
vous system fate-determining gene, Phox2b (120, 244), and
some RTN neurons also express galanin (245). This pheno-
type characterization has led to the development of interesting
ideas regarding chemoreception and the RTN and to exper-
iments in vivo that alter the function of these specific neu-
rons. For example, it has been shown via optical activation
of channelrhodopsin 2 targeted to RTN neurons that breath-
ing is stimulated, that is, these neurons can when selectively
activated increase breathing (1, 119, 151).

Recent work has begun to describe the genetic origins of
Phox2b RTN neurons (22,37,202). One genetic advance that
is directly pertinent to central chemoreception concerns the
congenital central hypoventilation syndrome (CCHS) (264).
Patients with CCHS have multiple autonomic nervous system
defects and have a severely decreased ventilatory response to
CO2. The syndrome does not cause death at birth or in early

postnatal life but is usually detected in young children often as
a result of the secondary sequellae of chronic hypoventilation
caused by intermittent hypoxia and hypercapnia or as a result
of other autonomic defects. The defect in the CO2 response
is more severe in sleep and most of these patients require
lifetime ventilatory support during sleep. Virtually all CCHS
patients have been found to express a defect of some kind in
the Phox2b gene most commonly a polyalanine expansion (5).
This gene has been labeled the master gene for the develop-
ment of the autonomic nervous system (22, 37). The fact that
RTN chemosensitive neurons express Phox2b (244) together
with this association of a Phox2b gene defect and a clinical
syndrome identified in part by an abnormal CO2 response is of
great interest. These associations along with the development
of a transgenic mouse (51, 52) with a polyalanine expansion
of the Phox2b gene that has very abnormal breathing and
absent CO2 sensitivity in the few hours of life before it dies
furthered this interest. That the Phox2b defect in this mouse is
in the RTN region led to the hypothesis that the RTN Phox2b
neurons are the sole or the most important central chemore-
ceptor neurons (51, 52, 83, 84). However, mice with severe
apnea and unstable breathing that die at birth and have, as so
far described, an isolated defect in only RTN Phox2b neurons,
are not the same as CCHS patients who have multiple defects
and, while expressing a severely reduced CO2 response, do
not die at birth (51, 52). The mouse model does imply that the
RTN is quite important in chemoreception in early postnatal
life when rodents are developmentally quite immature.

In a study by Takakura et al., (253), lesions of the RTN
were made using SSP-saporin (SSP is a modified substance
P moiety) and the lesion size measured using an anti-Phox2b
antibody, which showed up to 70% loss of RTN Phox2b neu-
rons. The rats with the greater cell loss, studied under anes-
thesia, had an increase in the apneic threshold, that is, after
hypocapnc apnea a higher baseline CO2 was required to ini-
tiate phrenic nerve activity. But once initiated the subsequent
increase in phrenic activity with further increases in CO2 was
not reduced. Figure 9 summarizes these data. Thus, a sub-
stantial defect in RTN Phox2b neurons did not affect CO2

sensitivity but did remove a tonic drive to respiratory out-
put, as studied under anesthesia. If we compare these data
to the results obtained in earlier experiments with lesions of
the RTN made using kainic acid and the rats studied under
anesthesia, there is a dramatic difference (181). The kainic
acid lesions, only on one side, resulted in the complete ab-
sence of the CO2 response (Fig. 4) while these SSP-saporin-
induced lesions constrained solely to RTN Phox2b neurons
did not alter the CO2 response slope but did shift the apneic
threshold. These data suggest that there are non-Phox2b RTN
neurons or non-RTN neurons participating in chemoreception
at the higher CO2 stimulus levels but that Phox2b RTN neu-
rons contribute to the resting drive to breathe at lower CO2

levels. The observations of Takakura et al., (253) allow a fur-
ther deduction. They showed that a specific lesion of NK1R-
expressing RTN cells and processes dramatically reduced the
number of RTN Phox2b-immunoreactive neurons. In previous
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C Method used to record from RTN neurons in vivo. D Effect of changing end-expiratory CO2 on the activity of an RTN neuron recorded in vivo
after intracerebral injection of the glutamate blocker kynurenic acid. The neuron still encodes the level of arterial CO2 despite the fact that the
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RTN neurons recorded in vivo illustrating the fact that a major portion of the dendritic domain of these cells resides within the marginal layer of
the ventral medullary surface. Guyenet, PG, J. Appl. Physiol. 2008, (82), used with permission.

experiments, we had injected SP-saporin into the cisterna
magna to affect a wide range of NK1R-expressing neurons
near the VLM surface (173). These rats exhibited a 79% re-
duction of RTN NK1R-ir, a very large lesion. In addition, they
had loss of NK1R-ir in other VLM locations, 65% in the A5
region, 38% in the MR, and 49% in the PBC. The CO2 re-
sponse was dramatically reduced by 61% in wakefulness and
up to 57% in NREM sleep and the level of baseline ventilation
was reduced by 8% to 9% in wakefulness and NREM sleep.
These results allow two conclusions: (i) NK1R-expressing
neurons and processes in the VLM participate importantly in
central chemoreception and (ii) even an ∼80% lesion of RTN
NK1R-ir neurons (presumably Phox2b-expressing based on
the Takakura et al., data (253) along with moderate lesions

in adjacent VLM cell groups could not abolish the CO2 re-
sponse in the conscious rat. The remaining response (∼40%
of the original) must arise elsewhere, either at other central
chemoreceptor sites or at the carotid body. The degree of par-
ticipation of the carotid body is likely compromised based on
the data of Takakura et al. (252) showing that carotid body
afferent traffic travels in part through the RTN as well as the
recent data supporting interdependence between central and
peripheral chemoreceptors (19, 233).

These studies of RTN function have all been carried out
using 6% inspired CO2 or greater as the stimulus, a choice
that may not reflect what occurs if a lower stimulus intensity
were applied (see below). A recent study examining the loca-
tion and function of the Task2 channel with quite unexpected
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results is relevant to this issue (78). First, the expression of
the Task2 channel was shown to be present only at a small
number of focal sites within the brain, one being the RTN.
The reasons for this are unclear. Transgenic mice with altered
Task2 channels were then studied the expectation presum-
ably being that the CO2 response would be diminished or
absent. Surprisingly, when studied with 2% to 3% inspired
CO2 the adult Task2 null mice had an exaggerated CO2 re-
sponse while when studied with 5% to 6% inspired CO2 their
CO2 response was reduced. Either the CO2/H+ response of
RTN neurons requires more than just Task2 channels and their
relative contribution varies with stimulus intensity or the RTN
contribution to chemoreception varies with stimulus intensity.

The RTN contains Phox2b expressing neurons involved in
chemoreception that are of crucial importance just after birth.

Under anesthesia, specific loss of function of Phox2b RTN
neurons affects the apneic threshold but not the sensitivity of
the subsequent response to CO2. Under anesthesia, nonspe-
cific kainic acid-induced lesions of the RTN region abolish
the CO2 response while in the unanesthetized awake state,
such lesions reduce but do not abolish the CO2 response. In
the unanesthetized rat, SP-saporin-induced lesions affecting
44% of RTN NK1R-ir neurons decreased the CO2 response by
30% while similarly induced lesions with measured effect on
Phox2b-ir had no effect on the CO2 response sensitivity under
anesthesia. In the unanesthetized rat, allatostatin-induced fo-
cal inhibition of ∼50% to 60% of RTN neurons decreased the
CO2 response by ∼60% without effect on resting breathing
(151). The effects of specific lesions on baseline breathing
and on the CO2 response in sleep await further experiments.
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Medullary raphe

The MR contains a prominent population (∼25%) of sero-
tonergic (5HT) neurons (32) and represents the caudal cluster
of these monoaminergic cells. The rostral cluster in the pons
projects mainly to more rostral brain structures and is con-
cerned with the functions of these neurons while the caudal
cluster projects to spinal cord as well as to other brainstem
sites and is more concerned with the functions of these regions
including the regulation of breathing and central chemorecep-
tion (20, 32, 101-103, 217-219). In 1995, Richerson (216), in
a study using medullary slices in vitro to look for neurons
responsive to acidic stimulation in the rostral ventral medulla,
described CO2/H+ responsive neurons at two locations, one
possibly within the subsequently described RTN region, the
other in the midline raphe. In anesthetized rats in vivo, focal
acidification of the midline raphe by microinjection of ac-
etazolamide increased respiratory output (15) indicating the
presence of functionally significant chemoreception, a result
substantiated shortly thereafter by focal acidification in con-
scious rats (183) and goats (99, 100) by reverse microdialysis
of aCSF equilibrated with increased CO2. Nonspecific in-
hibition of the MR by dialysis of muscimol decreased the
CO2 response (255). Thus the MR became a putative central
chemoreceptor site.

The neuron type within the MR responsible for chemore-
ception has been identified as serotonergic (Fig. 10). Record-
ings from slice preparations with subsequent anatomical
verification, from 5HT cells in culture, and from neurons
transgenically labeled as serotonergic all show a specific in-
crease in activity of 5HT neurons to increased CO2/H+ and, in
some neurons, a decrease in activity (32,216-219). Medullary
5HT neurons exhibit an inherent sensitivity to CO2/H+. Data
obtained in vivo support a role for medullary 5HT neurons
in chemoreception. As mentioned above, focal acidification
increases ventilatory output and this effect, in rats, is via an in-
crease in breathing frequency (183) while a similar effect in
the nearby RTN is via an increase in tidal volume (142). Spe-
cific inhibition of 5HT neurons by dialysis of 8-OH-DPAT
(254), a 5HT1A receptor agonist thought to inhibit 5HT neu-
rons, decreases the CO2 response as do specific lesions of
5HT neurons by the conjugate of an antibody to the serotonin
transport protein (SERT) and the toxin saporin (anti-SERT-
saporin) (186).

Three sets of observations are of particular interest in re-
spect to the physiological function of 5HT neurons in central
chemoreception; those related to (i) age dependence and (ii)
gender specificity and (iii) specific, reversible silencing of
5HT neurons in genetically engineered adult mice reduces
the CO2 response by ∼50% (208). In newborn piglets, focal
dialysis of the 5HT1A agonist, 8-OH-DPAT, increases the CO2

response at younger ages while by postnatal day 10 (P10) the
CO2 response is decreased (158). In rats, the CO2 response is
present in early postnatal life but is of smaller magnitude than
in adults. At ∼P12, the CO2 response begins to increase (38).
In the rat at P12, the eyes open, the ears begin to function and
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Figure 10 Neurons in cell cultures from the medullary raphe are
chemosensitive to acidosis. (A) Example of the firing rate of an
acidosis-stimulated neuron in response to respiratory acidosis and al-
kalosis. Lower trace is bath pH measured simultaneously at the in-
flow to the recording chamber. (B) Example of the firing rate of an
acidosis-inhibited neuron in response to the same stimuli. (C) Acidosis-
stimulated neurons respond to both respiratory acidosis and metabolic
acidosis, indicating that a change in pHo (and/or intracellular pH),
in the absence of changes in CO2, is sufficient for a response to
occur. [Reprinted from Respiration Physiology, 129, Richerson et al.,
Chemosensitivity of serotonergic neurons of the rostral ventral medulla.
175-189, 2001, (219), with permission from Elsevier.]
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the pup begins a transition that might be compared to birth in
humans. It has been proposed that the role of 5HT neurons in
chemoreception is minimal or absent until ∼P12, when 5HT
neuron participation would begin to increase (32). When stud-
ied in culture, 5HT neurons do not respond to CO2/H+ until
12 days of age or so. One hypothesis then is that the RTN is a
dominant central chemoreceptor site in rodent early postnatal
life, a time period that can be compared to premature human
infants or to the last portion of gestation in humans, and then
with postnatal development the 5HT neurons of the MR, and
perhaps other neurons at other putative chemoreceptor sites,
begin to play a greater role. This hypothesis would account
for the lethal effects witnessed at birth in the polyalanine
expansion and null Phox2b mice (51, 52, 54).

