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Abstract
Arousal from sleep is a major defense mechanism in infants against hypoxia and/or hypercapnia.
Arousal failure may be an important contributor to SIDS. Areas of the brainstem that have been
found to be abnormal in a majority of SIDS infants are involved in the arousal process. Arousal is
sleep state dependent, being depressed during AS in most mammals, but depressed during QS in
human infants. Repeated exposure to hypoxia causes a progressive blunting of arousal that may
involve medullary raphe GABAergic mechanisms. Whereas CB chemoreceptors contribute
heavily to arousal in response to hypoxia, serotonergic central chemoreceptors have been
implicated in the arousal response to CO2. Pulmonary or chest wall mechanoreceptors also
contribute to arousal in proportion to the ventilatory response and decreases in their input may
contribute to depressed arousal during AS. Little is known about specific arousal pathways beyond
the NTS. Whether CB chemoreceptor stimulation directly stimulates arousal centers or whether
this is done indirectly through respiratory networks remains unknown. This review will focus on
arousal in response to hypoxia and CO2 in the fetus and newborn and will outline what we know
(and don’t know) about the involvement of the carotid body in this process.
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1. Introduction
In the newborn and young infant, the development of sleep is coincident with dramatic
changes in brain development. Historically, there has been less focus on the development of
wakening and arousal processes. In the infant, maturational processes in the brainstem and
forebrain underlie the development of wakefulness. Dysfunction in these same systems have
been linked to The Sudden Infant Death Syndrome (SIDS), acute life threatening events
(ALTE), and sleep apnea (Hayes, 2002). Most agree that the mechanisms of sleep and
wakefulness are closely related. Based on ultrasound and fetal heart rate recordings, the
fetus appears to be mostly somnolent, but active with a prevalence of active or “REM-like”
sleep. There is some speculation that the high level of active sleep during the second half of
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human pregnancy may serve as a “replacement” for wakefulness, particularly for the
development of the visual system (Hopkins, 2002).

Immediately after birth, however, full term infants are mostly awake for the first 6 hours of
life (Desmond et al., 1963). This may be related to the “stress” related to the birth process
and high levels of adrenaline and noradrenaline (Lagercrantz & Slotkin, 1986). In addition,
strong inhibitory influences originating in the placenta, including prostaglandins, are
removed at birth resulting in a “release” of inhibition of both breathing and wakefulness
present in the fetus (Darnall, 2010). In the full term infant, the amount of time spent awake
has been reported to gradually increase from about 24% of the time at 2 weeks of age to
64% by the end of the third month (Hopkins, 2002). Beginning in the neonatal period and
continuing through the first year, sub-types of wakening can be distinguished including cry/
fuss, quiet alert, active alert, drowsy, etc (Prechtl, 1974). During this same period there is a
gradual consolidation of sleep during the night time hours with the establishment of a stable
circadian sleep-wake rhythm by 2–3 months (Coons & Guilleminault, 1982).

An often quoted editorial by Phillipson and Sullivan in 1978 entitled “Arousal: The
forgotten response to respiratory stimuli” refocused attention on the arousal response to
respiratory stimuli. They argued that during sleep the ability to arouse might be the most
important response when challenged with hypoxia or hypercapnia (Phillipson & Sullivan,
1978). Arousal from sleep has been considered an essential element for restoration of
homeostasis during respiratory and cardiovascular challenges to physiological systems by
providing an excitatory drive to vital processes. Cortical activation has been the “gold
standard” for the definition of arousal. However, there is a range of “sub-cortical” responses
that occur either with or without changes in the EEG. For example, somatosensory and
auditory stimuli often result in cardiac, respiratory, or somatic changes without overt cortical
activation (Horner, 1996). Arousal can also occur “spontaneously” apparently in response to
internal physiological changes. In human infants and developing mammals there is a
stereotypical arousal sequence including both subcortical or autonomic and cortical changes
that occurs both spontaneously and in response to external stimuli (Lijowska et al., 1997;
Dauger et al., 2001; Darnall et al., 2010). This review will touch on spontaneous arousals
but will focus on arousal in response to hypoxia and CO2 in the fetus and newborn and will
review what we know (and don’t know) about the involvement of the carotid body in this
process.

2. Carotid body function in the fetus
Almost all of our information about carotid body (CB) function in the fetus comes from the
fetal lamb. Direct recordings of electrical activity in the carotid sinus or aortic nerves in the
exteriorized lamb fetus suggest that CB peripheral chemoreceptors are tonically active and
respond to decreases in PaO2 and increases in PaCO2 (Blanco et al., 1982, 1984a). In the
fetal lamb and human, the resting PaO2 is ~25 mmHg. In the fetal lamb carotid sinus nerve
(CSN) electrical activity does not start to increase until PaO2 falls below ~15 mmHg. Details
about the postnatal development of carotid body mechanisms and function are addressed in
other articles in this series.

