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Abstract
Preterm infants often experience hyperoxia while receiving supplemental oxygen. Prolonged
exposure to hyperoxia during development is associated with pathologies such as
bronchopulmonary dysplasia and retinopathy of prematurity. Over the last 25 years, however,
experiments with animal models have revealed that moderate exposures to hyperoxia (e.g., 30–
60% O2 for days to weeks) can also have profound effects on the developing respiratory control
system that may lead to hypoventilation and diminished responses to acute hypoxia. This
plasticity, which is generally inducible only during critical periods of development, has a complex
time course that includes both transient and permanent respiratory deficits. Although the
molecular mechanisms of hyperoxia-induced plasticity are only beginning to be elucidated, it is
clear that many of the respiratory effects are linked to abnormal morphological and functional
development of the carotid body, the principal site of arterial O2 chemoreception for respiratory
control. Specifically, developmental hyperoxia reduces carotid body size, decreases the number of
chemoafferent neurons, and (at least transiently) diminishes the O2 sensitivity of individual carotid
body glomus cells. Recent evidence suggests that hyperoxia may also directly or indirectly impact
development of central neural control of breathing. Collectively, these findings emphasize the
vulnerability of the developing respiratory control system to environmental perturbations.
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1. Introduction
The respiratory control system is under strong genetic regulation which guides its
development and determines much of the adult respiratory phenotype (Han & Strohl, 2000;
Strohl, 2003; Tankersley, 2003; Borday et al., 2004, 2005). Even so, the respiratory control
system also retains substantial capacity for phenotypic plasticity (Carroll, 2003; Mitchell &
Johnson, 2003; Bavis & Mitchell, 2008). Phenotypic plasticity describes the ability of a
single genotype to produce a range of phenotypes in response to environmental variation.
This capacity may be greatest during development, with specific windows of environmental
sensitivity (i.e., critical periods) in which plasticity is inducible. Plasticity is often adaptive
because it enables individuals to cope with changing demands throughout their lifetime;
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however, this environmental sensitivity may also yield maladaptive responses to disease,
injury, or novel stimuli.

Environmental hyperoxia (inspired PO2 >160 mmHg) occurs rarely in nature except, for
example, in certain isolated systems like tidal pools. On the other hand, supplemental O2 is a
common therapeutic intervention in clinical settings which, in turn, leads to both acute and
chronic hyperoxia in human and animal patients (e.g., Hagadorn et al., 2006; Claure and
Bancalari, 2009; Finer and Leone, 2009). Moreover, it has been suggested that the earlier-
than-normal rise in inspired O2 associated with preterm birth induces a state of “relative
hyperoxia” with respect to normal gestational PO2 (Carroll, 2003). It is consequently
important to understand the impact of hyperoxia (and relative hyperoxia) on critical
homeostatic processes, such as regulation of blood gases.

The epithelium of the lungs and upper airways experience the highest PO2 during clinical O2
exposures and, consequently, may suffer direct oxidative injury through the overproduction
of reactive oxygen species (ROS). The impact of hyperoxia may extend beyond these tissues
due to elevated arterial PO2, however, and can include substantial morphological and
functional plasticity in neural pathways critical to respiratory control. In this article, we
review evidence that perinatal hyperoxia alters the development of the carotid body, the
primary O2 chemoreceptor for the respiratory control system. Although the mechanism of
hypoxia transduction within the carotid body is not completely understood, it appears to be
initiated in the glomus (type I) cells, neuron-like secretory cells that synapse with neurons
projecting to the brainstem via the carotid sinus nerve (CSN). Decreasing arterial PO2
depolarizes the glomus cells, increases intracellular calcium, and triggers the release of
neurochemicals, ultimately enhancing afferent nerve activity and initiating the hypoxic
ventilatory response (HVR) (Kumar, 2007; López-Barneo et al., 2008).

2. Ventilatory control after developmental hyperoxia
The first indication that chronic hyperoxia alters carotid body development came from
studies of the HVR in cats and rats reared in moderate hyperoxia. Hanson et al. (1989)
observed that the acute HVR was severely diminished in kittens reared in 30% O2 from
birth. Later, Ling et al. (1996) demonstrated that the HVR remains blunted in rats reared in
60% O2 for the first postnatal month even after being returned to normoxia (21% O2) for
several months; similar effects have been observed after only 1 or 2 weeks in 60% O2 (e.g.,
Fig. 1) (Bavis et al., 2003, 2007, 2008). Interestingly, rats exposed to a similar duration of
60% O2 as adults exhibit normal HVR (Ling et al., 1996, 1997a,c). Together, these data
indicate that developmental hyperoxia induces a long-lasting reduction in the HVR and that
this plasticity can only be elicited during development. Subsequent studies revealed that the
critical period for long-lasting changes in the HVR is limited to the first two postnatal weeks
in rats (Bavis et al., 2002). It is now known that developmental hyperoxia has similar effects
on the HVR in several vertebrates species, including mice (Bavis et al., 2011a), quail (Bavis
& Simons, 2008), chickens (Mortola, 2011), and zebrafish (Vulesevik and Perry, 2006);
while fish do not have a carotid body per se, they have O2-sensitive chemoreceptors in their
gills that are considered homologous to those in the mammalian and avian carotid body
(Milsom and Burleson, 2007). No controlled experiments have been conducted in human
infants, but there is correlative evidence suggesting that ventilatory control is affected by
supplemental O2 in humans as well (Calder et al., 1994; Katz-Salamon and Lagercrantz,
1994; Katz-Salamon et al., 1996).

Although the eventual attenuation of the HVR is well documented in rats and other species
exposed to developmental hyperoxia, recent studies indicate that changes to ventilatory
control during the hyperoxic exposure are more complex than initially appreciated. The

Bavis et al. Page 2

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HVR is distinctly biphasic in newborn mammals, with an initial, carotid body-mediated
increase in ventilation (early phase of the HVR) being followed by a secondary decline in
ventilation linked to central neural inhibition (late phase of the HVR) (Eden and Hanson,
1987; Bissonnette, 2000; Teppema and Dahan, 2010). As individuals mature (over the first
7–14 postnatal days in rats), the overall magnitude of the HVR tends to increase and the
biphasic response is gradually replaced with a sustained increase in ventilation. Bavis et al.
(2010) assessed the ventilation of rats reared in 60% O2 from birth until studied at one of
three postnatal ages: 4, 6–7, or 13–14 days of age (P4, P6–7, or P13–14, respectively). When
acutely exposed to hypoxia (12.5% O2), the magnitude of the early phase of the HVR was
similar to that of age-matched controls at P4, but became progressively diminished at P6–7
and P13–14 (Fig. 1A). Surprisingly, hyperoxia-treated rats exhibited a sustained increase in
ventilation at P4 and P6–7 in contrast to the expected biphasic HVR observed in controls
(for potential mechanisms, see Section 5 below). Thus, when expressed as a percentage
increase from baseline, the HVR was actually enhanced during the later stages of hypoxia in
hyperoxia-treated rats at these ages. The magnitude of the late HVR increased with postnatal
maturation in control rats, however, and an overall reduction in the HVR of hyperoxia-
treated rats emerged by P13–14 (Bavis et al., 2010).