There are gender-specific effects on chemoreception in
some experiments in which 5HT function is disrupted. In new-
born piglets with 5,7-dihydroxytryptamine-induced lesions of
medullary 5HT neurons the CO2 response is reduced only in
males and only in sleep (203). In serotonin transporter null
adult mice the CO2 response is reduced only in males (140).
In a transgenic mouse with a c-fos promoter-driven tau-lacZ
reporter construct (FTL) that facilitates mapping of cell lo-
cations in the brainstem that respond to 5% CO2 exposure,
sites with enhanced X-gal expression included the RTN, the

MR, the nucleus of the solitary tract and the locus ceruleus
(LC) with the male RTN region containing significantly more
x-gal-labeled cells than the female (191).

Recent work has applied a new genetic tool to reversibly
and specifically ‘silence’ 5HT neurons only by systemic in-
jection of a ligand (208). A foreign G-protein linked receptor
inserted transgenically into 5HT neurons only responds to
the injected ligand by hyperpolarizing the neurons. This 5HT
specific ‘silencing’ reduced the response to increased CO2 of
both the firing rate of 5HT neurons in culture and the CO2

response of intact conscious mice, this latter effect by ∼50%
(208). Serotonergic neurons play an important role in normal
chemoreception.

Beautiful recent work has begun the task of describing the
genetic origin of 5HT neurons (114). This work is at present
beyond the scope of this review but is well worth reading.

Caudal medulla

As originally defined, the ventral medullary surface
chemosensitive areas included a caudal area adjacent to the
hypoglossal nerve rootlets (Figs. 3 and 11). In the recent
renaissance of interest in central chemoreception, this area
has been largely ignored. There are data from anesthetized
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Figure 11 Focal acidification just below the caudal ventral surface chemosensitive area increases venti-
lation. Illustrative example of a single experiment in a responsive animal. The period of focal acidification
is depicted by the gray rectangle with control periods shown before and after. The EEG and EMG record-
ings shown in A indicate the presence of wakefulness and sleep periods before, during and after focal
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In B, we show actual recordings of the plethysmograph pressure signal (upper trace), the EEG (middle
trace), and the EMG (lower trace) taken from the averaged data points depicted by the lines and arrows.
[Reprinted from Respiration Physiology & Neurobiology, 171, da Silva et al., High CO2/H+ dialysis in the
caudal ventrolateral medulla (Loeschcke’s area) increases ventilation in wakefulness. 46-53, 2010, (36),
with permission from Elsevier.]

Volume 2, January 2012 231



P1: OTA/XYZ P2: ABC
JWBT335-c100083 JWBT335/Comprehensive Physiology October 19, 2011 7:14 Printer Name: Yet to Come

Central Chemoreceptors: Locations and Functions Comprehensive Physiology

animals that complement the earlier findings implicating the
caudal ventrolateral medulla (CVLM) as a chemosensitive
site (145, 160, 259). The location of neurons that increase
their firing rate in response to an acute infusion of CO2-
enriched saline via the vertebral artery includes the CVLM
(7). The distribution of c-fos expression after acidic stimula-
tion includes neurons in the CVLM (194). In anaesthetized
rats, there are neurons in the CVLM that fired spontaneously,
although not in a respirophasic manner, and are responsive to
acidic stimulus (214). Focal acidic stimulation by microion-
tophoretic injection of H+-stimulated neurons in an area in-
cluding the caudal region underlying Loeshcke’s area and
this region was subsequently shown to contain projections
to respiratory-related regions in the brain stem (215). This
CVLM region contains third order (propriobulbar) neurons
identified by retrograde tracing of retrovirus injected into the
diaphragm (50). Using the reverse microdialysis technique,
focal acidification of the region just dorsal to the caudal ven-
tral medullary surface chemosensitive area in the unanes-
thetized rat significantly increased ventilation by ∼17% only
in wakefulness (36) (see Fig. 11). Thus the CVLM chemosen-
sitive area remains open for investigation as to cell type and
physiological function in central chemoreception.

More widespread locations
Nucleus tractus solitarius

The NTS as a CO2 detector The NTS is part of one
of the three main clusters of brainstem neurons involved in
the control of breathing, the “dorsal respiratory group” (63),
and it is a relay site for many cardiopulmonary reflexes with
afferents from the periphery. NTS lesions in anesthetized cats
decrease the CO2 response under anesthesia, an effect that
largely disappears when the cat is allowed to awaken (13).
This result along with the observations that the expression
of the early gene c-fos is increased in the NTS region with
increased CO2 (256), suggest that NTS neurons are important
in chemoreception, at least under anesthesia, but this effect
could be attributed to disruption of afferents from the periph-
eral chemoreceptor, the carotid body. A key experiment in the
progression of thinking about locations of central chemore-
ceptors was the study of CO2/H+ responses of NTS neurons in
slice preparations. NTS neurons studied in vitro exhibit CO2-
dependent changes in membrane potential and firing rate (41)
suggesting that NTS neurons can themselves be chemosen-
sitive. In vivo studies corroborated this idea. Focal acidifica-
tion of the NTS region by microinjection of acetazolamide in
anesthetized cats and rats increased respiratory output (28).
And, subsequently, focal acidification in unanesthetized rats
significantly increased ventilation (184) with greater effects
observed with caudal NTS stimulation, a 16% increase in
sleep and a 28% increase in wakefulness, than with rostral
NTS stimulation, an 11% increase in sleep and a 7% increase
in wakefulness. Dialysis with control aCSF equilibrated with
5% CO2 had no effect at either location.

The NTS and the RTN In anesthetized rats, lesions of the
RTN by kainic acid injections abolished the CO2 response and
severely reduced the ventilatory response to hypoxia (181)
suggesting the possibility that the brainstem integration of
carotid body afferents included a direct connection with the
RTN. The presence of a direct connection from NTS neurons
that receive carotid body afferents to the RTN was subse-
quently demonstrated by Takakura et al., (252). Anterograde
tracing and double labeling revealed connections from the
NTS to glutamatergic neurons in the RTN and retrograde
tracing from injections into the RTN-identified NTS neurons
with hypoxia induced c-fos activation. In anesthetized rats, bi-
lateral RTN inhibition by muscimol reduced phrenic activity
both at baseline and with stimulation by either hypercapnia
or carotid body excitation. Recorded RTN neurons were acti-
vated by both CO2 and carotid body stimulation. This study
shows clearly that NTS activation by carotid body stimula-
tion also activates RTN neurons that are chemoresponsive to
CO2. These data support the concept of a functional inter-
dependence between central and peripheral chemoreception
(19, 233) (vide infra).

Hypothalmus-orexin neurons

There are two orexins (orexin-A and orexin-B) that are
cleaved from a common precursor, prepro-orexin (223, 224),
which is localized to neurons located in the lateral hypothala-
mus, perifornical area, and dorsomedial hypothalamus. There
are two orexin receptors, the orexin-1 receptor (OX1R), more
selective for orexin-A, and the orexin-2 receptor (OX2R),
which binds to both orexins with equal affinity. Both nerve ter-
minals containing orexin and the orexin receptors are widely
distributed in the brain (58, 150, 165) and orexin partici-
pates in many physiological functions, for example, energy
homeostasis, feeding behavior, sleep-wake state control, the
stress response, and cardiovascular and respiratory control
(204, 224, 275).

While there is a broad spectrum of orexin effects, the
clinical syndrome associated with an orexin deficit in man
has a rather narrow phenotype, narcolepsy (27, 257). Orexin
seems to stabilize wakefulness and promote arousal (24). The
activity of orexin neurons does vary with sleep-wake state
(251) and orexin neurons provide excitatory inputs to nuclei
that regulate vigilance (204, 224). But the degree of circa-
dian variation in orexin levels in CSF of rats is quite large;
it is 2-fold, being highest during the active period of the cy-
cle, suggesting an important circadian role that acts above
and beyond the wake-sleep state cycle (46, 273). Orexin neu-
rons receive direct and indirect projections from the suprachi-
asmatic nucleus, a circadian rhythm oscillator, which may
be a source for this large circadian variation in orexin lev-
els (156, 225). Orexin levels also increase during exercise
(156) and in heightened alertness (131) suggesting a role for
orexins in activities related to increased arousal even within
wakefulness.
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Within either part of the circadian cycle, orexin levels still
vary with sleep-wake state, but the change is much smaller,
∼11%, than the circadian variation (123). And, orexin neuron
firing rates vary by sleep-wake state even within a circadian
period. Direct activation of orexin neurons via in vivo pho-
tostimulation of transfected channelrhodopsin-2 elicits rapid
sleep state transitions regardless of circadian period (2, 24).
Orexin seems to have dual roles; (i) circadian and (ii) sleep-
wake arousal state.

Orexin neurons are anatomically connected with neurons
involved in the control of breathing (55,129,130,221). In re-
spect to central chemoreception, orexin neurons are activated
by CO2/H+ in vitro as measured by direct neural recording
(2,68,268) and in vivo as measured by c-fos activation (248).
Prepro-orexin knockout mice have a 50% decrease in the
ventilatory CO2 response measured during the light/inactive
phase of the circadian cycle in quiet wakefulness but not
during sleep, an effect that is reversible by administra-
tion of orexin (45). Administration via the cerebral ventri-
cles of an OX1R-selective antagonist decreased the CO2 re-
sponse by 24% in wild-type mice during wakefulness in the
light/inactive phase of the circadian cycle (45). At the RTN
region, where there is evidence for OX1Rs, OX2Rs, and for
activation by hypothalamic stimulation (73,150,204), unilat-
eral microdialysis of an OX1R antagonist in rats during the
light/inactive phase of the circadian cycle resulted in a 30%
reduction of the ventilatory response to breathing 7% CO2

during wakefulness, while during slow wave sleep (SWS)
the inhibitory effect was only 9% (49). These results are in
accordance with the results in prepro-orexin knockout mice
mentioned above and suggest that a portion of the decreased
CO2 response in the knock-out mice can be explained by de-
creased activation of RTN neurons during wakefulness. This
inhibitory effect of antagonism of OX1R in the RTN dur-
ing wakefulness may well be greater if studied during the
dark/active phase of the circadian cycle when orexin levels
are up to 2-fold higher.

The rostral MR also receives projections from orexin-
containing neurons (204) and expresses both OX1R and OX2R
(150,204). Focal inhibition of the OX1R by dialysis of antago-
nist in the MR decreased the CO2 response (7% CO2 inspired)
by 16% during wakefulness in the dark period, but not in the
light period (48). There was no significant effect in sleep. That
focal antagonism of OX1R in the MR was only effective in
wakefulness in the dark period of the circadian cycle when
orexin levels are high while it was dramatically effective at
the RTN during wakefulness in the light period of the diurnal
cycle when orexin levels are lower (it was not studied in the
RTN in the dark period) suggests a site-specific sensitivity to
orexin during the circadian cycle with the RTN being much
more sensitive. This interpretation requires more evidence but
it suggests the hypothesis that different central chemoreceptor
sites may vary in function not only by vigilance state but by
circadian period. Figure 12 summarizes the CO2 response ef-
fects in orexin knock-out mice and in rats with focal inhibition
of OX1R in RTN and MR.

One can produce in conscious rats widespread pharmaco-
logical blockade of both orexin receptors by oral gavage of
almorexant, an antagonist of both OX1R and OX2R (Actelion
Pharm., Ltd.), which promotes sleep in animals and man (21).
The CO2 response was measured in wakefulness and sleep
during both the light/inactive and dark/active periods of the
rat diurnal cycle (141, 173). Almorexant decreased rat body
temperature independent of diurnal cycle and, during only
the active phase of the diurnal cycle, it decreased oxygen con-
sumption, presumably by decreasing activity, and decreased
the CO2 response normalized to metabolic rate by 16% in
wakefulness and 15% in NREM sleep. The smaller effect in
comparison to the orexin knock-out mice is likely due to less
thorough antagonism of all orexin receptors by systemic drug
administration. These data strongly support a role for orexin
in determining the CO2 response during the active part of the
diurnal cycle.