3. Hypoxemia in the fetus
Before birth, fetal “breathing” movements (FBMs), characterized by rhythmic contractions
of the diaphragm, intercostals and laryngeal muscles can be observed in most mammalian
species sometime during the second trimester of pregnancy (Jansen & Chernick, 1983;
Jansen & Chernick, 1991; Kobayashi et al., 2001). FBMs characteristically occur during
periods of low voltage, high-frequency electrocorticogram (LV-ECoG), rapid eye
movements and hypotonia, similar to many features of REM sleep (Dawes et al., 1972).
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During periods of high voltage low-frequency ECoG (HV-ECoG), the fetus is
characteristically apneic. In the fetal lamb FBMs are irregular with an abrupt beginning and
ending of diaphragmatic (DIA) EMG electrical activity. There is no evidence for a gradual
decrease in DIA EMG activity representing expiratory braking frequently observed in the
premature human infant (Harding et al., 1980; Dawes et al., 1982; Rigatto et al., 1986). The
incidence of FBMs appears to increase after meals and is associated with increased maternal
plasma glucose levels (Patrick et al., 1978).

In the fetus, FBMs do not serve a gas exchange function, but are critical for fetal lung
growth (Nijhuis et al., 1986; Savich et al., 1992; Harding et al., 1993). Contrary to what
occurs after birth, decreasing PaO2 in the fetus, despite stimulation of CB chemoreceptors,
inhibits rather than stimulates fetal breathing (Koos et al., 1987; Jansen & Chernick, 1991).
After birth, stimulation of the CB peripheral chemoreceptors by decreasing PaO2 typically
results in a rapid increase in respiratory frequency (fR) and tidal volume (VT) followed by a
decrease, resulting in a “biphasic ventilatory response” (Rigatto et al., 1975; Darnall, 2010).
However, very premature infants with stages of development analogous to the third trimester
of pregnancy, there is only depression of breathing, similar to the response in the fetus
(Alvaro et al., 1992). In addition, denervation of the CB does not alter fetal breathing or fetal
state (Koos et al., 1987; Moore et al., 1989). The inhibition of FBMs during hypoxia likely
originates from a region in the upper lateral pons (Johnston & Gluckman, 1989, 1993).
Lesions in this region reverse the depression of FBMs caused by hypoxia and also allow
CO2 to stimulate FBMs during the HV-ECoG state (Johnston & Gluckman, 1989)
suggesting that this region may also provide some level of tonic inhibition, especially during
periods of HV-ECoG. Further evidence for the presence of a fetal lateral pontine inhibitory
area comes from transection and lesion studies in newborn animals showing that the
depressive phase of the “biphasic” hypoxic response can be attenuated by mid-collicular but
not pre-collicular transections, and red nucleus lesions in rabbits and rats (Martin-Body &
Johnston, 1988; Waites et al., 1996). In newborn animals there is abundant evidence that the
central depressive effects of hypoxia including increasing concentrations of GABA and
adenosine contribute to the depressive phase of the biphasic response (Darnall, 1985; Xiao
et al., 2000; Hehre et al., 2008). It has also been hypothesized that since CB output does not
decrease during steady state hypoxia (Blanco et al., 1984b), the late ventilatory decline
might also be the result of stimulation of brainstem neurons located near the red nucleus that
are inhibitory to respiratory output (Moore et al., 1996).

Whereas hypoxia and presumably stimulation of the CB cause depression of FBMs, the
predominant effects of peripheral chemoreceptor stimulation are on the circulation (Hanson,
1988). Changes in heart rate (fH) in response to CO2 and hypoxia are thought to be mediated
by CB peripheral chemoreceptors. Both hypoxia and hypercapnia produce substantial
decreases in fH. In the case of hypoxia, the change in fH is inversely related to the resting
oxyhemoglobin saturation (SaO2) (Boekkooi et al., 1992). The initial cardiovascular
responses are reflex in nature and the CB chemoreceptors provide the afferent limb of this
reflex. The fall in fH is vagally mediated and the peripheral vasoconstriction is partly α-
adrenergic (Giussani et al., 1993). The increase in extracellular adenosine that occurs during
hypoxia also plays a significant role in mediating a decrease in fH via adenosine A1
receptors (Rivkees et al., 2001).

4. Does the fetus wake up?
Although controversial, the lamb fetus may spend a very small amount of time in a more
active “awake” state characterized by LV-ECoG, fetal breathing, increased tonic and phasic
nuchal EMG activity, and increased mean arterial blood pressure (Bissonnette et al., 1995).
GABAergic and glutamatergic mechanisms appear to be important in suppressing this rarely
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observed “awake” state. For example, administration of NMDA antagonists increases the
occurence of this state, which is prevented by increasing extracellular GABA by inhibiting
reuptake mechanisms (Bissonnette et al., 1995). In the human fetus between 36 and 38
weeks gestation using ultrasound and fetal heart rate recordings with a 3-minute moving
time window, both quiet and active wakefulness have been described. These states are
difficult to detect and durations are very short but increase as term approaches, when
wakefulness is estimated to reach 7% (Nijhuis et al., 1982). Preterm infants matched by
gestational age also show an increasing differentiation between sleep and wakefulness as
term age is approached (Mirmiran, 1995). Thus, true arousal to wakefulness in response to
stimuli such as increasing glucose concentrations probably occurs only rarely, but transitions
from HV-ECoG to LV-ECoG active sleep are common. However, little is known about brief
spontaneous arousals to wakefulness that might occur in the fetus. Methods used to define
state in the fetus may not have been sensitive enough to detect brief arousals as they have
been limited to periods of at least 3-minutes. Thus brief 20–30 second spontaneous arousals,
commonly observed in infant animals and humans, would not be detected.