In addition to changes in the HVR, Bavis et al. (2010) also noted changes to normoxic
ventilation in neonatal rats exposed to developmental hyperoxia. Relative to age-matched
control rats reared in normoxia, hyperoxia-treated rats exhibited substantially lower minute
ventilation at P4 and P6–7 when acutely returned to 21% O2, but normoxic ventilation
returned to normal in P14 rats despite their longer hyperoxic exposure. The reduced
ventilation in hyperoxia-treated rats at P4 likely represents a true hypoventilation based on
lower arterial O2 saturations in these pups (van Heerden and Bavis, 2011). Inasmuch as the
carotid body contributes to normoxic ventilatory drive, lower resting ventilation is consistent
with abnormal carotid body function in hyperoxia-treated neonates. This is supported by
recent experiments showing that minute ventilation drops less in hyperoxia-treated rats
during acute O2 inhalation (Dejour's test) than in age-matched controls at P4 and P6–7, but
not at P13–14 (van Heerden et al., 2011). Moreover, normalization of normoxic ventilation
by P13–14 could reflect a reduced contribution of carotid bodies to eupneic breathing with
advancing age. Indeed, the ventilatory response to O2 inhalation was lower in control rats at
P13–14 than at P4 (van Heerden et al., 2011).

3. Carotid body function after developmental hyperoxia
The carotid body responds to a decrease in arterial PO2 by increasing action potential
activity on the carotid sinus nerve (CSN) which, in turn, stimulates breathing. Given the
carotid body's primary role in initiating the HVR, it is a likely culprit in cases where the
HVR is deemed abnormal. Indeed, direct measurements of CSN activity in cats and rats
reared in developmental hyperoxia have revealed dramatic reductions in carotid body
responses to hypoxia. Hanson et al. (1989) observed diminished carotid chemoafferent
responses to hypoxia in single- and few-fiber CSN preparations in anesthetized cats that had
been reared in 30% O2 from birth until studied at 12–23 days of age. Similarly, rats reared in
60% O2 for 1–4 weeks from birth exhibit greatly reduced (and in some cases absent) whole-
nerve CSN responses to hypoxia, asphyxia, and cyanide administration when assessed 2–14
months after return to normoxia (Ling et al., 1997a; Fuller et al., 2002; Bisgard et al., 2003;
Prieto-Lloret et al., 2004) (e.g., Fig. 1B). Collectively, these results point to abnormal
development of the carotid body as a major, if not the sole, mechanism for long-lasting
impairment of the HVR in hyperoxia-treated animals.

Attenuation of single-unit chemoafferent responses to hypoxia in chronically hyperoxic
kittens strongly suggests changes in cellular O2 sensitivity immediately after the hyperoxia
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treatment (Hanson et al., 1989). Whole-nerve CSN activity, on the other hand, is a function
of the number of carotid chemoafferent neurons present, the number and strength of
synapses between chemoreceptor cells and afferent neurons, and the activity of individual
chemoreceptors. As such, whole-nerve recordings cannot distinguish between
morphological changes to the carotid body and chemoafferent neurons (e.g., numbers of
glomus cells, afferent neuron, and/or synapses) and functional changes (e.g., cellular O2
sensing and neurotransmission). In the following sections, we review evidence that
hyperoxia influences both morphological and functional components of the carotid body and
CSN. Importantly, these studies reveal that hyperoxia impacts multiple aspects of the carotid
body and chemoafferent pathway.

3.1. Carotid body size
Rats and mice reared in 60% O2 for the first 1–4 postnatal weeks exhibit small carotid
bodies as adults, often averaging only 25–40% of the size (i.e., volume or mass) of those
collected from age-matched controls (e.g., Fuller et al., 2002; Bisgard et al., 2003; Prietol-
Lloret et al., 2004; Bavis et al., 2011a) (e.g., Fig. 1); Erickson et al. (1998) mentioned that
they observed similar effects in neonatal rats after one week of 30% O2, but these data have
not been published. The reduction in carotid body size is evident after only four days in 60%
O2 and becomes more prominent with longer durations of hyperoxia (Dmitrieff et al., 2012).
Importantly, the change in carotid body volume should be functionally relevant given that it
reflects a decrease in the volume occupied by the O2-sensitive glomus cells. Although the
reduction in carotid body volume is partially explained by decreases in the volume occupied
by non-glomic tissue (e.g., vasculature, sustentacular cells, connective tissue), there is a
proportionate (Erickson et al., 1998) or slightly greater (Prieto-Loret et al., 2004) decrease in
the volume occupied by glomus cells. The decrease in volume occupied by glomus cells
reflects a reduced number of glomus cells (i.e., hypoplasia; see below); the size of individual
cells has not been assessed quantitatively to our knowledge, but the glomus cells do not
appear to be smaller (E.F. Dmitrieff and R.W. Bavis, personal observation).