There are two other aspects of altered ventilatory control
in orexin knock-out mice that could involve central chemore-
ception. First, these orexin-deficient mice express an increase
in sleep apnea occurrence (164). In that orexin provides an
excitatory stimulus to the PBC and phrenic motoneurons
(274) and to central chemoreceptor sites, its absence could
be viewed as removal of a necessary excitatory input, for ex-
ample, from central chemoreceptors, during sleep states that
promotes neural responses that prevent apnea. Second, orexin
participates in the “defense response” (131,164,275). Prepro-
orexin knockout mice and orexin neuron-ablated mice (89)
exhibit a reduced defense response (smaller increases in ven-
tilation, heart rate, and blood pressure) induced under anes-
thesia by disinhibition of the perifornical area via injection
of the GABA-A receptor antagonist, bicuculline (122, 275).
And, in unanesthetized mice, the defense response (heart rate
and blood pressure) is reduced when tested by air jet to the
nose or confrontation of an intruder mouse (122,263). Orexin
neurons may act to activate multiple efferent pathways of the
defense response working via adjustment of central ventila-
tory and autonomic regulation. Animal arousal, or alertness,
is minimal during sleep, increases during quiet wakefulness,
and further increases during active wakefulness with activi-
ties such as exercise, stress, or panic. The level of this arousal
activation by orexin in rodents will be greater in the dark,
active period of the circadian cycle than in the light, inactive
period.

Locus ceruleus and A5

There is strong evidence that the LC participates in central
chemoreception (18, 56, 77, 90, 116, 139, 199, 246). Located
bilaterally in the dorsal pons at the floor of the fourth ventricle,
the LC contains the largest concentration of catecholamine
containing neurons in the central nervous system, exhibits
activity that is arousal state-dependent, and modulates sen-
sory information, arousal, feeding, pain processing, and car-
diovascular control (8, 16, 69, 112). LC neurons play a role
in the development of the respiratory network (96) and can

Volume 2, January 2012 233



P1: OTA/XYZ P2: ABC
JWBT335-c100083 JWBT335/Comprehensive Physiology October 19, 2011 7:14 Printer Name: Yet to Come

Central Chemoreceptors: Locations and Functions Comprehensive Physiology

ORX-KO

Cerebral cortex

Thalamus
Cerebellum

Pons

Medulla oblongataHypothalamus

Focal inhibition

RTN

WT

KO

p<0.05 vs. WT

Room air 5% CO2 10% CO2
0

1

2

3

4
5

6

7
8

R
e
sp

ira
to

ry
 m

in
u
te

 v
o

lu
m

e
 (

m
L
/m

in
/g

)

RA 7% CO2 RA 7% CO2

R/M

Rob

60

100

140

180

220

V
E

 (
m

L/
10

0g
/m

in
)

60

100

140

180

220

V
E

 (
m

L/
10

0g
/m

in
)

Figure 12 The role of orexin in central chemoreception. The top panel is a schematic of a saggital section of rat brain showing the location of
orexin containing neurons in the hypothalamus and their projection sites in the retrotrapezoid nucleus (RTN) and raphe magnus (RM) and raphe
obscurus (Rob), which have been identified as participating in central chemoreception. The arrows point to plots demonstrating chemoreception
effects at each site, At the left, the hypercapnic responses of ventilation in wild-type (WT) mice and prepro-orexin knockout mice (ORX-KO) during
quiet Wakefulness are shown. Data are presented as means ± SEM of five WT mice and five ORX-KO mice. *P < 0.05 compared with WT
mice. At the right, the Figure shows the effects of dialysis of vehicle solution (solid circles; N = 6) and 5 mM SB-334867, an Ox1R antagonist,
(open circles; N = 6) into the medullary raphe (MR) on ventilation while the rats were breathing air and 7% CO2 during wakefulness in the dark
period. Mean ± SEM values are shown. The −16% effect is significant comparing vehicle to SB-334867 treatment during 7% CO2 breathing for
ventilation (P < 0.001, repeated measures ANOVA interaction with gas type). In the middle, the Figure shows the effects of dialysis of vehicle
solution (filled circles; n = 6) and 5 mM SB-334867 (open circles; n = 6) into the RTN on ventilation while the rats were breathing air and 7% CO2
during wakefulness. Mean ± SEM values are shown. The −30% effect is significant comparing vehicle to SB-334867 treatment during 7% CO2
breathing (P < 0.01 post hoc comparison). This composite is modified from Figure 1 in Nattie (168), and used with permission (top), Figure 3
from Respiration Physiology & Neurobiology, 164, Kuwacki, Orexinergic modulation of breathing across vigilance states, 204-212, 2008, (129)
and used with permission of Elsevier (bottom left), Figure 2 from Respiration Physiology & Neurobiology, 170, Dias et al., The orexin receptor 1
(OX1R) in the rostral MR contributes to the hypercapnic chemoreflex in wakefulness, during the active period of the diurnal cycle, 96-102, 2010,
(48) and used with permission of Elsevier (bottom right), and Figure 2 in Dias et al., (49) J. Physiol. used with permission, John Wiley and Sons
(bottom middle).

modulate respiratory rhythm (97, 199). CO2 stimulation in
vivo induces c-fos expression in the LC (95, 256). In vitro
studies of LC neuron responses to CO2/H+ have shown that
the large majority (∼80%) are responsive with a relatively
low sensitivity (90, 116). Reducing the CO2 from 5% to 0%
decreased firing rate and increasing CO2 from 2.5% to 10%
increased the firing rate by 53% (90, 116). The intrinsic sen-
sitivity of LC neurons to CO2/H+ has been studied via pri-
mary cell culture and patch-clamp recordings of LC neurons
identified by endogenous expression of green fluorescent pro-
tein (GFP) obtained from the Prp57 transgenic mouse (116).
As in slice preparations the percentage of LC neurons that
responded was quite large, here ∼90%. The responses ob-
served were larger, up to 250% of baseline with 9% CO2,
than in slices. The degree of the neuronal response depended

on the baseline firing rate, ranging from ∼156% when base-
line firing rate was ∼3 Hz to 381% when baseline firing rate
was ∼1 Hz. The reasons why on average the response was
greater in culture than in slices are unclear. One possibility is
the presence of gap junctions. The response of LC neurons
to CO2/H+ is in part related to the presence of gap junctions
(40, 90), which can influence the percentage of LC neurons
that express intrinsic chemosensitivity at different postnatal
ages from P0 up to P18. LC neurons from younger ages are
less dependent on the presence of gap junctions suggesting
that the role of the LC in chemoreception may change with de-
velopment and is dependent on gap junction coupling within
the region.

Studies in vivo provide support for the LC being involved
in chemoreception. LC cells increase their firing rate with
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Figure 13 The relationship between pulmonary ventilation (VE) and
the arterial partial pressure of CO2 (PaCO2) of sham and rats treated
with 6-OHDA-induced lesions (>50%) of noradrenergic neurons of the
locus ceruleus exposed to normocapnia (0% CO2) and hypercapnia
(7% CO2). The overall effect was a 64% reduction in the CO2 re-
sponse. With kind permission from Springer Science and Business Me-
dia: Pflügers Archiv, Locus coeruleus noradrenergic neurons and CO2
drive to breathing, 455, 2008, pp. 1119-28, Biancardi, V., Bicego, K.
C., Almeida, M. C., and Gargaglioni, L. H Figure 3. (18).

systemic CO2 stimulation before and after peripheral
chemoreceptor denervation (56) and focal acidosis within
the LC by injection of acetazolamide in anesthetized cats
increases respiratory output (28). Lesions (139) of brain-
stem catecholamine neurons by injection of antidopamine
β-hydroxylase-saporin via the fourth ventricle decreased the
ventilatory response to 7% CO2 during sleep and wakeful-
ness by 28% in rats, without significant effect on baseline
ventilation. More focal deletion of only LC cells by 80% with
6-hydroxydopamine injection into the LC (18) decreased the
CO2 response by 64% in unanesthetized rats without effect
on baseline ventilation. The former study produced a 73% to
85% loss of catelcholamine neurons in A5, A6, and A7 and
a 50% to 60% loss in the C1 and C3 regions while the latter
study affected only the LC (A6) region. Still it is not clear
why there is such a discrepancy in the degree of the effect
between these two studies. One possibility is that some cat-
echolamine containing regions may provide a net inhibitory
effect. Figure 13 shows the effects of specific LC NA neuron
lesions on the CO2 response in conscious rats.

Since the LC plays an important role in arousal (25),
it is possible that this central chemoreceptor site is also of
importance in sleep-wake differences in CO2 sensitivity.

Fastigial nucleus

The rostral portion of the fastigial nucleus, one of the deep
cerebellar nuclei, is implicated in central chemoreception
from evidence obtained in vivo. Direct stimulation of this
region increased ventilatory output (271) while lesions did

not alter baseline breathing but did reduce the CO2 response
when tested at moderate to high stimulus levels (153-155). In
the anesthetized rat, focal acidosis within the rostral fastigial
nucleus by injection of acetazolamide increases ventilatory
output by ∼38% suggesting the presence of chemorecep-
tion. In unanesthetized goats, focal dialysis with aCSF equili-
brated with high levels of CO2 in the rostral fastigial nucleus
increased ventilation by 12% to 16% but with dialysis in
the caudal fastigial nucleus this effect was absent. Lesions
of the rostral fastigial nucleus by injections of an excitatory
aminoacid toxin reduced the CO2 response by 27% in unanes-
thetized goats but the effect was present only at inspired CO2

levels of 7% but not at 3%. There have not been any studies
of neurons within the rostral fastigial nucleus.

Rostral ventral respiratory group/pre-Bötzinger
complex

The PBC is importantly involved in rhythm generation al-
though its precise role in early development and in the adult
is still under study (see Mechanisms of Respiratory Rhythm
Generation in Comprehensive Physiology). There are data
that indicate that the PBC is itself also involved in central
chemoreception. In anesthetized cats (239), focal acidosis
in the PBC region was produced by injection of acetazo-
lamide (50 uM; 10-20 nl) into sites at which prior injection of
d-l homocysteic acid (DLH), a glutamate analog, produced
a tonic excitation of ventilatory output. Focal acidosis in the
PBC increased ventilatory activity alone and produced an en-
hanced effect of DLH injections. In the awake goat (126),
focal reverse microdialysis of aCSF equilibrated with high
CO2 increased ventilatory output by 10% via an effect on
breathing frequency. Strangely, this effect was present with
unilateral but not bilateral microdialysis. In anesthetized rats
(182), microinjections of acetazolamide (50 uM, 1 nl) into the
region of the VRG increased ventilatory output (the amplitude
of the integrated phrenic nerve recording) in 14 of 22 sites. In
five rats with prior injection of glutamate (100 mM, 10 nl) to
identify a region with a ventilatory effect, all demonstrated a
response to acetazolamide injection.

Relationship of chemoreceptor sites to blood
vessels and cerebrospinal fluid
The blood supply to the medulla arises from vessels that
lie on the ventral medullary surface (see Figs. 3 and 4) and
send penetrating branches deep into the tissue in a dorsal
direction. CO2 is highly diffusible in brain tissue and a sudden
surge of increased PCO2 in arteries supplying the medulla
quickly is reflected in the tissue (7, 111). Given the diffuse
network of brainstem capillaries and the high diffusibility
of CO2 it is difficult to understand how the proximity of
putative central chemosensitive cells to blood vessels serves
any purpose in regard to the detection of CO2. The proximity
of LC catecholaminergic cells (64), MR serotonergic cells
(20) and RTN glutamatergic and Phox2b cells (134) to vessels
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has been noted. Processes from these cells that connect to
vessels have been described. The purpose of this intimate
relationship remains, to our minds, unclear. In contrast to
CO2, H+ does not cross brain capillary walls quickly (166) so
it is possible that the appositions of putative chemosensitive
cells, of different types, to vessels may serve to allow easier
and perhaps quicker detection of primary pH disturbances
that are metabolic in nature. It is also possible that these
appositions serve to detect other substances carried in the
blood stream that by their nature diffuse slowly or with some
difficulty through vessel and capillary walls

Pertinent here is the observation made by many that some
putative chemoreceptor neurons also contain processes that
seem to reach out toward the ventral surface and provide ac-
cess perhaps to large-cavity CSF (121, 199). CSF pH is care-
fully and independently regulated by a combination of choroid
plexus and blood-brain barrier capillary endothelial cell trans-
port mechanisms as well as by changes in PCO2 determined
by ventilation and CBF (169). It is possible that some central
chemosensitive cells serve to measure or detect pH changes
within CSF and that this information is integrated along with
information on blood pH changes. Glia also participate in this
brain tissue interstitial fluid and CSF pH regulation (see below
and see Cellular Basis of CO2 Sensitivity in Neurons/Glia in
Comprehensive Physiology).