5. Definitions of infant arousal
The usual definition of “arousal” or “awakening” from sleep includes a constellation of
physiologic responses including increases in fH and blood pressure and muscle tone, a
sustained inspiratory effort or breathing pause, and activation of the EEG. In adult human
and animal studies the presence of EEG changes consistent with arousal is currently the
“gold standard” of arousal. In infants, behavioral, EMG, EOG and EEG criteria have been
used to study both spontaneous arousals and those in response to hypoxia or hypercapnia.
Comparison between studies has been difficult because of varying definitions of infant
“arousal” that include vigorous body movements, eye opening, awakening and/or crying.
Thach and colleagues have described in a stereotypical sequence of arousal events that
frequently occur associated with both spontaneous and elicited arousals. These events
usually begin with an augmented breath, followed by a startle, changes in fH, and then EEG
changes and are similar in NREM and REM sleep although the frequency of full cortical
arousals appears to be higher in REM (McNamara et al., 1998; McNamara et al., 2002). In
potentially asphyxiating environments arousals are often associated with “thrashing”
movements that may serve to move the infant out of a potentially dangerous situation
(Lijowska et al., 1997). Similar stereotypical changes, either occurring spontaneously or in
response to hypoxia, have been observed in piglets and rodent pups (BuSha et al., 2001;
Dauger et al., 2001; Darnall et al., 2010).

Thus arousals consist of both “subcortical” (autonomic) and “cortical” components.
Autonomic components of the arousal response involving changes in fH, blood pressure, and
upper airway control may serve to provide cardiovascular support to a full cortical arousal,
or maintain airway patency, particularly during obstructive apnea without fully disrupting
sleep (Horner, 1996; Horne et al., 2005). Definitions for the subcortical and cortical
components of arousal have recently been suggested by an international working group.
These scoring definitions rely heavily on visual scoring, have not been universally accepted
(International Paediatric Work Group on, 2005) but have been used in many studies in
human infants. According to these definitions, subcortical arousals can occur without any
change in EEG but have at least two of the following: a gross body movement, an increase
in heart rate of at least 10% above baseline, changes in respiratory rate or rhythm while in
NREM sleep or an increase in chin EMG tone in REM sleep. Cortical arousals are defined
with the above criteria with the addition of an abrupt change in EEG background frequency
of at least 1 Hz for a minimum of 3 seconds (Montemitro et al., 2008). Thus using these
definitions, a cortical arousal always has a subcortical component.
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6. Spontaneous arousals in the neonate
There has been considerable interest in arousals that are not stimulated by any recognized
stimulus. It has been argued that the frequency of spontaneous arousals may be a general
measure of “arousability”. However, there is somewhat of a blurred line between “mini” or
brief arousals that don’t result in a state change and those arousals termed “awakenings” that
result in a clear state change to wakefulness. In general, spontaneous arousals have durations
of less than a minute. There are no standardized criteria for spontaneous arousals. In infants,
many brief spontaneous arousals consist only of subcortical components. When there are
EEG changes, they are brief and EEG returns to the pattern associated with the particular
state in which the arousal occurred. The number of spontaneous arousals decreases over the
first year of development in the human infant. Figure 1 shows the number of spontaneous
arousals per hour of sleep in healthy infants over the first 9 months of life (Montemitro et
al., 2008).

In a study of spontaneous arousals in piglets identified both visually and with a wavelet
analysis, we determined that when EEG changes were accompanied by fH and or blood
pressure changes, the autonomic changes always preceded the EEG changes. Using an
automated analysis, which independently identified changes in BP, fH, and EEG, we found
that fH and BP changes often occurred without EEG changes, and less often, EEG changes
occurred without fH and BP changes (BuSha et al., 2001). From these data it is tempting to
hypothesize that spontaneous arousals originate in the brainstem. Although there is evidence
of a temporal relationship between autonomic and EEG changes during arousal, we can only
speculate whether there is a cause and effect relationship. Moreover, we found no
relationship between the magnitude of the cardiovascular transients and the magnitude of the
decrease in delta power suggesting that changes in BP or fH did not “cause” the EEG
changes. An alternative explanation would be that EEG and BP or fH transients, when
occurring together, arise from a common stimulus that is processed in parallel through the
central nervous system with varying temporal profiles. The EEG and fH changes and their
temporal relationships in piglets and human infants are strikingly similar. Figure 2 shows
changes in EEG delta power and HR in 75 spontaneous arousals in 5 piglets compared to 73
arousals in a single 3 month old infant (Ariagno et al., 2002).

In the human infant, the characteristics and frequency of spontaneous arousals change over
the course of development. Spontaneous arousals can be identified in premature infants but
become more apparent as term approaches. Although the characteristics of spontaneous
arousals in premature and term infants are similar, there are some differences in the fH
response. In term infants spontaneous arousals are accompanied or preceded by an increase
in fH that averages ~11%; a greater increase occurs with cortical arousals compared to
subcortical arousals. In contrast, in preterm infants at ~35 weeks PMA and ~ 20 days of age,
fH decreased or remained unchanged with arousal (Hanzer et al., 2007). Figure 3 shows the
changes in heart rate during spontaneous arousals in term and premature human infants.