Severe normobaric or hyperbaric hyperoxia (inspired PO2 of 745 – 3,800 mmHg) induces
cellular injury and necrosis to the carotid body within 2–67 hours in juvenile and adult rats
and cats, and this is correlated with a dose-dependent attenuation of carotid body O2
sensitivity and the HVR (Mokashi & Lahiri, 1991; Torbati et al., 1993, Di Giulio et al.,
1998). It is questionable, however, whether ROS-mediated cell death contributes
substantially to changes in carotid body volume during developmental exposures to 30–60%
O2 (i.e., inspired PO2 ~230–460 mmHg; expected arterial PO2 ~130–250 mmHg; Penn et
al., 1995). First, 60% O2 does not alter carotid body size in rats exposed to hyperoxia as
adults (Dmitrieff et al., 2012); thus, unlike the severe hyperoxia discussed above, the
morphological and functional effects of moderate hyperoxia appear to be limited to the
developing carotid body (also see section 3.1.1, below). Second, treatment with two separate
antioxidants (vitamin E and manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin
pentachloride; MnTMPyP) failed to prevent, or even reduce, changes to carotid body size
during developmental hyperoxia (Bavis et al., 2008). Third, blood protein carbonyl
concentrations (an indicator of oxidative damage) were unchanged in neonatal rats during
chronic exposure to 60% O2 (Bavis et al., 2008). Finally, studies using TdT-mediated dUTP
nick end labeling (TUNEL) to identify DNA fragmentation (often used as an indicator of
cell death) have noted very low rates of TUNEL-positive cells in hyperoxic carotid bodies
(Wang & Bisgard, 2005; Dmitrieff et al., 2012). Although Dmitrieff et al. (2012) detected a
statistically significant increase in TUNEL-positive glomus cells in carotid bodies from
neonatal rats (P2–P6) reared in 60% O2, this represented less than one percent of the glomus
cells that were present (i.e., 0.7% of all glomus cells vs. 0.3% in age-matched controls).
Moreover, the TUNEL assay also identifies cells with damaged DNA that will ultimately be
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repaired, so this assay likely overestimates cell death (O'Reilly, 2001). Collectively, these
data suggest that ROS-mediated cell death makes a relatively small contribution to the
overall change in carotid body size during developmental hyperoxia.

On the other hand, developmental hyperoxia appears to dramatically reduce cell
proliferation within the carotid body (Wang & Bisgard, 2005; Dmitrieff et al., 2012).
Postnatal growth of the carotid body, as indicated by changes in volume, appears to exhibit a
biphasic pattern in rats: the carotid body initially decreases in size over the first four
postnatal days (at least partially due to changes in the vascular compartment) and then grows
rapidly for several weeks beyond that (Dmitrieff et al., 2012). When rats are reared in 60%
O2, however, the carotid body exhibits the initial decrease in size but almost no growth after
that. Consequently, the carotid body is significantly smaller than in age-matched controls by
P4 and beyond (Dmitrieff et al., 2012). Treating rats with bromodeoxyuridine (BrdU) to
label dividing cells revealed substantial decreases in the proliferation of carotid body cells
during developmental hyperoxia (Wang & Bisgard, 2005; Dmitrieff et al., 2012),
particularly at the earlier ages studied (P2 and P4 vs. P6). At P4, for example, only 9% of
the glomus cells had undergone cell division in the preceding 24 hours, compared to 28% of
the glomus cells in the age-matched control group (Dmitrieff et al., 2012). Hyperoxia
appeared to inhibit cell proliferation of glomus cells and other cell types within the carotid
body to a similar extent (Dmitrieff et al., 2012).

The mechanism by which hyperoxia inhibits cell proliferation in the developing carotid
body is not yet known. Hyperoxia activates cell cycle “checkpoints” to arrest cell division in
pulmonary epithelium, often through p53 and p21 signaling pathways (O'Reilly, 2001).
However, no changes in the mRNA expression for p53 or p21, or protein expression for p21,
were detected in the hyperoxic carotid body (Dmitrieff et al., 2012); p53 protein levels were
not studied. Of course, these findings do not rule out the involvement of other signaling
pathways that inhibit cell cycle progression or, alternatively, diminish the activity of
mitogens. For example, carotid body glomus and sustentacular cells express numerous
growth factors that stimulate cell proliferation and enhance cell survival in other tissues
(Wang & Bisgard, 2005; Izal-Azcárate et al., 2008; Porzionato et al., 2008). Interestingly,
brain-derived neurotrophic factor (BDNF) protein levels are reduced in the carotid bodies of
hyperoxia-reared rats (Dmitrieff et al., 2011; Chavez-Valdez et al., 2012). The role of BDNF
in proliferation of glomus cells has not been studied; however, glomus cells express TrkB
receptors (Wang & Bisgard, 2005; Dmitrieff et al., 2011), consistent with an autocrine role
for BDNF in carotid body growth and development.

3.1.1. Critical period for hyperoxia-induced changes in carotid body volume—
As mentioned above, developmental hyperoxia reduces carotid body size while equivalent
exposures (with respect to O2 level and duration) in adults have no such effect (Dmitrieff et
al., 2012); in other words, there is a critical period for this plasticity during development. If
hyperoxia primarily reduces carotid body size by inhibiting cell division, one might predict
that the carotid body would be susceptible to morphological plasticity as long as it is
actively growing. Alternatively, the period of cell proliferation may only be permissive for
plasticity while the critical period is determined by another developmentally regulated
process. To begin to distinguish between these possibilities, we constructed a growth curve
for the carotid body and subsequently assessed the impact of hyperoxia at ages representing
a range of apparent growth rates.

To prepare a carotid body growth curve, Sprague-Dawley rats (Charles River Laboratories,
Portage, MI, USA) were reared in room air until their carotid bodies were collected at 2, 4,
6, 8, 10, and 12 weeks of age (n = 8–13 rats per age representing approximately equal
numbers of males and females); several rats in each age group (n =3–5) were injected twice
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with BrdU (25 mg kg−1 per injection), 24 h and 12 h prior to collection, to label dividing
cells. Following perfusion (4% paraformaldehyde in 0.1 M phosphate buffered saline, pH
7.4), carotid bodies were collected, frozen, sectioned, and processed with (1) hematoxylin
and eosin staining or (2) immunohistochemistry for tyrosine hydroxylase (TH; marker for
glomus cells) and BrdU; all methods were identical to those described by Dmitrieff et al.
(2012). Carotid body volumes were computed by summing the area of the carotid body in
each section multiplied by the section thickness (12 μm). For rats treated with BrdU, the
number of cells double-labeled for TH and BrdU were counted on the two largest sections
for each carotid body and averaged as an index of glomus cell division for that individual.
As shown in Figure 2, the rat carotid body increased in size rapidly between 2 and 6 weeks
of age but growth slowed thereafter. The slowing of carotid body growth corresponded to a
strong decrease in the rate of glomus cell division with advancing age, such that very few
BrdU-positive glomus cells were present at 10 or 12 weeks of age (Fig. 2); the number of
BrdU-positive non-glomus cells also decreased with age (data not shown).