The role of glia
The Chapter by Putnam, “Cellular Basis of CO2 Sensitivity
in Neurons/Glia” in Comprehensive Physiology, covers how
glia might detect changes in CO2/H+. Here we discuss from
a systems perspective data related to glial roles in central
chemoreception including ATP

Fukuda et al., (75) first described pH-sensitive glial cells
located in the region now recognized as the RTN. Glia are
well known to be important in the regulation of extracel-
lular fluid K+ concentrations when neuronal activity is in-
creased (128, 196). Brain tissue and extracellular fluid pH
as well as neuronal cell pH are regulated by a variety of pro-
cesses (166,169). Glia are likely to participate in extracellular
pH regulation thereby affecting neuronal excitability (59, 60,
212). Whether glia play a role in central chemoreception was
directly tested in the RTN region in vivo by Erlichman et al.
(61). In anesthetized and conscious rats, a glial specific toxin
(fluorocitrate; 1 mM) was administered continually over 60
min into the RTN. The fluorocitrate depolarized glia, likely
by depletion of ATP and K+ loss, resulted in decreased pH
in the extracellular fluid and increased ventilatory output and
CO2 sensitivity (61,104). Anatomical analysis using a marker
for dying cells showed only a small number of stained cells
of glial size suggesting that the dose was nontoxic. These re-
sults indicated that glia in the RTN region contribute to the
maintenance of normal extracellular pH and, possibly, in the
modulation of central chemoreceptor function (70). It is also
possible that the fluorocitrate caused release of substances
from glia that increased the activity of pH-sensitive neurons

Purogenic signaling (ATP) has been proposed as impor-
tant within the autonomic nervous system (81) and, more
specifically, within chemosensory pathways including cen-
tral chemoreception (241). For central chemoreception, one
source of ATP would be glial cells (79, 161, 163). There are
interesting data to support this idea. ATP, as measured by a
unique electrode in vivo, is released within or adjacent to the
RTN region when an anesthetized rat is exposed to high CO2

(80). In such anesthetized rats, direct application of ATP stim-
ulates ventilatory output and the application of a purogenic
receptor antagonist inhibits the CO2 response. One fly in this
ointment is the absence of any abnormality in chemorecep-
tion in transgenic mice lacking the P2X2 receptor proposed
as the mediator of the ATP effect in the RTN region (80).
Studies in vitro of RTN chemosensitive neurons have shown
that activation of P2X receptors inhibits them while activa-
tion of P2Y receptors excites them. These results suggest
that glial release of ATP during CO2/H+ stimulation may act
by modulation of RTN neuronal CO2/H+ sensitivity. Specific
stimulation of astrocytres by activation of channelrhodopsin
2 localized within them (79) show increased astrocyte Ca++

and ATP release that accompany increased ventilation
An intriguing extension of this glial-ATP-RTN neuron

hypothesis is embodied in the suggestion that glia modulate
blood flow within the RTN, and perhaps other chemosensi-
tive regions (163). ATP can effect arteriole dilation directly via
P2Y receptors on smooth muscle or endothelial cells and/or
indirectly via the metabolite adenosine, which can effect va-
sodilation by activation of P1 receptors [see (60, 163)].

Summary: Location of central chemoreceptors
Central chemoreception was initially localized to two areas
on the ventral medullary surface by experiments using direct
application of acidic fluids in anesthetized animals. Subse-
quent work has substantially added to our knowledge of one
of these, the rostral chemosensitive area—now identified as
the RTN, and has identified an additional wide array of puta-
tive chemoreceptor sites within the hindbrain and hypothala-
mus. For the RTN, we now have considerable information on
chemosensitive cell phenotype but we remain less certain of
its physiological role. For other putative sites, our information
on cell phenotype is less complete. Changes in CO2/H+ are
powerful determinants of alveolar ventilation. Most, but not
all, investigators support the view that central chemorecep-
tion involves a complex system of detector sites that vary in
effectiveness depending on stimulus intensity, arousal state,
and gender. The ventilatory response to central chemorecep-
tor activation is very dependent on the simultaneous level of
peripheral chemoreceptor activation.

The Function of Central
Chemoreceptors
Central chemoreception has traditionally been associated with
two physiological functions: (i) the maintenance of a constant,
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normal arterial PCO2 as a negative feedback control loop and
(ii) the maintenance of a constant pH by using ventilatory ex-
change of CO2 to minimize metabolically induced acid-base
disturbances. We also suggest that central chemoreception is
involved in a broader set of physiological processes.

Relationship of alveolar ventilation to the rate
of CO2 production
CO2/H+ sensitive central (and peripheral) chemoreceptors
provide ongoing and rapid feedback to the brainstem respira-
tory control system concerning the levels of CO2 in arterial
blood and in alveolar gas. This PCO2 value is determined by
the ratio of metabolic CO2 production by body tissues and
the amount of alveolar ventilation such that a decrease in
alveolar ventilation with a constant rate of CO2 production
results in an increase in arterial and alveolar PCO2, and vice
versa. An increase in PCO2 would stimulate chemoreceptors,
which would increase alveolar ventilation and decrease PCO2

correcting the initial increase. CO2/H+-sensitive chemorecep-
tors provide information concerning the adequacy of alveolar
ventilation relative to metabolism and provide a source of ex-
citatory or inhibitory afferent information to the respiratory
control system, a classic feedback control loop.

While this chemical feedback system is well accepted,
there are a series of fascinating experiments that have linked
CO2 production, both above and below the normal rate, di-
rectly with the level of ventilation. In these experiments,
which have never been thoroughly explained (125, 205, 206),
an extracorporeal gas-exchange circuit is applied to add or
remove CO2. Mixed venous blood enters the extracorporeal
circuit and, after gas exchange, the blood is returned to the
animal via the vena cava. If CO2 is removed via the external
circuit, the level of the animal’s ventilation decreases to match
the remaining amount of CO2 production that is excreted by
the lungs. If the extracorporeal circuit adds CO2, ventilation
increases to excrete both the CO2 produced metabolically and
that added by the circuit. If such an experiment is performed
in an unanesthetized, awake sheep (205) or lamb (206), when
the rate of CO2 removal by the extracorporeal circuit equals
the rate of CO2 production by the animal and there is no CO2

exchange in the animal’s lungs, arterial PCO2 remains normal
but ventilation actually ceases. The animal is awake and alert
but not breathing. How does the animal sense the pulmonary
excretion of CO2? In the absence of any detectable change in
arterial PCO2 it is difficult to explain these data by the known
peripheral and central chemoreceptors. (See also the chapter
on Exercise Hyperpnea, in Comprehensive Physiology.)

Experimental evaluation of central
chemoreceptor function
The experimental study of central chemoreception has for
the most part relied on the use of increased inspired CO2 as
a mean to increase arterial and brain PCO2/H+. Most com-
monly, 5% or 7% CO2 is added to the inspired gas and the

resultant increase in ventilation is measured. This approach
yields insight into the sensitivity of the central (and peripheral)
chemoreception system and is extremely useful in this regard.
There are concerns associated with this approach, which are
commonly ignored.

Stimulus intensity

Breathing 7% CO2 in the conscious rat results in an approx-
imately 15 mm Hg increase in arterial PCO2 (138) which
when added to a baseline value of 40 mm Hg would result in
an arterial value of 55 mm Hg. This demonstrates a powerful
response as the inspired PCO2 is ∼49 mm Hg. If there were no
ventilatory stimulation, the arterial value would be the base-
line value, 40 mm Hg, plus the inspired value or 89 mm Hg.
Thus the chemoreceptor response has limited the increase in
arterial PCO2 from 89 to 55 mm Hg. This is brought about
by an increase in ventilation that is > 3× baseline, which is
impressive. However, under normal physiological conditions
this degree of CO2 rise almost never occurs. We presume that
the function of central (and peripheral) chemoreception to
maintain normal arterial PCO2 values most commonly takes
place with perturbations of arterial PCO2 of say ∼5 mm Hg
or less. This is difficult to examine experimentally because
of the following physiological relationship. Figure 14 shows
how changes in alveolar ventilation affect arterial PCO2 (as-
suming no change in the rate of CO2 production). The normal
arterial PCO2 is 40 mm Hg and this value is determined by the
ratio of metabolic CO2 production and alveolar ventilation.
Figure 14 shows that if alveolar ventilation increases ×2, ar-
terial PCO2 decreases by 1

2 from 40 mm Hg to 20 mm Hg
and if alveolar ventilation decreases by 1

2 arterial PCO2 in-
creases ×2 to 80 mm Hg. Figure 14 (inset) shows that if alve-
olar ventilation changes by 10%, then arterial PCO2 would
change by 4 mm Hg. Thus, the control system can adjust
to 4 mm Hg changes in arterial PCO2 with 10% changes in
alveolar ventilation. It is difficult to measure reliably a 10%
change in alveolar ventilation in small conscious animals.
And unless arterial PCO2 or dead-space data are obtained, the
commonly measured variable is expired ventilation, which
includes both alveolar and dead-space ventilations. So, ex-
perimentally, greater stimulus intensities are applied with the
implicit assumption that the observed response sensitivity is
applicable to these more physiologically relevant perturba-
tions. This may not be so.

Assumed linearity

Is the ventilatory response to CO2 proportionally the same
with low- and high-stimulus intensities? The answer is no.
Application of 1% to 2% CO2 in the inspired gas seems to
result in greater increases in ventilation than expected, which
are associated with very small, almost undetectable, increases
in arterial PCO2 (132). Figure 15 (132) illustrates this phe-
nomenon. Note that with small increases in inspired CO2 the
response ratio abruptly increases and that this abrupt increase
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Figure 14 The arterial partial pressure of CO2 (PaCO2) in mm Hg is shown as a function of alveolar
ventilation relative to a “normal” value (that associated with PaCO2 = 40 mm Hg) of 1.0 and multiples
thereof. A constant and normal metabolic rate is assumed. The inset magnifies the central region of
the plot. As alveolar ventilation increases, PaCO2 decreases, and vice versa. A 10% change in alveolar
ventilation is associated with a 4 mm Hg change in PaCO2.

is largely due to an increase in breathing frequency. The con-
trol system has almost perfect arterial PCO2 regulation when
the perturbation is small. The mechanism by which the breath-
ing frequency response to small increases in CO2 occurs is
unknown. Of relevance, the response to focal low-level acidic
stimulation by reverse microdialysis is via tidal volume at the
RTN (142) and via frequency and tidal volume at the caudal
NTS (184) and via frequency at the caudal ventral medullary
region (183). The system can easily regulate small changes
in arterial PCO2 by small changes in alveolar ventilation but,
for unknown reasons, chooses to increase total ventilation
more than predicted. Which central chemoreceptor sites par-
ticipate in this level of regulation at low stimulus intensities
is unknown.