7. Arousal in response to hypoxia in the human neonate
Studies of arousal in response to hypoxia have generally either evaluated the number of
times arousal occurs (the probability of arousal), the time to arousal from the onset of
hypoxia (arousal latency), or the PaO2 or SaO2 at which arousal occurs (arousal threshold).
Early studies suggested that arousal in response to hypoxia was generally depressed in
human newborn infants (Harper & Bandler, 1998). These findings may have reflected that
most studies of arousal in response to hypoxia in human infants have been conducted during
quiet sleep (QS) (Hunt et al., 1981; McCulloch et al., 1982; Brady & McCann, 1985; van der
Hal et al., 1985; Milerad et al., 1989; Davidson-Ward et al., 1992; Dunne et al., 1992; Lewis
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& Bosque, 1995). Only a few early studies examined arousals in both QS and active sleep
(AS) (Ariagno et al., 1980). More recent studies in human infants have shown that sleep
state clearly influences the ability to arouse to hypoxia. The probability of arousing to 15%
oxygen is very high during AS but is depressed during QS. In addition, arousal latencies are
longer during QS compared to AS (Parslow et al., 2003). In both AS and QS arousal
latencies in response to 15% oxygen become shorter with age (Parslow et al., 2004) and are
shorter than intervals between spontaneous arousals (Horne et al., 2005). Moreover, SaO2
values at arousal during AS and QS are similar suggesting that SaO2 may decrease more
rapidly during AS (Horne et al., 2005). When the arousal failure rate is examined, it is also
clear that the level of hypoxia is also important. In one study, all infants failed to arouse
when exposed to an FiO2 of 0.17 for 10 minutes (Brady & McCann, 1985) whereas in
another all infants aroused when exposed to an FiO2 of 0.11 (van der Hal et al., 1985).

Less is known about arousal to hypoxia during prematurity. Apnea is common in premature
infants and when prolonged is accompanied by hypoxia and is frequently terminated with an
arousal. Arousal is more common with longer apneas and although hastens recovery, is not
essential (Thoppil et al., 1991). In premature infants who were studied at 2–5 weeks, 2–3
and 5–6 months term corrected age, arousal to hypoxia always occurred during AS, but not
during QS. During AS, arousal latency was significantly longer in preterm infants compared
to term infants. During AS and QS non-arousing tests, preterm infants reached significantly
lower SaO2 levels at 2–5 weeks and at 2–3 months during QS. Figure 4 shows arousal
latency and probability of arousal in term and premature infants at 2–5 weeks, 2–3 months,
and 5–6 months term corrected age exposed to 15% oxygen (Verbeek et al., 2008).

8. Arousal in response to hypoxia in the developing mammal
In contrast to findings in human infants, both adult and newborn animals exhibit delayed or
impaired arousal in response to hypoxia during AS or REM. Different techniques have been
used to produce progressive hypoxia and to detect arousal. Rebreathing 8%–10% oxygen
(Rebuck & Campbell, 1974) produces a steady decrease in SaO2 and allows the maintenance
of eucapnia. Changes in EEG, neck EMG, ± EOM and behavior are commonly used in adult
animals and more precocious newborns to detect arousal. Early studies using these methods
in adult dogs showed that the arousal response to hypoxia was markedly delayed during
REM sleep even though regression analyses of VI vs SaO2 were similar among REM,
NREM and wakefulness (Phillipson et al., 1978). The average arousal latency was ~ 32
seconds during NREM sleep and ~69 seconds during REM; analysis of arousal thresholds
showed an SaO2 at arousal of 87.5% and 70.5% for NREM and REM sleep, respectively.
Similarly, in newborn calves, arousal occurred at an SaO2 of ~85% during QS and ~59%
during AS. In contrast to the findings in adult dogs, during AS, the lower SaO2 thresholds in
during REM (AS) in newborn calves were associated with little or no ventilatory response
(Jeffery & Read, 1980). Similar results have been reported in newborn lambs; AS was
associated with lower SaO2 thresholds and a reduced ventilatory response to hypoxia
(Henderson-Smart & Read, 1979). In this same report, however, newborn puppies behaved
more like adult dogs with delayed arousal but a normal ventilatory response during AS,
suggesting important species and/or maturational differences. More specifically, ribcage
collapse was noted during REM in calves and lambs, but not puppies. Thus a species related
difference in compliance of the chest wall may have contributed to the differences in the
ventilatory response to hypoxia during AS.

In other studies, decreases in SaO2 were induced by introducing gases of varying oxygen
concentrations either directly to the upper airways via a tracheostomy, or into a chamber at
different flow rates. In one study in tracheotomized newborn lambs, hypoxia was achieved
by switching the inspired gas mixture to 10%, 5%, or 0% oxygen. During both QS and AS,
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the rate of decrease of SaO2 was inversely proportional to the oxygen concentration. During
QS, although SaO2s at the time of arousal were similar (range = 81% to 83%), arousal
latencies were shorter when lower oxygen concentrations were used. In contrast, during AS,
SaO2 thresholds decreased from 76% during 10% oxygen to 44% during 0%. Similar to
what was observed during QS, arousal latencies during AS were longer than those during
QS and decreased from 56 sec during 10% oxygen to 21 sec during 0% (Fewell & Baker,
1987). During QS, the ventilatory responses estimated by measurements of the change in fR
and in the integrated electrical activity of the diaphragm were inversely proportional to the
inspired gas concentration. During AS, however, there was no increase in fR during 10%
oxygen whereas changes in ventilation during 5% and 0% oxygen exposure were
comparable to those obtained during QS. Figure 5 shows arousal latencies and the SaO2 at
arousal for QS and AS when breathing 10%, 5%, and 0% oxygen in new born lambs. One
interpretation of these data could be that both chemoreceptor and mechanoreceptor inputs
contribute to arousal. During AS chest wall muscle tone decreases and in the lamb causes
chest collapse. As the stimulus becomes more intense (in this case 10% → 0% oxygen) and
there is no coincident increase in mechanoreceptor input, more input from CB
chemoreceptors is necessary for arousal and thus it takes a lower and lower SaO2 to promote
arousal.