Based on the carotid body growth curve, we investigated the effects of 7-day exposures to
60% O2 on carotid body size at P7–P14 (high cell proliferation), P28–P35 (moderate cell
proliferation), and P70–P77 (low cell proliferation); age-matched control rats were reared in
room air. Carotid bodies were harvested immediately at the end of the hyperoxic exposure
(all ages) or after five months of recovery in room air (P7–P14 and P28–P35 groups only) (n
= 6 per treatment group at each age). Carotid body volumes were determined as described
above (see also Dmitrieff et al., 2012) and then compared between hyperoxia-treated and
control rats at each age using unpaired t-tests; conclusions were identical when volumes
were expressed in absolute units or normalized to body mass, so only mass-specific data are
presented here. Rats reared in hyperoxia during P7–P14 had smaller carotid bodies than their
age-matched controls at P14 (P<0.0001; Fig. 3A), and this effect was still evident five
months later (P<0.0001; Fig. 3B). In contrast, hyperoxia had no effect on carotid body size
when exposures occurred later in development (all P>0.05; Fig. 3). These results
demonstrate that (1) hyperoxic exposures do not need to begin at birth in order to alter
carotid body size, (2) changes to carotid body size, if present, persist into adulthood, and (3)
the critical period for hyperoxia-induced plasticity includes the second postnatal week but
ends by four weeks of age (if not sooner). The timing of this critical period is consistent with
that previously reported for long-lasting impairment of the HVR (i.e., first two postnatal
weeks; Bavis et al., 2002). Moreover, the critical period for morphological plasticity closes
while the carotid body is actively growing: it is not defined solely by the period of cell
division. The molecular pathways that regulate this age-sensitivity remain to be determined.

3.2 Carotid body innervation
In addition to the morphological effects on the carotid body itself, developmental hyperoxia
disrupts the afferent link between the carotid body and the central nervous system. Neurons
in the petrosal ganglion innervate the carotid body via the carotid sinus nerve (CSN) and
link carotid chemoreceptors to the nucleus tractus solitarii (NTS) in the brainstem. Although
the CSN contains both myelinated and unmyelinated axons, electrophysiological studies
indicate that carotid chemoafferent neurons generally have unmyelinated axons in neonatal
rats (conduction velocities <1 m s−1; Donnelly, 2011). Importantly, Erickson et al. (1998)
observed that rats reared in 60% O2 from birth through P28 exhibited a 41% decrease in the
number of unmyelinated axons in the CSN; the number of Schwann cells was also reduced,
but the total number of myelinated axons was comparable to that in age-matched controls.
Hyperoxia also reduced the number of TH-positive neurons in the petrosal ganglion, but not
in the nearby nodose ganglion, after only 7 days (Erickson et al., 1998). Since the subset of
petrosal neurons that synapse with glomus cells are dopaminergic, Erickson and colleagues
interpreted this latter result as evidence for rapid and selective degeneration of neurons in
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the carotid chemoafferent pathway during postnatal hyperoxia. More recently, Chavez-
Valdez et al. (2012) retrogradely labeled chemoafferent neurons within the petrosal ganglion
in hyperoxia-treated and control rats by applying rhodamine dextran to the carotid body ex
vivo. This direct approach revealed a 55% decrease in the number of chemoafferent neurons
after 14 days in 60% O2, and this deficit persisted for at least 7 days after return to normoxia
(and is likely permanent). The number of chemoafferent neurons was not reduced after only
7 days in 60% O2, however. To reconcile the time courses observed by Erickson et al.
(1998) and Chavez-Valdez et al. (2012), a reasonable interpretation is that reduced
expression of TH is among the first signs of chemoafferent inactivity and/or neuron
degeneration (Katz, 2005), and is thus apparent within 7 days, while axonal loss and/or cell
death progresses more slowly (>7 days).

The degeneration of chemoafferent neurons may be secondary to carotid body hypoplasia.
Petrosal ganglion neuron survival and functional maturation are dependent on carotid body-
derived trophic support, and this interaction is mediated by neurotrophic factors such as
brain-derived neurotrophic factor (BDNF) (Hertzberg et al., 1994; Brady et al., 1999) and
glial cell line-derived neurotrophic factor (GDNF) (Erickson et al., 1996, 2001). Thus, given
the reduced number of glomus cells and overall smaller size of the organ, the hyperoxic
carotid body may not be able to support as large of a population of afferent neurons during
postnatal development. This is likely exacerbated, however, by reduced BDNF expression in
the remaining glomus cells. Carotid bodies from neonatal rats reared in 60% O2 exhibited a
70% reduction in BDNF protein after only 3 days (Dmitrieff et al., 2011), and a 93%
reduction after 7 days (Chavez-Valdez et al., 2012); the expression of GDNF was unchanged
(Dmitrieff et al., 2011; Chavez-Valdez et al., 2012). Importantly, this change in
neurotrophin availability precedes the loss of chemoafferent neurons (Chavez-Valdez et al.,
2012), as would be expected if the former causes the latter. Moreover, there was no change
in the number of TH-positive neurons when rats were exposed to 60% O2 as adults
(Erickson et al., 1998). This is significant because afferent neurons are no longer dependent
on carotid body-derived trophic after the third postnatal week (i.e., carotid body removal no
longer results in loss of TH-positive neurons) (Hertzberg et al., 1994).

In addition to changes in the number of afferent neurons, it is possible that developmental
hyperoxia also alters functional properties of the remaining neurons. Action potentials
evoked at the carotid body take longer to arrive at the petrosal ganglion in rats reared in 60%
O2 than in age-matched controls (Donnelly et al., 2005, 2009). Although axon lengths were
not determined in these studies, increased conduction time may reflect a lower conduction
velocity and, therefore, may be symptomatic of altered membrane properties.

3.3. Glomus cell O2 sensitivity
Single-unit carotid chemoafferent responses to hypoxia are greatly diminished in chronically
hyperoxic kittens (Hanson et al., 1989) and neonatal rats (Donnelly et al., 2005, 2009; Bavis
et al., 2011b). The mechanism of hypoxia transduction within the carotid body is not fully
understood, but hypoxia causes an increase in glomus cell calcium which, in turn, initiates
the secretion of dense cored granules that modulate afferent neural activity (Gonzalez et al.,
1994; Kumar, 2007; López-Barneo et al., 2008). Importantly, glomus cells isolated from
neonatal rats reared in 60% O2 exhibit smaller intracellular Ca2+ responses to hypoxic
challenges (Donnelly et al. 2009; Bavis et al., 2011b). Since the same glomus cells exhibited
normal intracellular Ca2+ responses to high extracellular K+, it appears that hyperoxia
specifically affects pathways linking hypoxia and membrane depolarization rather than the
capacity for membrane depolarization itself. These data strongly indicate that diminished
single-unit chemoafferent responses to hypoxia reflect changes in glomus cell O2 sensitivity,
although additional plasticity at the synapse cannot be ruled out.
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Glomus cell O2 sensitivity and corresponding single-unit chemoafferent responses to
hypoxia are reduced after 4–5 days in 60% O2 and decrease further with continued
hyperoxic exposure (Donnelly et al., 2009; Bavis et al., 2011b). The time course for these
changes is similar regardless of whether hyperoxia is initiated at birth (Bavis et al., 2011b)
or at 7 days of age (Donnelly et al., 2009), with one notable exception: when initiated at 7
days of age, glomus cell and single-unit chemoafferent responses to hypoxia are enhanced
after one day in hyperoxia and become progressively smaller thereafter (Donnelly et al.,
2009). Consistent with increased carotid body sensitivity, the HVR is also increased in
neonatal rats after one day in 60% O2 at this age (Roeser et al., 2011). Whatever the
mechanism for this transient enhancement, it appears to be developmentally regulated
because no such increase in O2 sensitivity was observed in rats reared in hyperoxia from
birth (Bavis et al., 2011b).