Airway vs blood and brain CO2/H+

Does the manner in which we apply the stimulus, for example,
by increasing inspired PCO2, affect the response? The data of
Pappenheimer and colleagues (65,200) (Fig. 1) show that the
steady-state ventilatory responses to chronic acid-base distur-
bances, ventriculocisternal perfusion of aCSF with differing
bicarbonate concentrations, and CO2 inhalation all have the
same relationship to ISF pH suggesting that the responses
are the same. Studies with comparison of inhaled versus in-
travenous infusion with increased CO2 show inconsistent re-
sults. Some show a greater CO2 response with intravenous
infusion (144, 262, 272) others find no difference (133, 136).

The findings of an increased response to intravenous CO2

loading have been interpreted to be due to increased oscilla-
tions of arterial PCO2 that are detected by chemoreceptors.
Direct application of increased CO2 to specific focal brain
regions by reverse microdialysis decreases tissue pH by an
amount like that observed with a ∼6.6 mm Hg increase in
arterial PCO2 (138). This results in an ∼10% to 20% increase
in ventilation when performed at the RTN, rostral MR, caudal
NTS, CVLM, and within the lateral hypothalamus. These ob-
servations indicate that, overall, the use of increased inspired
CO2 results in response characteristics similar to when the
stimulus is applied in blood or brain. But the crucial issue
of what determines the responses at low systemic stimulus
intensities remains unresolved.

Each central chemoreceptor site alone appears to
be capable of maintaining arterial PCO2 and when
more than one site is simultaneously stimulated the
response can be synergistic

The fact that the direct application of CO2 to specific focal
brain regions by reverse microdialysis decreases tissue pH by
an amount like that observed with a ∼6.6 mm Hg increase in
arterial PCO2 (138) by chance yields insight into the potential
role of individual chemoreceptor sites in the maintenance of
normal arterial PCO2 values if the perturbation is small. The
observed effects of such stimulation on ventilation was ∼24%
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Figure 15 Responses of VE, VT, and f to 0% to 7.6% CO2 in eight
awake, unrestrained rats. Note that the response at low inspired CO2
levels is substantial such that PaCO2 is unchanged, that is, PaCO2
regulation is “perfect”. Lai et al., J. Appl. Physiol. 1978, (132), used
with permission.

at the RTN (142), 20% at the rostral MR (183), 20% to 30%
at the caudal NTS (184), and 17% at the CVLM (36). Full
correction of a ∼6.6 mm Hg increase in PCO2 would require
an ∼15% increase in alveolar ventilation. Thus the response
at each of these sites acting in isolation has the potential to
significantly affect the regulation of PCO2 if the perturbation
is small. This analysis is complicated by the presence of sys-
temic hypocapnia, −5 mm Hg, (138), which could ostensibly
inhibit other chemosensitive sites. Our interpretation is that
stimulation of any single central chemoreceptor site is a suffi-
ciently powerful neural signal that inhibition from other sites
is ignored.

In a different and contrasting analysis, we can compare
these single-site responses to that estimated if the whole
animal is exposed to an ∼6.6 mm Hg increase in arterial
PCO2 (174). In the conscious rat, this would increase venti-
lation by ∼120%. The sum of the individual responses to an
∼6.6 mm Hg focal increase at the sites examined to date and
listed above is ∼86% but not all sites known to be potentially
chemosensitive are included and we know that there can be
synergism if two sites are simultaneously stimulated by focal
acidic dialysis (47).

Central chempreception and the chemical
control of breathing
Brain interstitial fluid pH reflects the integration of:
(a) arterial PCO2, (b) cerebral blood flow, and (c)
cerebral metabolic rate

We favor the hypothesis that central chemoreceptors monitor
ISF pH as originally suggested by the studies in conscious
goats by Fencl et al. (65, 200). This ISF pH value is in turn
determined by tissue PCO2 and tissue bicarbonate. The tissue
bicarbonate is regulated by ionic-exchange mechanisms that
are themselves pH sensitive (65, 166, 169, 200). We shall not
discuss these further in this context. Tissue PCO2 then is
determined by three factors; the arterial PCO2, the rate of CO2

production by medullary tissue, and the medullary blood flow.
Tissue (central chemoreceptor) PCO2 therefore varies directly
with arterial PCO2 and inversely with medullary blood flow
for any constant brain metabolic state. Thus, ISF pH reflects
blood PCO2, CBF and neuronal metabolism and reflects an
integrated estimate of these variables (3, 190). In this view,
central chemoreceptors may detect arterial PCO2 and serve as
a chemical feedback loop in the control of breathing as well
as changes in tissue pH that result from acid-base disorders
that arise either in the periphery or centrally. And changes in
CBF may modulate the intensity of the ISF pH signal or, in
some cases, be the direct cause of a change in ISF pH.

CBF is very sensitive to changes in arterial PCO2. In-
creased PCO2 vasodilates cerebral vessels and CBF increases;
decreased PCO2 vasoconstricts cerebral vessels and CBF de-
creases. An increase in arterial PCO2 increases ISF H+ and
stimulates central chemoreceptors but also vasodilates cere-
bral vessels and the resultant increase in CBF decreases tissue
PCO2 widening the arterial-tissue PCO2 difference and min-
imizes the initial stimulus intensity at the chemoreceptors.
Conversely, a decrease in arterial PCO2 decreases ISF H+

and inhibits central chemoreceptors but also vasoconstricts
cerebral vessels and the resultant decrease in CBF increases
tissue PCO2 diminishing the arterial-tissue PCO2 difference
and minimizing the degree of central chemoreceptor inhibi-
tion. Thus, the responses of CBF to changes in PCO2 serve
both to maintain ISF pH relatively constant and to modulate
the central chemoreceptor response to a level appropriate for
the ISF pH stimulus intensity. A recent paper by Ainslie and
Duffin (3) discusses and models this interaction.

Experimental support for an effect of changes in CBF
on chemoreception is provided by studies in which the CBF
was altered primarily and the resultant change in ventilation
observed. In unanesthetized goats (26), CBF was altered by
partial occlusion of an exteriorized shunt. A 30% reduction
in CBF increased baseline ventilation and the response to in-
creased CO2. In conscious human subjects (270), inhibition
of the CBF response to CO2 was produced by administration
of indomethacin, which inhibits cycloxygenase and both re-
duces CBF and its response sensitivity to CO2. With a ∼25%
reduction in CBF the subjects increased alveolar ventilation
(arterial PCO2 decreased by 2-3 mm Hg) and increased the
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ventilatory response to CO2 by 40%. These two technically
challenging and important studies demonstrate that primary
changes in CBF can affect ventilation and the sensitivity of
the ventilatory CO2 response providing indirect support for
the hypothesis that central chemoreception involves detection
of ISF pH.

In a subsequent test of the functional implications of a
primary reduction in CBF via indomethcin administration, it
was found that breathing stability was reduced in sleep in
subjects with reduced CBF (269). This is explained as a loss,
in the hypocapnic range, of the stabilizing influence of the
normal CBF response on ventilation. With a reduced CBF
response to hypocapnia, a transient drop in arterial PCO2 will
produce a greater decrease in ISF H+ detected by central
chemoreceptors and a resultant greater propensity for apnea.
Insofar, as the CBF response to CO2 is reduced in NREM
sleep in normal humans (157), this may contribute to sleep
apnea and unstable breathing.

Importance of central versus peripheral
chemoreception -interdependence

How the two chemoreception systems, the peripheral and the
central, interact has been a topic of avid and heated interest
since their discovery. Peripheral chemoreception is covered
in a separate chapter (Peripheral Chemoreceptors in Compre-
hensive Physiology). The function and relative importance of
the peripheral and central chemoreceptors has been beauti-
fully studied in conscious goats and dogs in an approach that
feature surgical isolation and perfusion of one carotid body
with denervation of the other by Bisgard, Dempsey, Forster,
Smith, and their colleagues. This approach along with the use
of various inspired gas mixtures and applied artificial ven-
tilation has allowed separation of the two systems without
the problems of adaptation associated with denervation or
lesions. This work has been recently review (72, 233). Two
main concepts have emerged: (i) interdependence and (ii) the
importance of hypocapnia.

Interdependence means that

“. . .central and peripheral chemoreceptors are not func-
tionally separate but rather that they are dependent upon one
another such that the sensitivity of the medullary chemorecep-
tors is critically determined by input from the carotid body
chemoreceptors and vice versa, that is, they are interdepen-
dent” (233).

This idea is the end result of a series of incremental steps
in the understanding of how these two chemoreceptor systems
function together. Initial denervation studies, which suffered
from time-dependent adaptations following total loss of one
sensory input, were replaced by the application of isolated
perfusion of one carotid body (the other denervated), which
allowed separate manipulation of each chemoreceptor site
and, importantly, allowed there to be some type of activation
at each site.

One anatomical pathway for interdependence emerged
from the observations of Takakura et al., (252) showing, in
anesthetized rats, that carotid afferents synapse at NTS neu-
rons that, in turn, communicate directly with the RTN, one
central chemoreceptor site. Other central sites likely also con-
tribute to this newly defined “two-way street” but the story
at present is most compelling for the RTN. Of interest is the
fact that the transcription factor, Phox2b, labeled the master
gene for the autonomic nervous system (22, 37, 202) is ex-
pressed in carotid body, its afferent pathways and the RTN.
The data to date raise the possibility that carotid body afferent
inputs that are funneled to the RTN (and perhaps other central
chemoreceptor sites) alter the response of the RTN neurons
to chemostimulation or inhibition.

The review by Smith et al., (233) nicely summarizes stud-
ies in a variety of preparations that have examined the interac-
tion of peripheral and central chemoreceptors. Most relevant
is the study of awake animals (233) using the isolated and
perfused carotid body approach that allows separate control
of the stimulus at each site. Stimulation of the carotid bodies
increased the ventilatory response to central CO2 by 223% of
normal while with inhibition of the carotid body the central
response was 19% of normal (19, 233). These data support a
potent interaction between central and peripheral chemore-
ceptors. In the framework of the interdependence hypothesis,
in eupnea in conscious dogs with an isolated, perfused
carotid body, inhibition of the carotid body alone produced
hypoventilation and CO2 retention that was only partially
corrected by central chemoreceptors (19). Thus the carotid
bodies contribute a significant tonic drive to breath under
normal conditions but part of this effect may be medi-
ated via connections to central chemoreceptors, that is,
interdependence (19, 233).

The importance of central chemoreception
in hypocapnia

We mentioned above two main new concepts emerging from
the study of peripheral and central chemoreceptor interac-
tions, the second being hypocapnia. We suggest here that a
major function of chemoreception is to maintain an organized
and effective ventilatory output by providing a tonic drive
that keeps brainstem respiratory neurons coordinated in an
optimal manner. In adults, the generation and maintenance
of normal respiratory rhythm and ventilation requires what
is often called a tonic drive, which maintains the excitabil-
ity of the respiratory neurons. Drive can arise from many
sources, for example, activity of the reticular formation, ex-
citatory input from afferents involved in respiratory control
(247), and inputs related to CO2 sensed by central (and pe-
ripheral) chemoreceptors (30,44,68,198). Here, we focus on
the chemoreceptor aspect of drive.

In anesthesia, hyperventilation with the associated de-
crease in arterial PCO2 below the normal level, hypocapnia,
can result in apnea. With the gradual buildup of CO2 during
the apnea the threshold for CO2 stimulation is reached and
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breathing resumes. In NREM sleep, this same phenomenon,
hypocapnic apnea, can be observed. It is not present in
wakefulness, when additional drives to breathe override the
hypocapnic inhibition at chemoreceptors. This drive has been
called “wakefulness drive” for breathing (68, 198).

In NREM sleep, apneas can occur due to the hypocap-
nia associated with a brief ventilatory overshoot. Studies in
healthy human subjects using mechanical ventilation to in-
duce hypocapnia have demonstrated that the apneic threshold
is <5 mm Hg below the normal, eupneic PaCO2 (159, 229).
And the addition of very small amounts of inspired CO2 to
sleeping subjects who exhibit periodic breathing stabilizes
breathing (17, 192). Thus, central and peripheral CO2 sensi-
tivity are very important in determining apnea and periodic
breathing (10, 110, 266).