In more altricial species including mice and rats, pups transition rapidly between QS, AS
and wakefulness and there is no state related electrocortical activity discernible before ~P11
(Frank & Heller, 1997; Seelke & Blumberg, 2008). Thus it has not been possible to study
hypoxia related arousal separately during QS and AS. In these models, arousal is detected
using behavioral criteria, sometimes with the addition of neck EMG (Blumberg et al., 2005;
Balbir et al., 2008). In one study of 3, 12 and 48 hour old mouse pups, using 5% oxygen as a
stimulus, the arousal response was present at all ages but arousal latency was longer at 3 vs
12 and 48 hours. The authors suggested that the arousal response became more robust over
the period of CB resetting. In addition, arousal always occurred during the secondary decline
of the biphasic hypoxic ventilatory response. This was interpreted by the authors as an
indication that mechanoreceptor input was less important in promoting arousal (Dauger et
al., 2001).

We examined arousal using behavioral criteria in response to hypoxia in P5, P15, and P25
rat pups using 5% oxygen as a stimulus. With this paradigm chamber oxygen concentration
fell progressively reaching 6% by 40 seconds at all ages. At 40 seconds, SaO2 approached
90%, 85%, and 76% for the P5, P15, and P25 pups, respectively. Mean arousal latencies
ranged from 20 to 26 seconds for the three ages and mean SaO2 at arousal was between 91%
to 93%. Neither arousal latencies nor SaO2 at arousal were different among the three ages
(Darnall et al., 2010). In all cases, arousal latencies in response to hypoxia were shorter than
the interval between spontaneous arousals, which were ~ 42 seconds for P5 pups and ~80
seconds for P15 pups. We also compared arousal latencies and SaO2 thresholds in response
to 5% to those using 10% oxygen as stimuli. Similar to what has been reported in lambs, in
P15 pups where hypoxia was instituted during putative QS, SaO2s at arousal were similar
(93.8 ± 1.4% vs 93.2 ± 1.7 %) for 5% and 10%, respectively, whereas arousal latencies were
shorter breathing 5% compared to 10% oxygen (24.7 ± 2 sec vs 27.6 ± 2 sec).

9. Arousal in response to hypercapnia
In tracheotomized lambs the probability of arousal in response to hypercapnia was greater
during QS compared to AS (Fewell et al., 1989b; Johnston et al., 2007). Another study in
lambs showed that arousal latencies during hyperoxic hypercapnia were significantly longer
in AS (58 ± 17 sec) compared to QS (21 ± 10 sec) (Fewell & Baker, 1989). In P15 rat pups,
during putative QS, we found that arousal latency in response to 8% CO2 in room air was
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34.7 ± 2.3 sec and the CO2 arousal threshold was 4.38 ± 0.28%). There is some evidence
that arousal in response to CO2 in adult rodents is dependent on central chemoreceptor
activation. In adult mice, arousal to CO2 appears to be dependent on the presence of 5-HT
neurons, which have been shown to be chemosensitive after P12 (Hodges & Richerson,
2010b, a). Mice hemizygous for ePet1-Cre and homozygous for floxed Lmx1b (Lmx1bf/f/p),
which have no 5-HT neurons fail to arouse to CO2, but seem to arouse normally to hypoxia,
sound, and an air puff (Buchanan & Richerson, 2010). These mice were only tested during
NREM sleep, however. It is unknown whether 5-HT neurons play such a role during REM
sleep, since they are normally silent during this state (Jacobs & Fornal, 1991).