A critical period for hyperoxia-induced attenuation of glomus cell O2 sensitivity, if one
exists, has not yet been defined. Donnelly et al. (2005) found that hyperoxia from P14–P28
decreased single-unit carotid chemoafferent response to hypoxia in rats to a similar extent as
exposures during P0–P14. This differs from the critical period previously reported for long-
lasting attenuation of the HVR, which is limited to the first two postnatal weeks (i.e., no
lasting impairment of the HVR following exposures P14–21 or P21–P28; Bavis et al., 2002).
The discordance between these observations suggests that the reduction in glomus cell O2
sensitivity measured immediately following chronic hyperoxia does not persist into
adulthood (in contrast to the permanent morphological effects elicited by hyperoxia during
P0–P14; see also Section 3.4).

Indeed, hyperoxia-induced changes to glomus cell O2 sensitivity appear to be reversible
upon return to normoxia. Single-unit carotid chemoafferent responses to hypoxia are
severely reduced in P7 and P14 neonatal rats reared in 60% O2 continuously from birth
(Donnelly et al., 2005; Bavis et al., 2011b). When hyperoxia-treated rats were returned to
room air at P7, however, hypoxic responses were no different from those of age-matched
controls by P14 (i.e., full recovery within 3–7 days) (Bavis et al., 2011b). Similarly, Prieto-
Lloret et al. (2004) observed relatively normal chemoreceptor responses to hypoxia in rats
exposed to 60% O2 for 28 days as neonates but subsequently reared in room air until studied
at 3.5–4.5 months of age. Responses to hypoxia tended to be slower in hyperoxia-treated
rats, but peak CSN responses (representing a mixture of single-unit, multi-unit, and whole-
nerve recordings) and peak glomus cell calcium responses were not different than those
observed in age-matched controls.

It should be noted, however, that Prieto-Lloret et al. (2004) had a relatively low success rate
recording hypoxic responses from hyperoxia-treated rats (20% of CSN preparations vs. 80–
85% in controls); when these “zero” responses were included in the data set, the average
CSN responses were reduced in hyperoxia-treated rats. However, the significance of these
“failed” preparations is difficult to interpret: failed preparations could reflect (1) difficulty
isolating units given the lower density of chemoafferent axons (i.e., greater proportion of
baroreceptors and other fiber types), (2) greater fragility of the neurons post-hyperoxia (i.e.,
more easily damaged during dissection), or (3) a subset of chemoreceptors in which
chemosensitivity is completely abolished. Consistent with the latter hypothesis, Donnelly et
al. (2005) encountered a greater frequency of “silent” chemoreceptor units in neonatal rats
reared in hyperoxia compared to age-matched controls; these silent units were tentatively
identified as chemoafferent fibers based on orthodromic activation via electrical stimulation
of the carotid body, but they lacked spontaneous activity during hypoxia. Therefore, it is
possible that some fraction of glomus cells and/or chemoafferent neurons is impaired by
hyperoxia to such an extent that recovery is impossible while other cells (presumably those
that retain some degree of hypoxic sensitivity immediately post-hyperoxia) recover rapidly
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upon return to normoxia. Prieto-Lloret et al. (2004) estimated that approximately 75% of
surviving glomus cells are insensitive and/or unresponsive to hypoxia based on success rate
with CSN recordings and reduced catecholamine secretion during hypoxia. The low
frequency of “silent units” in single-unit chemoafferent recordings immediately post-
hyperoxia suggests that this proportion may be much lower, at least after shorter hyperoxic
exposures (i.e., 7–14 days vs. >28 days) (Donnelly et al., 2005; R.W. Bavis, personal
observation).

At least two types of O2-sensitive channels are expressed by rat glomus cells, and both types
are postulated to play a role in initiating the carotid body response to hypoxia. These include
a calcium- and voltage-dependent K+ channel (BKCa) and a group of non-voltage-dependent
`leak' channels (TASK) that are also selective for K+ (Gonzalez et al., 2009; Peers et al.,
2010); both types are inhibited by hypoxia, thus depolarizing the glomus cell membrane.
Developmental hyperoxia caused a >50% decrease in the mRNA expression for the TASK-1
channel within the carotid body after only 7 days (Bavis et al., 2011b); TASK-3 mRNA was
also reduced (albeit over a slower time course), while BKCa mRNA expression actually
increased. Since both nerve and calcium responses to hypoxia are reduced within 7 days of
hyperoxia, this could indicate a role for TASK-1 (and/or TASK-1/3 heteromers) in
hyperoxia-induced plasticity. This relationship is further supported by a correlated recovery
of O2 sensitivity and TASK-1 mRNA expression upon return to room air (Bavis et al.,
2011b). It remains to be determined whether these changes in mRNA expression produce a
corresponding reduction in TASK channel density in the glomus cell membrane, and
whether this diminishes O2 sensitivity. Indeed, reduced TASK channel density might be
expected to increase glomus cell excitability, while normal responses to high extracellular
K+ (Prieto-Lloret et al., 2004; Donnelly et al., 2009; Bavis et al., 2011b) suggests relatively
normal K+ conductance overall. However, these apparent contradictions may be reconciled
if decreases in O2-sensitive K+ channels were compensated by increased expression of O2-
insensitive leak channels.

3.4. Potential mechanisms for carotid body plasticity during developmental hyperoxia
Figure 4 summarizes the (known) impact of postnatal hyperoxia on the developing carotid
body, as described in the preceding sections. The net effect of these changes is to reduce
carotid body input to the CNS, ultimately diminishing the HVR (and likely other carotid
body-mediated hypoxic defenses such as arousal from sleep). Upon return to normoxia,
there is a rapid recovery of O2 sensitivity in individual glomus cells, although a subset of
cells may persist that is incapable of responding to hypoxia. Since changes to the numbers of
glomus cells and afferent neurons appear permanent, this morphological plasticity likely
explains much of the life-long attenuation of the whole-nerve CSN response to hypoxia and
attenuation of the HVR (Fuller et al., 2002).