Are the peripheral or the central chemoreceptors primar-
ily responsible for sensing the hypocapnia and triggering ap-
neas in sleep and anesthesia? There is good evidence that the
carotid bodies are the primary sensors, that is, that they more
quickly detect the hypocapnia. For example, in experiments
with quick changes in PCO2, the apneas occur within 20 s
(236). It seems that the carotid bodies are also a required sen-
sor for hypocapnia. Following bilateral carotid body denerva-
tion (231), large decreases in PCO2 failed to induce apnea in
sleeping dogs, and in dogs with an isolated, perfused carotid
body, perfusion of by normocapnic blood prevented apnea
when systemic PCO2 was made hypocapnic (231)

However, hypocapnia that is isolated to the central
chemoreceptors in dog and cat does not cause apnea
(14, 233, 235) nor does hypocapnia isolated to the carotid
body (234) not even perfusion with hyperoxic hypocapnic
blood (19). Thus hypocapnia at the carotid bodies is required
for apnea. But there must be additional inhibition (233). In
interdependence, the decreased input from the carotid body
would affect the response of central chemoreceptors and, con-
versely, the hypocapnic inhibition sensed by central chemore-
ceptors would affect the carotid body response (229).

Hypocapnic apnea is associated with a marked change in
the firing pattern of brainstem respiratory neurons. Inspira-
tory neurons become quiescent and expiratory neurons are
tonically active and with greater activity (30, 227). It seems
that some level of CO2 is needed to maintain the normal inter-
actions among the different types of respiratory neurons and
to provide a drive to the system, at least in NREM sleep and
anesthesia. This has been demonstrated dramatically by Bruce
Lindsey and his colleagues (192) using their unique approach
in decerebrate, ventilated cats with simultaneous multiarray
recording of neurons each with individual electrode depth
adjustment in the regions of the MR nuclei, the ventral res-
piratory column, and the pontine respiratory group (Nuding
et al., 2005 abst). Hyperventilation decreased end-tidal PCO2

from 29 to 10 mm Hg and abolished rhythmic phrenic nerve
activity. This was associated with elimination of respiratory-
modulated neuronal activity and neurons in all three regions
examined became tonically, not phasically, active during the
apnea with evidence of continued connections among them.

In recovery, as CO2 increased respirophasic activity gradually
emerged from this tonic activity. In one animal, during recov-
ery multiple respiratory-related rhythms were observed that
were absent during the apnea. One interpretation of these data
is that the normal PCO2 value sets the environment for the
normal interaction among large numbers of respiratory neu-
rons, which determines the normal phasic respiratory output.
Central chemoreception is essential for this task.

This outlook is supported by the three-phase model of
respiratory control of Rybak et al. (222, 237). Using three
levels of transection in the isolated perfused brainstem
preparation, which is decerebrate, they define (i) an intact-
ponto-medullary preparation, (ii) a medullary preparation,
(iii) a BötC-VRG preparation, and (iv) a PBC-VRG prepa-
ration. They measure whole nerve activities that represent a
postulated three-phase respiratory output model, inspiratory,
postinspiratory, and late expiratory, which together define
eupnea. Their data and model support the idea that respiratory
rhythm is due to multiple nonlinear state-dependent inter-
actions and, further, they postulate that potentially different
rhythmogenic mechanisms may emerge in a state-dependent
manner. Relevant to chemoreception, this system requires a
drive, part of which must arise from chemoreception. In their
preparation, and model, hypocapnia converts the eupneic
three-phase rhythm to a two-phase rhythm that appears identi-
cal to that obtained by pontine transaction. This is reminiscent
of the multiarray data from Lindsey and colleagues in that
the interactions among respiratory neurons at different sites
varies with hypocapnia and the normal, eupneic configuration
requires the drive provided by a normal, eucapnic CO2 level

There are data in anesthetized preparations with hypocap-
nia that indicate expiratory neurons convert from rhythmic
to tonic activity (11, 12, 31, 105, 106) and that both inspira-
tory and expiratory motor nerves and muscles convert from
rhythmic to tonic activity (11, 227). The level of this tonic
motor activity increases as CO2 increases even below the ap-
neic threshold (11, 227). In conscious dogs with hypocapnia
produced by mechanical hyperventilation, when apnea began
expiratory muscle activity converted from rhythmic to tonic
discharge and changes in arterial PCO2 altered expiratory
muscle activity (106). In NREM sleep, the same changes oc-
curred but the level of tonic expiratory activity in hypocapnia
was less (107).

Interaction among central chemoreceptor sites

The MR and the RTN in the ventral medulla are two puta-
tive central chemoreceptor sites. To study how these two sites
might interact in conscious rats, the RTN was inhibited by
microdialysis with muscimol, which produced hypoventila-
tion and a 24% decrease in the CO2 response (143). The 5HT
neurons of the caudal MR were inhibited by dialysis with
the 5HT1A receptor agonist 8-OH-DPAT, which produced hy-
poventilation but had no significant effect on the CO2 response
(143). This lack of inhibition of the CO2 response differed
from the significant 22% inhibition previously observed with
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Figure 16 Ventilatory response, expressed as % baseline, to focal acidification of: (A) the retrotrapezoid nucleus (RTN) alone [with simultaneous
acidification of sites lying outside the raphe obscurus (ROb)], (B) the ROb alone (with simultaneous acidification of the sites lying outside the
RTN), and (A and B) both the RTN and the ROb simultaneously. Asterisk at far right of A and of A and B indicates a significant (P < 0.01) increase
as determined by repeated-measures ANOVA on the absolute values for ventilation. Asterisks at individual time periods indicate a significant (P
< 0.05) difference from baseline as determined by post hoc comparison with Dunnett’s test. Modified from Figures 3, 4, and 5 in Dias et al., J.
Appl. Physiol. 2008, (47), and used with permission.

8-OH-DPAT dialysis in the rostral MR (254) suggesting quite
different functional roles within the MR. When both the RTN
and the caudal MR were simultaneously inhibited, the result
was enhanced hypoventilation and an enhanced 51% decrease
in the CO2 response (143). These effects were similar in wake-
fulness and sleep. Serotonergic neurons within the caudal MR
provide a non-CO2-dependent tonic drive to breathe and po-
tentiate the effects of RTN neurons that contribute to a resting
chemical “drive to breathe” as well as to the CO2 response.
These effects of caudal medullary 5HT neurons could be at
a chemoreceptor site, for example, the RTN, or at “down-
stream” sites involved in rhythm and pattern generation.

In a separate study designed to examine interactions be-
tween the MR and the RTN (Fig. 16), focal acidification was
produced by reverse microdialysis with aCSF equilibrated
with increased CO2 in the caudal MR of the conscious rat,
which had little effect on ventilation. This lack of effect in the

caudal MR stands in contrast to the ∼20% increase in venti-
lation when the rostral MR is focally acidified (183). Again,
these data indicate different functional roles for rostral and
caudal MR. If the caudal MR is acidified simultaneously with
focal acidification of the RTN, there was a 51% increase in
ventilation, a much greater response than the 24% increase
observed with focal RTN acidification alone (142). Thus the
caudal MR can detect CO2/H+ but the ventilatory response
requires an interaction with the RTN.

The role of separate central chemoreceptor sites;
sleep, wakefulness, and chemoreception

Based on the data discussed above we have made a simple
preliminary organization scheme to illustrate the possible in-
teractions among putative chemoreceptor sites and the respira-
tory central pattern generator (CPG) in wakefulness (Fig. 17)
and NREM sleep (Fig. 18)
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System model: chemoreception in Wakefulness:
areas in red are CO2 responsive by focal acidification in vivo

Figure 17 A schematic model for central chemoreception in wakefulness that represents our current
working hypothesis. The areas in red represent sites at which focal acidification by dialysis with aCSF equi-
librated with high CO2 produced an increase in ventilation in wakefulness. The areas in gray represent
sites at which we anticipate a response to focal acidification in wakefulness. Solid lines show established
functional connections related to chemoreception, for example, dialysis of an OX1R antagonist at the
RTN decreased the CO2 response in wakefulness. Dotted lines show likely connections that remain to be
established. That linking the caudal MR to the PBC reflects observations obtained in a slice preparation.
The red line between the caudal MR and the RTN reflects a CO2 linked connection, that is, focal acid-
ification of the caudal MR enhances the response to focal acidification of the RTN. Abbreviations are:
LH, a designation that includes orexin neurons in lateral hypothalamus, dorsomedial hypothalamus and
perifornical area; LC, locus ceruleus; CB, carotid body; NTS, nucleus tractus solitarius; PBC, pre-Bötzinger
complex; RTN, retrotrapezoid nucleus; MR, medullary raphe; and VLM, ventrolateral medulla. Nattie &
Li, (174) J. Appl. Physiol. 2010, used with permission.
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Figure 18 A schematic model for central chemoreception in NREM (nonrapid eye movement) sleep that
represents our current working hypothesis. The symbols and lines are as in Figure 17.Nattie & Li, (174) J.
Appl. Physiol. 2010, used with permission.
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In wakefulness, orexin inputs to the RTN and rostral MR
enhance the overall sensitivity of the system, which includes
responses that originate at the RTN, caudal NTS, the carotid
body, the caudal ventral medulla, and likely the LC. The
caudal MR can affect the CO2 response indirectly via an am-
plification of the response at the RTN (143) and perhaps else-
where. The newly described responses to focal acidification of
the CVLM (36) may affect the system response via the RTN
and/or the CPG. While many inputs exist to the RTN from
other sites, so too are there many inputs directly to the CPG.
It is unclear at present how the various central chemoreceptor
sites proportion their efferent activity between the RTN and
the CPG. Further it is possible that orexin inputs may affect
central chemoreceptor responses at sites other than the RTN
and the rostral MR

In NREM sleep, orexin excitation of CCR is much less or
absent. The main sources of currently known chemoreception
at the stimulus levels obtained by our in vivo dialysis approach
are the caudal NTS (184), rostral MR (183), and carotid body.
The role of the LC in sleep is unknown. We do not know
if there is any synergy between central chemoreceptor sites
during sleep.

Do central chemoreceptor sites govern gastric acid
secretion and contribute to associated pathologies?

Dean (39), in a broad and through review, details a link be-
tween hypercapnia and gastric physiology and pathology and
proposes an enticing putative function for CCRs in the cNTS
in modulating this link. We await direct evidence for this link.

Acid-base regulation
Central (and peripheral) chemoreceptors also serve to help
regulate body pH if changes in pH result from metabolic acid-
base disorders. The acidic pH that accompanies a metabolic
acidosis stimulates ventilation via peripheral and central
chemoreceptors causing an increase in alveolar ventilation,
which decreases arterial PCO2 and tends to correct the acidic
pH. The ventilatory control system excretes acid in the form
of CO2 to help correct the acidic pH caused by a metabolic
derangement. The alkaline pH that accompanies a metabolic
alkalosis inhibits alveolar ventilation and the resultant rise
in arterial PCO2 alleviates the alkalosis (43, 65, 166, 167,
169, 200). In general, the central chemoreceptor sites within
the brainstem are protected to some degree from rapid changes
in blood pH that arise from a metabolic disturbance. The
blood-brain barrier and associated ion transport processes
provide this protection. Perhaps proximity of neuronal and
glial processes to blood vessels that have been described for
many putative central chemoreceptor cells act not to more
quickly sense the easily diffusible CO2 but to detect changes
in blood pH in a manner that minimizes the influence of the
blood-brain barrier. Arita and colleagues have suggested in a
more general way that central chemoreceptor cells are located

in medullary regions in which tissue pH is less well protected
(7, 111).