10. Role of the carotid body in the arousal response to hypoxia and
hypercapnia

CB chemoreceptors are the primary sites for the detection of hypoxia, which in the infant,
reflexively increases ventilation. Although active in the fetus, they become more sensitive
after birth temporally associated with an abrupt increase in PaO2 and sympathetic activity.
From both in vitro and in vivo studies, it appears evident that the strength of the CB reflexes
continues to increase with maturation over the first 2–3 weeks of life apparently regardless
of the maturity of the species at birth (Kholwadwala & Donnelly, 1992; Carroll et al., 1993;
Bamford et al., 1999; Gauda et al., 2009). The time over which CB reflexes mature is less
clear in human infants and estimates range from a few days to10 weeks (Calder et al., 1994;
Sovik et al., 1999). Several lines of evidence also support the idea that the CB also plays an
important role in behavioral arousal in response to hypoxia. In adult dogs, removal of the
CB greatly delays arousal coincident with a reduced ventilatory response to hypoxia (Bowes
et al., 1981b) or airway occlusion (Bowes et al., 1981a). Similarly, in lambs, denervation of
the CB reduces arousal probability in response to both rapidly developing hypoxia and
airway obstruction (Fewell et al., 1989a; Fewell et al., 1990). Moreover, in these studies,
baseline BP and fH increased after CB denervation in QS whereas during AS only BP was
increased. After CB denervation, when arousal did occur, the increase in fR in response to
rapidly developing hypoxemia was eliminated and the increase in BP and fH was greatly
exaggerated (Fewell & Baker, 1987; Fewell et al., 1989a). Evidence for a role of CB
chemoreception in arousal in response to CO2 is less clear. In a study in lambs, CB
denervation decreased the arousal response to CO2 in lambs (Fewell et al., 1989b).
However, in P15 rat pups, during putative QS, we found that arousal latencies were similar
with 8% CO2 in room air and 8% CO2 in 92% oxygen (34.7 ± 2.3 sec vs 35.3 ± 4.1 sec).
Similarly CO2 arousal thresholds were similar (4.38 ± 0.28% vs 4.28 ± 0.35%). Also in
adult rodents without any 5-HT neurons, there is only a minimal arousal response to CO2
(Buchanan & Richerson, 2010). These data suggest that there may be significant species
differences in the mechanisms responsible for arousal during hypercapnia.

11. Arousal habituation in response to acute intermittent hypoxia (AIH) and
hypercapnia

Habituation and sensitization are almost universal forms of plasticity and represent the
simplest forms of non-associative learning. In simple organisms such as aplysia, there is
short term habituation of gill withdrawal in response to a mild tactile stimulation of the
siphon (Pinsker et al., 1970; Montarolo et al., 1988). Short term habituation can be produced
by activity in neurons containing FMRFamide immunoreactivity, or with a single
application of the peptide FMRFamide (Montarolo et al., 1988). In contrast, short term
sensitization refers to a progressive increase in the response to a repetitive usually stronger
or noxious stimulus, which can be produced by the activity of serotonergic (5-HT) neurons
or by the application of serotonin. Long term habituation and sensitization refer to a more
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longstanding decrease or increase in the strength of the response resulting from more long
term presentation of stimuli (Kandel, 2001).

In vertebrates, habituation of the rodent acoustic startle response has been well studied and
has provided a model for both short and long term habituation (Koch et al., 1992; Horner et
al., 1997). The stimulus is usually provided during wakefulness and cerebellar structures
appear to be important, especially for long term habituation (Leaton & Jordan, 1978).
Habituation of arousal from sleep has been less well studied. What appears to be habituation
of arousal to an auditory stimulus was described in adult cats as early as 1956 (Sharpless &
Jasper, 1956). In this model, arousal habituation is specific to the quality, modality or
pattern of the stimulus. Moreover, after arousal in response to repeated auditory stimuli was
completely extinguished, pairing the auditory stimulus with a novel stimulus such as an air
puff temporarily restored the arousal response. Classic dishabituation, however, was not
observed; i.e. after pairing with a novel stimulus, the original auditory stimulus failed to
produce arousal. Similar results were observed in human infants in response to auditory
stimuli (Kisilevsky & Muir, 1993). Habituation of cortical, brainstem, and spinal
components of the arousal response to a tactile stimulus has also been studied in human
infants up to 5 months of age. In one study it was found that EEG (cortical) arousal
habituated first, followed by brainstem, and then spinal responses. At each level, habituation
occurred more rapidly during AS (McNamara et al., 1999).

It is thought that the process of habituation serves to allow the elimination of non-essential
responses to biologically relevant stimuli (Thompson & Spencer, 1966). Habituation to
repeated hypoxia, however, does not seem to be a good strategy, as the lack of an arousal
response could be fatal. Nevertheless, a decrement of arousal in response to AIH has been
well documented. There are lingering questions about whether this phenomenon is an
example of non-associative learning or whether other biochemical processes directly related
to the stimulus (i.e. hypoxia) are involved; these will be addressed later. Nevertheless, I will
refer to this as “arousal habituation” for convenience. The first description of “arousal
habituation” in response to AIH in newborns was provided in 1988 (Fewell et al., 1988). In
this study in five tracheostomized lambs instrumented for sleep, arousal latency was longer
and SaO2 lower at the time of arousal in response to repeated airway obstructions in AS but
not during quiet sleep QS (Fewell et al., 1988). A subsequent report in four additional lambs
showed similarly that progressive blunting of arousal occurred in response to repeated
exposures to 5% oxygen, although in these experiments, habituation occurred both during
QS and AS (Fewell & Konduri, 1989). In contrast, in another study in newborn lambs,
Johnston et al found that arousal habituation to AIH readily occurred during AS but was less
prominent during QS (Johnston et al., 1998).