The cellular pathways by which hyperoxia influences the structure and function of the
carotid body are largely unknown (see arrows in Fig. 4), although altered expression of O2-
sensitive K+ channels and neurotrophic factors such as BDNF have been implicated. Current
evidence argues against direct oxidative damage to carotid body cells because the
morphological effects are primarily localized to the carotid chemoafferent pathway (i.e., no
effect on the nearby nodose ganglion and superior cervical ganglion; Erickson et al., 1998;
Prieto-Lloret et al., 2004; Wang & Bisgard, 2005) and because antioxidants thus far have
proven ineffective at preventing hyperoxia-induced plasticity (Bavis et al., 2008). It is
possible that high O2 levels influence transcription of key genes, but no direct evidence is
available to support or refute this hypothesis (reviewed in Bavis, 2005). Finally, it has been
proposed that at least some of the effects of hyperoxia on respiratory control development
are linked to carotid body inactivity (Ling et al., 1997a; Bavis, 2005; Chavez-Valdez et al.,
2012). High arterial PO2 levels should decrease spontaneous carotid body depolarization,
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thereby altering activity-dependent gene expression and autocrine / paracrine signaling. For
example, the transcription, translation, and release of BDNF are regulated in an activity-
dependent manner in many neurons (Brady et al., 1999; Balkowiec & Katz, 2000; Cohen-
Cory et al., 2010; Lau et al., 2010; Chavez-Valdez et al., 2012), and BDNF also modulates
activity-dependent postnatal maturation of carotid chemoafferent neurons (Katz, 2005).
Consistent with this “inactivity” hypothesis, concomitant exposure to intermittent
hypercapnia (alternating hours of 0 and 7.5% CO2) during postnatal hyperoxia improved the
HVR relative to rats reared in hyperoxia alone (Bavis et al., 2007). The therapeutic effect of
intermittent hypercapnia may reflect carotid body stimulation, although this mechanism
requires further study.

4. Induced recovery of carotid body function
The effects of developmental hyperoxia on carotid body size, whole-nerve CSN responses to
hypoxia, and HVR persist into adulthood and appear to be permanent (Ling et al., 1997a;
Fuller et al., 2002). The carotid body and other components of the respiratory control system
retain the capacity for plasticity, however, which may provide a mechanism to enhance
residual respiratory function. In adult rats that had been reared in 60% O2 for the first
postnatal month, Fuller et al. (2001) found that one week of chronic sustained hypoxia (12%
O2; CSH) or chronic intermittent hypoxia (cycling between 21% and 12% O2 at 5-min
intervals, 12 h d−1; CIH) increased phrenic nerve responses to acute isocapnic hypoxia
relative to hyperoxia-treated rats maintained in room air. The CSH rats also exhibited
significantly larger carotid bodies, but their carotid bodies were still smaller than those of
control rats reared in room air. The effects of CIH persisted for at least one week; longer
recovery periods and the duration of CSH effects were not tested (Fuller et al., 2001). CSH
applied during the neonatal period (i.e., P8–P14, following hyperoxia P0–P7) did not
improve the CSN or phrenic nerve responses to hypoxia assessed in adulthood, suggesting
that any improvement in respiratory function was short-lived (Bavis et al., 2004).

CSH and CIH both alter hypoxic responses in normal adult rats. CSH increases the HVR
(i.e., ventilatory acclimatization) by enhancing both carotid body O2 sensitivity and the gain
of the central neural integration of chemoafferent input (Powell et al., 2000; Powell, 2007).
CSH also transiently increases carotid body volume (Kusakabe et al., 2004; Wang et al.,
2008). Importantly, it appears that hyperoxia-treated rats are capable of qualitatively
identical carotid body and ventilatory acclimatization in CSH (Wenninger et al., 2006).
Likewise, CIH increases carotid body responses to hypoxia (Prabhakar et al., 2007) and
enhances the gain of central neural integration of chemoafferent input (Ling et al., 2001),
ultimately increasing respiratory responses to acute hypoxia. Thus, it is likely that CSH and
CIH elicit transient improvement of respiratory function in hyperoxia-treated rats through
the same mechanisms that CSH and CIH enhance hypoxic responses in normal rats rather
than reversing the specific effects of developmental hyperoxia per se.

5. Does developmental hyperoxia elicit plasticity outside the carotid body?
Thus far we have attributed reduced HVR (and reduced normoxic ventilation in neonates)
entirely to impairment of the carotid body and its first order afferent neurons. Several
observations have been used to argue against possible contributions of other components of
the respiratory system to diminished HVR in hyperoxia-treated rats. First, developmental
hyperoxia has no lasting effect on the hypercapnic ventilatory response in rats (Ling et al.,
1996; Prieto-Lloret et al., 2004) or mice (Dauger et al., 2003), suggesting that there is no
generalized impairment of ventilatory control. Similarly, rats and mice reared in hyperoxia
can elicit near normal maximal responses to acute hypoxia, although they require a stronger
hypoxic stimulus to achieve this response (i.e., blunting reflects a leftward shift in the
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ventilation–PO2 relationship) (Dauger et al., 2003; Prieto-Lloet et al., 2004; Bavis et al.,
2011a). Finally, there currently is no evidence that decreased function of the central nervous
system contributes to the attenuated HVR. Ling et al. (1997b) and Fuller et al. (2002)
studied the central integration of carotid chemoafferent inputs in anesthetized rats by
electrically stimulating the CSN and monitoring the frequency and amplitude of integrated
respiratory bursts along the phrenic nerve. Over a range of stimulation frequencies, both
studies found phrenic responses to CSN stimulation to be virtually identical between
hyperoxia-treated rats (reared in 60% O2 through P28) and control rats.

A normal input-output relationship for electrical CSN stimulation is somewhat surprising,
however, since the absolute number of afferent neurons available to be stimulated is smaller
in hyperoxia-treated rats (Erickson et al., 1998). Moreover, Chavez-Valdez et al. (2012)
recently reported an increase in pro-apoptotic markers and a reduction in TH expression in
the NTS following 7–14 days in 60% O2, which could indicate a loss of both first and
second order neurons during developmental hyperoxia. One interpretation of the normal
input-output relationship is that there is redundancy in the chemoafferent pathway such that
activation of a subset of axons can produce responses equivalent to those produced by
activation of the full population. Indeed, several studies have reported that unilateral carotid
body denervation has minimal effects on the HVR while bilateral denervation abolishes, or
nearly abolishes, the HVR (Busch et al., 1983; Cragg and Khrisanapant, 1994; but see
Fatemian et al., 2003). Alternatively, central neural integration of carotid chemoafferent
input might actually be enhanced in adult rats raised in hyperoxia, perhaps compensating for
a reduction in tonic synaptic activation (i.e., homeostatic plasticity; Turrigiano and Nelson,
2004; Kline, 2008).