Modulation of airway caliber
Lower airways

Musa Haxhiu and colleagues have proposed that airway vagal
preganglionic neurons (AVPN), which promote bronchocon-
striction by governing airway smooth muscle tone and thus
airway caliber, are regulated by inputs from neurons and sites
that are also putative central chemosensors (94). AVPNs are
inhibited by 5HT from the MR, and NA from the LC, sites
that in turn are regulated by excitatory orexin inputs from
the lateral hypothalamus. Further, this system is arousal state
dependent. Current thinking on the neural origins of sleep
emphasize the role of inhibitory (gabaergic, glycinergic) neu-
rons in the ventrolateral preoptic (VLPO) area (225, 250).
These neurons become active at the onset of sleep and inhibit
the orexin neurons in the lateral hypothalamus removing their
excitation of the histaminergic neurons of the tuberomammlil-
lary nucleus, the NA neurons of the LC, and the 5HT neurons
of the raphe nuclei. The activation in sleep of the VLPO
neurons also directly inhibits these nuclei. In wakefulness,
the VLPO neurons are inactive and the lateral hypothalamic
orexin neurons are active as are the histaminergic, 5HT and
NA neurons. The net result is inhibition of AVPNs and di-
minished bronchoconstriction. In sleep, the system switches
with a net loss of inhibition of the AVPNs and enhanced
bronchoconstriction.

Retrograde tracing indicates that NA inputs to AVPNs
arise at multiple brainstem NA neuron groups; A6 (LC), A5,
A1, A2, and stimulation of the LC in anesthetized ferrets
causes release of NA at the AVPNs and bronchodilation, an
effect that is partially blocked by local administration of the
α2A-adrenergic receptor antagonist yohimbine at the AVPNs,
(93, 94). Retrograde tracing also indicates that 5HT inputs to
AVPNs arise over a wide expanse of the medulla including the
raphe obscurus, pallidus, and magnus, the nucleus giganto-
cellularis and the parapyramidal region (92, 94). Stimulation
of the MR in anesthetized cats causes release of 5HT at the
AVPNs and bronchodilation an effect that is partially blocked
by local administration on the ventral medullary surface of the
nonspecific 5HT-receptor antagonist methysergide (91, 94).
The major 5HT receptor in AVPNs seems to be the 5HT1A

receptor
Insofar as 5HT and NA neurons function in central

chemoreception and in this AVPN modulatory system, we
hypothesize that changes in CO2 affect lower airway tone as a
vital part of this chemoreflex. Increased CO2 activates LC NA
neurons and medullary 5HT neurons, which inhibit AVPNs
and promote bronchodilation, which facilitates the increase in
ventilation by lowering airway resistance. Hypocapnia would
facilitate bronchoconstriction and increase airway resistance
as long as brainstem neuronal network interactions allowed
an organized output (see discussion of hypocapnia). There are
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as yet no experiments that examine the role of RTN neurons,
or other putative chemoreceptor neurons, on airway caliber.

Upper airways

The hypoglossal motor nucleus contributes importantly to up-
per airway muscle tone, caliber, and resistance. The activity of
hypoglossal motor neurons is modulated by 5HT. Perfusion
of the rat hypoglossal nucleus with 5HT in sleep increases
genioglossus muscle activity to levels observed in wakeful-
ness (113,118). 5HT stimulates hypoglossal motoneuron and
hypoglossal nerve activity via 5-HT2 receptors (66,127). Inhi-
bition of serotonin reuptake, which should increase 5HT lev-
els, increases genioglossal activity in normal subjects (249).
Thus, activation of 5HT2 receptors by 5HT in the hypoglossal
nucleus produces changes that decrease upper airway resis-
tance. Increased CO2 decreases upper airway resistance in
dogs and humans (195,261) and increases genioglossal activ-
ity in goats (201) and rats (115). Is this due to CO2 induced
release of 5HT? Kanamaru and Homma (118) examined this
issue by using dialysis within the dorsal medial medulla of
anesthetized mice. The dorsal medial medulla included the
regions of the hypoglossal nucleus as well as the NTS. They
measured airway resistance and ventilation and dialyzed a
serotonin reuptake inhibitor to enhance 5HT availability ei-
ther with or without a 5HT2-receptor antagonist. With in-
creased inspired CO2, in both cases, measured 5HT release
in the dorsomedial medulla increased ∼2.5-fold. The highest
CO2 (9%) decreased airway resistance to the same minimum
value in both groups. As inspired CO2 was decreased, airway
resistance increased in both groups but the increase in airway
resistance as CO2 decreased was much greater in the group
with 5HT2-receptor antagonism. This greater airway resis-
tance with dorsomedial medulla 5HT2-receptor antagonism
resulted in a lower ventilation at each CO2 level, an effect
that was mediated by a lower tidal volume at each CO2 level.
These data suggest that 5HT release with CO2 stimulation can
importantly modulate upper airway resistance via effects on
hypoglossal activity.

There are NA inputs to hypoglossal neurons that produce
an excitatory drive during wakefulness that arises in part from
the A7 group as injection of an alpha 2-adrenergic receptor
agonist into A7 reduced hypoglossal nerve activity (67). But
whether the effects of NA cell groups on upper airway func-
tion are linked to CO2 stimulation is not known. Whether
other putative central chemoreceptor sites, most notably the
RTN, contribute to the regulation of upper airway resistance
is at present unknown.

Modulation of sympathetic tone and blood
pressure
Central chemoreception, sympathetic tone, and
blood pressure

The regulation of sympathetic activity to the heart and to
the arterioles responsible for most of the systemic vascular
resistance is a key component of systemic blood pressure

regulation [see Guyenet et al., (86) for recent review]. This
sympathetic output is governed by a host of central and pe-
ripheral mechanisms perhaps the most well studied being the
baroreflex. It is, however, well known that increased ventila-
tory output caused by CO2 stimulation also increases sym-
pathetic nerve activity (SNA) (86). Each breath is associated
with an increase in SNA and, with CO2 stimulation, both
are greater. The source of this respirophasic increase in SNA
involves the RVLM presympathetic neurons as they fire in
phase with respirophasic SNA in deafferented anesthetized
animals. The exact source of input to these RVLM neurons
is not fully known but could be neurons within the CVLM,
which are GABAergic and fire with a strong respiratory mod-
ulation [see (86)] and are known to provide a major source of
inhibitory input to the RVLM.

In addition to this respirophasic change in SNA that is CO2

sensitive, there appears to be a tonic CO2-sensitive activity
that is independent of respiratory events. This is uncovered by
studies in anesthetized, deafferented, and ventilated cats (260)
in which single-unit activity in the cervical sympathetic nerve
and spontaneous mass activity in the cervical, splanchnic,
renal sympathetic, and phrenic nerves were recorded. With
increased CO2, phrenic nerve activity increased as did blood
pressure and sympathetic discharge. Hypocapnia such as to
produce apnea was associated with decreased blood pressure
by 17 mm Hg on average. As CO2 was increased, a pressor and
excitatory sympathetic response preceded, in all experiments,
the onset of the phrenic nerve rhythmic activity. The arterial
PCO2 threshold for the pressor and sympathetic response was
∼36 mm Hg while that for the phrenic nerve was ∼44 mm Hg.
Similar data have been obtained in conscious humans (242).
Mechanical hyperventilation in sleep silenced ventilatory out-
put while SNA and blood pressure were maintained. These
data indicate the presence of a tonic CO2-dependent drive for
SNA and blood pressure that is present during phrenic apnea
and not dependent on links to respiration.

Where does this chemoreceptor drive for SNA arise?
Given the existence of multiple sites for central chemore-
ception related to ventilation one might reasonably presume
that one or more of these sites is involved. There is not much
evidence to draw upon here. Lesions of catecholamine neu-
rons limited to the brainstem in A5, A6, A2, and A3 result in
decreased blood pressure (137). Orexin neurons innervate the
presympathetic neurons of the RVLM and can increase SNA
(6,86) and orexin null mice have decreased blood pressure in
wakefulness (122). There are little data on the role of 5HT
neurons in blood pressure control but recent data in develop-
ing rodents indicate a vital role for 5HT in the control of heart
rate (34, 35).

Arousal
The presence among putative central chemoreceptor regions
of neurons whose firing rate varies with the level of arousal
(orexin, 5HT, and NA neurons all fire more actively in wake-
fulness and less so in sleep) raises the question as to whether
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central chemoreceptor regions participate in arousal from
sleep if they are activated. There are few direct studies of
central chemoreceptor activation and arousal from sleep. In-
creased CO2 can produce arousal from sleep (9). But the
degree of increased CO2 and the site of action are not well
understood.

Adding low levels of CO2 to the inspired gas has been
reported to improve breathing in some patients with sleep
apnea (258). To examine whether low versus high levels of
CO2-affected sleep, Fraigne et al., (74) exposed cats for 3
hrs to 0%, 2%, 4%, and 6% CO2 in room air. An inspired
CO2 of 2% improved sleep by increasing sleep duration and
decreasing time awake. In contrast, an inspired CO2 of 6%
CO2 made sleep worse. This study and others suggest that
at low inspired CO2 levels there is little effect on arousal
(23, 107) even though ventilation may be stimulated. This
suggests that some central chemoreceptor sites that primarily
affect breathing will have a different threshold than those
that bring about arousal. This is an intriguing hypothesis. Of
interest is that hypocapnia per se also disrupts sleep in cats
the effect being largely on REM sleep (147).

One specific central chemoreceptor site has been exam-
ined in respect to arousal threshold, the caudal NTS. Focal
acidification of the caudal NTS by reverse microdialysis of
aCSF equilibrated with high CO2 stimulates ventilatory out-
put by about the same amount whether 25% or 50% CO2

is added (184). But, when using 25% CO2 in the dialysate
no arousal was detected while when 50% CO2 was used,
the rats awoke if they had been sleeping. This is the only
single chemoreceptor site study that examined arousal with
different stimulus intensities during focal acidification. We
can estimate that the focal tissue pH change with 25% CO2

in the dialysate would be like that associated in the rat with
a 6.6. mm Hg increase in arterial PCO2 (138), which is as-
sociated with an ∼3.5% inspired CO2. We can guess that
the use of 50% CO2 in the dialysate would be like that with
an inspired of 5% CO2, a rough agreement with the whole
animal data above that the threshold for arousal is around a
value associated with 5% CO2 inspired. When single central
chemoreceptor sites are focally acidified using the lower stim-
ulus, 25% CO2 in aCSF in the dialysate, rats normally cycle
between wakefulness and NREM sleep.

A central chemoreceptor site involved with CO2-induced
arousal is the 5HT neurons in the medulla, which are likely
central respiratory chemoreceptors, and in the midbrain,
which project to thalamocortical circuitry involved with regu-
lation of sleep and wakefulness. Buchanan and Richerson (23)
have examined the effect of CO2 on arousal in mice with con-
ditional genetic deletion of Lmx1b in Pet-1 expressing cells
(Lmx1bf/f/p) rendering them selectively and nearly completely
deficient in central 5HT neurons. In 24 h EEG and EMG
recordings the 5HT-deficient mice compared to controls are
awake more and in NREM sleep less. When exposed to 3%
CO2 in the inspired gas, the time for arousal in 5HT-deficient
mice is ∼75% longer than in control, with exposure to 5%
CO2 it is ∼200% longer and with exposure to 7% or 10%

CO2 it is ∼350% longer. These effects reflect decreasing
arousal times in controls as CO2 increased, while in 5HT-
deficient mice the arousal time was independent of inspired
gas. There was no difference in arousal time in response to
other stimuli, that is, hypoxia, auditory, airpuff. These results
indicate that 5HT neurons are important in CO2-dependent
arousal.

Since the LC plays an important role in arousal (25),
it is possible that this central chemoreceptor site is also of
importance in sleep-wake differences in CO2 sensitivity.

Summary: Functions of central chemoreception
Central and peripheral chemoreceptors are interdependent and
can respond quickly and sensitively to changes in arterial
PCO2. This allows rapid and sensitive regulation of alveolar
ventilation relative to metabolism. Central chemoreceptors
are responsive to ISF pH, which allows an integrative sensing
process that detects and responds to changes in (i) alveolar
ventilation, (ii) CBF, and (iii) cerebral metabolism. While
ventilation has been almost the exclusive focus of studies of
central chemoreception, their output can also affect airway
resistance and blood pressure and their sensitivity varies with
arousal state.