Since these initial reports, habituation of the arousal response to repeated exposures to
hypoxia has been described in the newborns of several species. In piglets, arousal
habituation occurs in response to as few as 4 repeated exposures to hypoxia/hypercapnia.
Arousal latencies increased over the 4 trials and when tested again 4 days later, the increase
in latency was more pronounced, suggesting the presence of both short and long term
habituation (Waters & Tinworth, 2005). Interestingly, the piglets exposed to hypoxia/
hypercapnia developed a progressive and relatively severe metabolic acidosis, slept more
and had fewer spontaneous arousals during recovery periods. In very young newborn mice
(P4), progressive lengthening of arousal latency occurs over the course of 8 trials of hypoxia
(5% O2) (Durand et al., 2004). These authors also made simultaneous measurements of fE
and determined that arousal occurred during the period of ventilatory decline suggesting that
arousal was not secondary to an increase in chest wall movement.
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Habituation of arousal in response to AIH depends on age. We recently reported the arousal
response to eight 3-minute exposures to 5% O2 in P5, P15 and P25 rat pups (Darnall et al.,
2010). Arousal latencies were significantly shorter than the time between spontaneous
arousals at all ages. Habituation was more robust in P15 and P25 pups compared to P5
animals measured as the slope of arousal latency across trials. In addition, if O2 was
switched back to room air immediately upon arousal after 3–4 trials, the habituation process
reversed and arousal latencies approached those observed in trial 1. Figure 6 illustrates the
arousal latencies and the SaO2 at the time of arousal, and their reversal, in response to AIH
in P5, P15, and P25 pups compared to intervals between spontaneous arousals.

11.1. Possible mechanisms of arousal habituation during AIH
The progressive blunting of arousal that occurs with repeated exposures to hypoxia has
many features of “classical” habituation. However, there have been no studies demonstrating
“dishabituation” where a novel, usually a more intense non-related stimulus, re-instates the
original hypoxic arousal response. It seems unlikely that habituation is due to effector
fatigue. In adult rats, there is progressive augmentation of CB afferent activity during acute
intermittent hypoxia (Cummings & Wilson, 2005). In newborn mice pups, the increase in fE
in response to each hypoxia exposure during AIH did not diminish in the face of increasing
arousal latencies (Durand et al., 2004). Thus a progressive reduction in CB output with
repeated stimulation does not appear to be responsible for arousal habituation. Indeed, AIH
has usually been reported to result in sensitization or facilitation of a behavioral outcome,
most often ventilation or phrenic nerve output, sympathetic nerve activity (Xing &
Pilowsky, 2010), or blood pressure (Fletcher, 2001). Long term increases in both baseline
ventilation (Baker & Mitchell, 2000) and sympathetic discharge (Xing & Pilowsky, 2010) in
response to AIH, a form of plasticity termed long term facilitation “LTF”, which is
dependent on serotonin and requires protein synthesis (Baker-Herman & Mitchell, 2002).
Although similar in some respects to the 5-HT and protein synthesis dependent process of
long term synaptic facilitation and behavioral sensitization observed in aplysia, ventilatory
LTF has not been shown to involve learning in the classic sense.

In one study in piglets, there was a progressive moderate to severe metabolic acidosis that
developed over several bouts of hypoxia (Waters & Tinworth, 2005) that might have
contributed to depressed arousal responses. Alternatively, progressive blunting of arousal
could be explained by hypoxia induced biochemical processes with a relatively long time
constants resulting in arousal inhibition such that a relatively long exposure to hypoxia and a
relatively short recovery time result in progressive cumulative inhibition between exposures.
We recently showed that if the hypoxia period is shortened and the recovery period
lengthened, the inhibition between hypoxia exposures might be attenuated resulting in
gradual recovery toward baseline (see Figure 6). Acute hypoxemia is associated with
increases in the extracellular concentration (measured with microdialysis) of both excitatory
and inhibitory neurotransmitters and/or neuromodulators in the brainstem, including opioids,
glutamate, GABA, taurine, adenosine and serotonin in both anesthetized and conscious
animals (Hoop et al., 1999; Richter et al., 1999; Tabata et al., 2001; Hehre et al., 2008).
Studies in newborn lambs demonstrated that blockade of opioid receptors did not reverse the
progressive blunting of arousal with repeated hypoxia exposure (Konduri & Fewell, 1992).
Adenosine is a ubiquitous nucleoside that is released from cells into the extracellular space
when oxygen supply no longer matches oxygen needs (Darnall & Bruce, 1987). Adenosine
could directly inhibit excitatory neurons involved in arousal via A1 receptors, or could
indirectly inhibit these neurons by acting on excitatory adenosine A2A receptors located on
GABAergic neurons.

We explored the possible role of GABA in arousal habituation in response to AIH (Darnall
et al., 2012). We found in P15 to P25 rat pups that the local application of muscimol, a
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GABAA receptor agonist, into the medullary raphe, caused a prolongation of arousal latency
during 4 repeated trials of hypoxia compared to controls. Similarly blocking GABA
reuptake with the GAT antagonist, nipecotic acid, caused a similar prolongation of arousal
latency. Finally, local application of bicuculline, a GABAA receptor antagonist, resulted in a
dramatic reduction in habituation. In the rodent, there is a broad distribution of GAD
containing neurons throughout the medullary raphe with the highest density near the ventral
surface and extending laterally (Kihara & Kubo, 1989; Holmes et al., 1994; Lein et al.,
2007). Thus, the source of GABA in the medullary raphe most likely is from GABA
producing interneurons. However, there may also be substantial projections of remote
GABAergic neurons into this region. Finally, some neurons of other phenotypes, including
5-HT neurons, express multiple neurotransmitters, including GABA. It is also clear that
GABA producing neurons are present very early in gestation (Lauder et al., 1986), with a
distribution pattern at P15–P25 very similar to that of the adult. GABAA receptors are
expressed by neurons of many phenotypes. Muscimol would therefore be expected to inhibit
the activity of almost all neurons expressing GABAA receptors, and would not help
determine the source of GABA. Thus our results after muscimol microinjection could be
interpreted as a generalized inhibition of medullary raphe neuronal activity. Nipecotic acid,
with a high affinity for the GABA transporters, GAT1 and GAT3, would be expected to
block the reuptake of GABA into both neurons (GAT1) and glia (GAT3) (Gether et al.,
2006; Kristensen et al., 2011) and may also provide insight as to changing levels of
endogenous GABA. The results of our experiments with nipecotic acid suggest that hypoxia
results in an increase in ambient GABA and when reuptake is inhibited there is an enhanced
progressive increase providing a source of increasing tonic inhibition. In contrast, blocking
GABAA receptors with bicuculline did not shorten arousal latency compared to controls, but
resulted in an elimination of habituation. These data indicate that the medullary raphe
contributes to the phenomenon of arousal habituation and more specifically that activation
of medullary raphe GABAA receptors is necessary for arousal habituation. Figure 7 shows
the effects of medullary raphe application of muscimol, nipecotic acid, bicuculline, and
aCSF on arousal across four trials of hypoxia.