The time course for changes in the HVR of neonatal rats provides additional, albeit indirect,
evidence for central neural plasticity during developmental hyperoxia. As described above,
carotid body size and chemoreceptor O2 sensitivity are already noticeably reduced after four
days in 60% O2, but the early, carotid body-mediated phase of the HVR is normal (if not
somewhat enhanced; 0.05<P<0.10) at the same age (Fig. 5). This pattern suggests increased
excitability of the central limb of the hypoxic chemoreflex. Consistent with this hypothesis,
hyperoxia-treated rats exhibit a sustained increase in ventilation during hypoxia (versus a
biphasic HVR) at an earlier age (≤P4) than rats reared in room air (>P7) (Bavis et al., 2010).
Ventilatory decline during the late phase of the biphasic HVR is not fully understood
(Bissonnette, 2000; Teppema and Dahan, 2010), but it is usually attributed to inhibitory
processes in the CNS: central hypoxia may directly depress CNS function and/or inhibitory
neurons may modulate excitatory input from the peripheral chemoreceptors. The latter
process appears particularly influential since hypoxic ventilatory decline was no longer
observed in neonatal rabbits following carotid body denervation (Schramm and Grunstein,
1987). If ventilatory decline is dependent on carotid body input to the CNS, the lack of a
biphasic HVR in hyperoxia-treated neonatal rats could reflect diminished chemoafferent
activity. This is unlikely to explain the complete lack of a biphasic HVR, however, since
hyperoxia-treated rats continue to show modest increases in chemoafferent activity and
ventilation in hypoxia (which are lacking in denervated preparations). Instead, the lack of
the biphasic HVR in hyperoxia-treated rats may indicate an earlier shift (i.e., developmental
plasticity) in the balance between inhibitory and excitatory neuromodulation during hypoxia
in the developing NTS and/or other brainstem regions (Bissonnette, 2000; Simakajornboon
and Kuptanon, 2005). Presumably the effects of diminished carotid body function on the
HVR become more prominent with advancing age due to (1) further impairment of carotid
body size and O2 sensitivity in hyperoxia-treated rats and (2) increased HVR in untreated
control rats associated with normal postnatal maturation, ultimately yielding an attenuated
HVR in the hyperoxia-treated animals (Fig. 5).
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Although aortic bodies and other O2-sensitive peripheral chemoreceptors outside the carotid
body normally contribute little to the HVR in adults animals (Martin-Body et al., 1985), the
activity of these extracarotid chemoreceptors increases following bilateral carotid body
denervation and may restore the HVR (Forster, 2003). However, there currently is no
evidence that extracarotid chemoreceptors compensate for reduced carotid body function
after developmental hyperoxia. Indeed, vagotomy (which severs afferents from the aortic
bodies and abdominal chemoreceptors) does not alter residual hypoxic sensitivity in
hyperoxia-treated rats (Ling et al., 1997c). In contrast, hypoxic sensitivity is abolished
following bilateral section of the CSN (Ling et al., 1997c), suggesting that the carotid body
is the principal determinant of the residual HVR. It is possible that the remaining carotid
body function is sufficient to inhibit compensatory upregulation of extracarotid
chemoreceptors (Serra et al., 2002). Alternatively, developmental hyperoxia may impair the
function of all O2-sensitive peripheral chemoreceptors, not just those in the carotid body.

6. Prenatal hyperoxia and carotid body development
In placental mammals, birth is associated with a rapid rise in arterial O2. This “relative
hyperoxia” is recognized as an important stimulus for physiological changes that mark the
transition from fetal to neonatal life, including postnatal maturation of glomus cell O2
sensitivity (Carroll, 2003). The carotid body normally exhibits low O2 sensitivity at birth,
but this sensitivity increases progressively over the next few days to weeks (Carroll and
Kim, 2005; Donnelly, 2005). Blanco et al. (1988) ventilated fetal lambs with relatively
hyperoxic gas mixtures in utero for 24–31 hours (raising mean arterial PO2 from 26 to 180
mmHg). Carotid body O2 sensitivity (single- and few-fiber CSN recordings) was
substantially increased following this protocol when compared to sheep maintained at
normal fetal PO2, suggesting premature resetting of O2 sensitivity (Blanco et al., 1988).
Conversely, postnatal hypoxia (mimicking PO2 in utero) delays resetting of carotid body O2
sensitivity at the level of the glomus cell in rats (Sterni et al., 1999). Thus, brief periods
(~one day) of prenatal hyperoxia can alter the timing and/or rate of carotid body
development (i.e., heterokairy; cf. Spicer & Rundle, 2007).

Relatively little is known about the effects of chronic prenatal hyperoxia on the control of
breathing in mammals. This is partly explained by the experimental challenges posed by
prenatal manipulations in placental mammals: mothers may buffer developing offspring
from experimental treatments and/or introduce confounding maternal effects. Moreover, the
elegant experimental design used by Blanco et al. (1988) to ventilate fetal lambs in utero
may not be practical for studies of longer duration. Egg-laying species have been used to
circumvent these obstacles since environmental O2 levels of developing embryos can be
controlled in incubators (i.e., prenatal = pre-hatching). Like mammals, quail (Bavis and
Simons, 2008) and chickens (Mortola, 2011) exhibited blunted HVR following
developmental hyperoxia, and these effects may persist into adulthood (Bavis and Simons,
2008); hypercapnic ventilatory responses were unaffected (Mortola, 2011). It is likely that
the diminished HVR in these birds is explained by abnormal carotid body function, although
this has not been tested directly. Importantly, chicken embryos were exposed to hyperoxia
(40 or 60% O2) for the last week of incubation through hatching, and quail were exposed to
hyperoxia (60% O2) for 2–4 weeks spanning both the prenatal and postnatal periods or only
during the prenatal period; quail exposed to hyperoxia primarily during postnatal
development exhibited normal HVR (Bavis and Simons, 2008). Thus, these findings suggest
that the critical period for hyperoxia-induced plasticity extends prenatally in these precocial
bird species. Moreover, this critical period is consistent with the timing of embryonic carotid
body development (Fontaine, 1973) and the prenatal maturation of carotid body O2
sensitivity in birds (Menna and Mortola, 2003; Mortola, 2004).