The Evolution of Central
Chemoreception
Our considerations of central chemoreception so far have
been constrained to homeothermic mammals. Here, we dis-
cuss how the evolution of homeothermy and the transition
from a water-breathing to an air-breathing environment deter-
mined the functions of central chemoreception as studied in
the homeotherm.

Transition from water-to-air breathing and the
development of central chemoreception work of
breathing, appropriate pH for chosen
temperature, and gas exchange
Using data from experiments in Comparative Physiology, one
can gain insight into the evolutionary steps that likely re-
sulted in the present normal value for the arterial PCO2 in
homeotherm mammals of 40 mm Hg, which represents the
balance of two processes, the rate of CO2 production and the
rate of alveolar ventilation. An initial major event was the
transition from water to air breathing (209). Water contains
less oxygen than air because the solubility of oxygen in water
is low. This means that animals living entirely in water must
have high rates of water flow through their gas-exchange ap-
paratus to supply their metabolic needs. In contrast, CO2, a
metabolic byproduct of oxygen utilization, has greater solu-
bility than oxygen in water so the high fluid flows required
for oxygen uptake easily eliminate large amounts of CO2. The
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result is a PCO2 in aquatic animals that is just a few millime-
ters Hg, a very low value compared to the normal value in air
breathers.

When breathing air with relatively large amounts of oxy-
gen available for diffusion in the gas-exchange spaces, the
convective requirements are less than for water. The lower
values of ventilation required for oxygen uptake in air breath-
ing are associated with a lower rate of CO2 elimination as
compared to water breathing. Air breathers, in comparison to
water breathers retain CO2. The evolutionary transition from
water to air breathing resulted in higher PCO2 values.

An interesting experimental model for this transition from
water-to-air breathing is amphibian metamorphosis (117).
Water breathing tadpoles with gill ventilation have PCO2

values of a few millimeters Hg; with metamorphosis into
air-breathing frogs with lungs, PCO2 increases to values in
the 30 mm Hg range. Central chemoreception for CO2 may
also have appeared during this period in which relative CO2

retention became the mode (230). Most air-breathing aquatic
animals show little or no “ventilatory” response to increased
CO2. Again, using metamorphosis as a model, frogs in com-
parison to tadpoles exhibit greater chemosensitivity. Another
example is the neotenous amphibian, the axolotol, ambystoma
mexicanum. The axolotol is, in nature, fixed in the gill breath-
ing stage but metamorphosis can be induced exogenously by
means of treatment with thyroid hormone. With such treat-
ment, the gills regress, lungs grow, and a response to increased
CO2 appears (76) (Kamath, Nattie, and Li, unpublished ob-
servations).

Given that the PCO2 increases in the transition from water-
to-air breathing and the development of central chemorecep-
tion accompanied this event, we can then ask why the normal
value settled at 40 mm Hg (210)? Why not 20 mm Hg? Or
60 mm Hg? The factors that determine this normal value ap-
pear to include the energetic costs of ventilation, increasing
ventilation uses more energy, the achievement of optimal gas
exchange, the level of ventilation must supply oxygen needs,
and the maintenance of acid-base balance—the level of CO2

is an important determinant of pH. The evolutionary solution
presumably minimizes the metabolic cost of breathing while
allowing adequate gas exchange and appropriate acid-base
balance.

In blood and tissue, CO2 is hydrolyzed into a proton and
a bicarbonate ion so the level of PCO2, which is determined
by the balance of CO2 production and alveolar ventilation, is
a key determinant of cell and extracellular pH. The level of
ventilation, which determines arterial PCO2, also determines
the level of oxygen in the alveolar gas exchange space. In
normal mammals, the level of ventilation which maintains a
PCO2 in the alveolar gas exchange space of 40 mm Hg also
results in an oxygen partial pressure, PO2, in the alveolar
space of 100 mm Hg. A higher level of ventilation would
increase the PO2 and decrease the PCO2 but would be more
costly energetically and would increase the pH. A lower level
of ventilation might save energy but would be associated with
a higher PCO2, a more acidic pH, and a lower PO2.

The arterial PO2 does not play an important role in the
determination of the optimal level of resting ventilation. The
response of the peripheral chemoreceptor, the carotid body,
to decreased values of arterial PO2 does not really have a
large effect on ventilation until the values fall from the nor-
mal of 90 to 70 mm Hg or so (265). Further, because of the
sigmoid shape of the oxyhemoglobin dissociation curve the
arterial PO2 value can decrease to values of 70 mm Hg or
so before the oxygen content decreases very much. This phe-
nomenon provides some latitude in the amount of ventilation
required to maintain nearly full hemoglobin saturation with
O2. Thus, control of the level of alveolar ventilation just above
and below the normal value is not likely to be determined by
chemoreceptors responding to PO2. That the ventilatory re-
sponse to decreased arterial PO2 begins in earnest at values
of 70 mm Hg suggests that these O2 sensors provide an emer-
gency system to detect and respond to levels of PO2 at or
below 70 mm Hg. At normal levels of ventilation, the base-
line firing of the peripheral chemoreceptors does contribute
to the tonic drive to the respiratory control system (231, 232).

Temperature and pH—the alphastat hypothesis
The signal responsible for the maintenance of normal levels
of alveolar ventilation must be CO2 acting via both periph-
eral and central chemoreceptors, which are quite sensitive in
that they produce ventilatory responses to small increases of
PCO2 above the normal value as well as to small decreases
in PCO2 in anesthesia and in sleep. The choice, by nature, of
40 mm Hg as the normal mammalian value seems linked to
acid-base balance and the maintenance of a normal extracellu-
lar pH of 7.4 (108,152,177,211,213). The initial evolutionary
appearance of chemoreceptors is suggested to have occurred
in ectotherm air-breathing vertebrates. In ectotherms, blood
and cell pH vary with temperature. This temperature effect is
not trivial; the coefficient is ∼0.015 pH units/◦C (211, 213).
Thus, these early chemoreceptors did not likely sense pH per
se. It is possible that they sensed CO2 directly.

The hypothesis that some central chemoreceptors sense
CO2 directly is an attractive one given the fact that CO2 is
the variable being controlled. It is also possible that these
early chemoreceptors sensed pH changes that occurred in-
dependently from the temperature-induced effects on pH.
A mechanism by which such a temperature-independent
pH change—as separate from temperature induced pH
changes—might be detected has been proposed. This mecha-
nism, which focuses on imidazole-histidine and is called the
alphastat hypothesis, evolved from consideration of the ef-
fects of temperature on pH. Reeves (213) noted that, in solu-
tion, the pK of imidazole-histidine had a similar temperature
relationship as that of ectotherm extra- and intracellular pH
(98,149,152), that is, they varied by ∼0.015 units/◦C. He de-
duced that with changes in temperature, the fractional dissoci-
ation of imidazole-histidine (alpha-imidazole) would remain
constant even as pH changed. In contrast, if pH was changed
in isothermal conditions, alpha-imidazole would change. The
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alphastat hypothesis predicts that proteins with tertiary struc-
ture and function determined by histidine groups would be
functionally unaffected by pH changes caused by tempera-
ture. Isothermal pH changes could affect them in a pH de-
pendent manner. In a more general form, the hypothesis pre-
dicts that proteins would be unaffected by temperature if their
structure (and function) were determined by moieties with pK
-temperature relationships like that of pH in that system [see
also (177,240). This hypothesis explains the relative alkalinity
of extracellular fluid, 7.4, and the neutral pH of intracellular
fluid, 7.0, at normal mammalian body temperature, as the
values, which maintain appropriate protein charge state. In
the mammal, these pH values are obtained with a PCO2 of
40 mm Hg.

This hypothesis is difficult to prove because the precise
pK of imidazole can be affected by neighbor amino acids
[see (177) for discussion] and most physiologically relevant
proteins contain many histidines (177, 240). Direct measure-
ments, using nuclear magnetic resonance, of alpha-imidazole
in skeletal muscle of the newt show that it is constant when
temperature varies even though intracellular pH changes dra-
matically (98). Treatment with diethylpyrocarbonate (DEPC),
a substance that is relatively specific for binding to imidazole-
histidine, interferes with the pH sensitivity of many proteins
[see (176)] and application of DEPC to the ventral medullary
surface diminishes baseline ventilatory output and the re-
sponse to increased CO2 (176). DEPC treatment also blocks
the CO2 response in a snail model for central chemosensi-
tivity (148). Any protein that is pH sensitive may detect pH
changes via an alphastat-like mechanism. The final evolution-
ary choice for the normal PCO2 of 40 mm Hg in all likelihood
represents a balance of minimal energy costs for breathing,
optimal gas exchange, and the maintenance of a pH value that
allows pH-sensitive proteins to function at the normal body
temperature of homeotherms, 37◦C.

Is PCO2 sensed independently from interstitial
fluid pH?
The experimental study of whether CO2 itself or pH is the sig-
nal for chemoreception in modern homeotherms is technically
challenging due to the high solubility and easy diffusibility of
CO2. Most presume that pH is the stimulus for chemorecep-
tion. One study in vivo in anesthetized, ventilated, peripherally
chemodenervated animals used either systemic hypercapnia
or isocapnic metabolic acidosis to evaluate CO2 versus pH
(57). The measured ventilatory response expressed per unit
change in measured medullary surface pH, used as a index
of the stimulus at the central chemoreceptor site, was much
greater for systemic hypercapnia than isocapnic metabolic
acidosis. In this study, either medullary surface pH does not
represent the pH at the central chemoreceptor site or CO2

and pH act independently. Recent data suggest that CO2 per
se can be a chemoreceptor stimulus acting via stimulation of
glial ATP release at connexin hemichannels within the ven-
trolateral medulla (109). This mechanism at these sites was

estimated to account for ∼20% of the total CO2 response in
anesthetized rats (109). The relative contribution and impor-
tance of this glial mechanism in the unanesthetized state is
unknown.

There are numerous studies of the CO2 versus pH is-
sue using a variety of in vitro preparations (see Cellular
Basis of CO2 Sensitivity in Neurons/Glia in Comprehensive
Physiology).

Summary: Evolution of central chemoreception
The evolution from water to air breathing along with the
development of homeothermy created a new chemical envi-
ronment for sensor neurons/glia that participate in chemore-
ception. The movement from water, which due to the low O2

solubility requires high flow rates thru gills to achieve suffi-
cient O2, to air, which has higher O2 levels and requires lower
air flow rates, resulted in evolutionary choices that increased
blood PCO2 from a few mm Hg to ∼40 mm Hg. Further, in ec-
totherms, blood and cell pH vary with temperature making it
unlikely that pH per se is a sensed or regulated variable. Thus,
mammals are a special case in respect to acid-base balance.
The theory that best explains what is actually “sensed” by
chemosensors is the alphastat hypothesis. Here, it is the frac-
tional dissociation of histidine that determines protein charge
state and physiological function. This explains why pH can
vary considerably in ectotherms without effect on physiolog-
ical function. In ectotherms as temperature changes, the al-
phastat is constant, while when pH changes in a homeotherm,
alphastat also changes.

Conclusions
1. The study of central chemoreception has moved beyond

the initial descriptions of participating areas on the ventral
medullary surface to a realization that multiple locations
can participate.

2. Application of transgenic, viral transfection and opticoge-
netic strategies has allowed identification of specific neu-
rons involved in the process of chemoreception. Identifi-
cation and evaluation in vivo of a cell-specific CO2/H+

detection molecule remains as an experimental goal.

3. The concept of interdependence in which functions of the
peripheral and central chemoreceptors depend importantly
on each other has taken new life. When and how this inter-
dependence functions remains worthy of study.

4. The RTN is poised as an important chemoreceptor site that
can participate in interdependence.

5. Glial cells in and around chemosensitive areas, e.g., the
RTN, may contribute to chemoreception.
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6. Studies of central chemoreception should be undertaken in
conditions that allow evaluation in both sleep and wake-
fulness.

7. Why there are so many putative central chemoreceptor
sites and what their individual contributions might be is at
present uncertain.
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