Bavis et al. Page 12

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



7. Clinical significance
Developmental hyperoxia is a useful experimental model to explore fundamental questions
of O2 chemotransduction and perhaps, more generally, to study activity-dependent
development of sensory systems. Whether the effects of hyperoxia on the developing
respiratory control system are also clinically significant remains an important question.
Supplemental O2 is among the most common therapies for preterm and very low birth
weight infants, but there is much uncertainty as to what O2 levels are “normal” and/or safe
for these infants (Tin and Gupta, 2007; Finer and Leone, 2009). Fetal development is
programmed to occur normally at relatively low O2 levels in utero, and mechanisms for
dealing with oxidative stress are poorly developed in preterm infants. Thus, while O2
therapy may be critical to the survival of infants in respiratory distress, higher arterial PO2
are linked to conditions such as bronchopulmonary dysplasia (BPD) and retinopathy of
prematurity (ROP) (Tin and Gupta, 2007; Sola et al., 2008; Finer and Leone, 2009). To
minimize these adverse outcomes, target pulse oximeter O2 saturations (SpO2) of 85–93 or
95% are commonly used in neonatal intensive care units. Despite awareness of the potential
dangers of hyperoxia, preterm infants are hyperoxic relative to their intended SpO2 range for
30–40% of the time that they are receiving O2 therapy (Hagadorn et al., 2006; Claure and
Bancalari, 2009; Finer and Leone, 2009), with the measured SpO2 fluctuating around the
target values. When sampled directly, arterial PO2 values are frequently greater than 80
mmHg (often considered the acceptable limit for neonatal PO2) when SpO2>93% (e.g.,
mean PO2=107 mmHg, range 34–316 mmHg; Castillo et al., 2008). Taken together, these
observations indicate that many preterm infants experience chronic intermittent hyperoxia
while on supplemental O2. Importantly, initial studies in rats reared in chronic intermittent
hyperoxia indicate deficits in HVR qualitatively similar to those produced by sustained
hyperoxia (Bavis et al., 2007; Tobin and Bavis, 2012); whether this plasticity reflects
abnormal carotid body function has not been confirmed yet.

Preterm infants that have received supplemental O2 often exhibit blunted ventilatory
responses to changes in inspired O2 (Calder et al., 1994; Katz-Salamon and Lagercrantz,
1994; Katz-Salamon et al., 1996), and this is related to the duration of their O2 treatment
(Katz-Salamon and Lagercrantz, 1994). Moreover, recent studies indicate that these infants
continue to express abnormal HVR into adulthood (Beshish et al., 2012). It is not possible to
attribute this impaired chemosensitivity directly to O2 therapy (and associated hyperoxia)
versus other underlying factors in these uncontrolled studies, but the experimental evidence
from animal models reviewed above is fully consistent with a causal relationship. At a
minimum, these data indicate a need to assess the potential impact of developmental
hyperoxia on carotid body function in infants receiving supplemental oxygen.
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Fig. 1.
Representative effects of developmental hyperoxia on carotid body (CB) volume, CB
hypoxic response (single-unit or whole-nerve CSN response), and hypoxic ventilatory
response (HVR). Rats were exposed to 60% O2 for the first two postnatal weeks and studied
(A) immediately (P13–14) or (B) >4 weeks (Adult) after return to room air. Note that the
HVR for P13–14 rats represents the early phase of the response (i.e., first minute of
hypoxia). Values (mean ± SEM) are expressed as a percentage of those measured for age-
matched rats reared in room air (i.e., “Control” rats). All values are significantly reduced
relative to Control (i.e., <100%; one-sample t-test, all P<0.001). Data were compiled from
previously published studies (Donnelly et al., 2005; Bavis et al., 2007, 2008, 2010; Dmitrieff
et al., 2012).
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Fig 2.
Postnatal growth of the carotid body in Sprague-Dawley rats in terms of carotid body
volume (filled symbols, n=8–13 per age) and the number of glomus cells that underwent
mitosis in the preceding 24 hours (i.e., number of BrdU-positive glomus cells) (open
symbols, n=3–5 per age). Although this experiment focused on growth between 2 and 12
weeks of age, carotid body volumes for 24–26 week old rats from another experiment (i.e.,
Control rats from Fig. 3B) are plotted for comparison. No effect of sex was detected, so data
for males and females have been pooled. All values are mean ±SEM.
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Fig 3.
Mass-specific carotid body (CB) volume in rats exposed to one week of 60% O2 at postnatal
ages P7–P14, P28–P35, and P70–P77 (Hyperoxia) and in age-matched rats reared in room
air (Control). Volumes were determined immediately following the hyperoxic exposure
(panel A) or after a five month recovery in room air (panel B). All values are mean ±SEM;
n=6 per treatment group at each age. * P<0.05 vs. age-matched Control.

Bavis et al. Page 21

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Developmental hyperoxia impairs the hypoxic ventilatory response (HVR) through its
effects the carotid body, including carotid body hypoplasia, carotid sinus nerve (CSN) axon
degeneration, and diminished glomus cell O2 sensitivity; changes to carotid body size and
innervation persist into adulthood, while chemoreceptor O2 sensitivity may recover after
return to normoxia. Current evidence suggests that CSN axon degeneration is secondary to
carotid body hypoplasia (and associated loss of trophic support), but more direct effects of
hyperoxia on chemoafferent neurons cannot be excluded (dotted line). Hypothesized
pathways by which hyperoxia influences carotid body development are also described (text
adjacent to arrows); although some pathways have been supported experimentally (e.g.,
changes in BDNF expression), question marks indicate that causality has not been
established yet for any of these pathways.
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Fig. 5.
Time course for changes in carotid body (CB) volume, CB O2 sensitivity, and the hypoxic
ventilatory response (HVR) in neonatal rats reared from birth in 60% O2. Carotid body O2
sensitivity is based on the peak single-unit chemoreceptor activity during severe hypoxia
(0% O2), while HVR represents the early phase of the response to 12% O2 (i.e., first minute
of hypoxia). Values (mean ± SEM) are expressed as a percentage of those measured for age-
matched rats reared in room air (i.e., “Control” rats); n=6 per age for CB volume, n= 6–16
per age for CB O2 sensitivity, and n=15–17 per age for HVR. Data were compiled from
previously published studies (Donnelly et al., 2005; Bavis et al., 2010, 2011b; Dmitrieff et
al., 2012).
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