There are only a few studies investigating the effects of repeated CO2 exposure on arousal.
At least one study in lambs showed that many exposures to CO2 (40 exposures) resulted in
little or no habituation of the arousal response measured as the probability of arousal. We
have recently examined the effects of intermittent CO2 exposure on arousal in newborn rats.
Our preliminary results with four 3-minute exposures to 8% CO2 suggest that 1) arousal
latencies in response to repeated exposures to CO2 are shortest when hypercapnia is
combined with hypoxia, 2) Arousal latencies in response to hyperoxic hypercapnia are not
different from those in response to hypercapnia alone, 3) arousal latencies lengthen
progressively over the course of 4 exposures to hypercapnia.

12. Arousal mechanisms
Although it is clear that CB chemoreceptor stimulation contributes to arousal from sleep in
response to hypoxia, the specific mechanisms have not been fully elucidated. It remains
unclear whether arousal results from a direct stimulation of arousal networks or whether
arousal networks are indirectly stimulated either from, or as part of, brainstem respiratory
networks proportional to respiratory drive or from mechanoreceptor stimuli arising from the
ventilatory apparatus during breathing. Information from the carotid body travels in the
carotid sinus nerve which synapses largely in the commissural nucleus of the NTS (com
NTS) with some fibers extending directly to the ventral lateral medulla (Finley & Katz,
1992). The com NTS projects to the ventrolateral medulla, retrotrapezoid nucleus, the
hypothalamus, amygdala, and the midbrain periaqueductal gray. All of these regions, in turn,
project to the medullary raphe. In addition there may be direct projections from the com
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NTS to the medullary raphe (Takakura et al., 2006). Our findings that arousal in response to
repeated hypoxia is influenced by both medullary raphe 5-HT and GABAergic mechanisms
suggest that the medullary raphe either lies in an arousal pathway or modulates other
ascending arousal pathways activated by hypoxia. There are several lines of evidence
suggesting that hypoxia activates medullary raphe neurons. Long term facilitation (LTF)
associated with exposure to acute intermittent hypoxia requires the activation of medullary
5-HT neurons that project to the spinal cord (Baker & Mitchell, 2000; Baker-Herman &
Mitchell, 2002). Stimulation of the carotid sinus nerves induces FOS-like protein in regions
of the medullary raphe (Erickson & Millhorn, 1991). Multi-array extracellular recordings
further suggest that midline raphe neurons are critical components of a larger raphe-ponto-
medullary network of neurons with respiratory related activity and respond to peripheral
chemoreceptor stimulation in concert with the entire network (Nuding et al., 2009).

Several lines of evidence suggest that arousal is also influenced by sensory input from the
lungs or chest wall movement and that the relative contribution of chemoreceptor and lungs
or chest wall may be state related. In adult dogs, the addition of expiratory flow-resistive
loads during hypoxic rebreathing significantly decreases the arousal threshold to hypoxia
both during NREM and REM sleep (Yasuma et al., 1991). In newborn lambs, however,
hyperoxia delayed arousal after airway obstruction during AS but not during QS (Baker &
Fewell, 1987). However, during airway occlusion, vagotomy produced a significantly
smaller decrement in arousability than CB denervation (Bowes et al., 1981a). Taken
together, these data suggest that both CB chemoreceptors and mechanoreceptors contribute
to arousal during hypoxia. It is also likely that the medullary raphe contributes to arousal,
particularly arousal habituation. During AS, mechanoreceptor activity decreases and does
not increase during increasing intensity of the hypoxic stimulus. Figure 8 illustrates possible
contributions from the CB, respiratory networks, and pulmonary or chest wall
mechanoreceptors on arousal and the reduction of mechanoreceptor input during AS.
Although mechanoreceptor output is decreased during REM, the depression of arousal
during AS likely depends on central neuronal effects as well.

Sleep state plays a major role in arousal, but is highly species dependent. Whereas newborn
and adult mammals appear to have depressed arousal during AS, the opposite occurs in
human infants. The probability of arousal in response to hypoxia is increased during AS in
the human infant and depressed during QS. There are other state related effects on
physiological control systems where the human infant appears to be an outlier in the
mammalian world. For example, in most small mammals, REM or AS is associated with an
attenuation of thermoregulation. Thus brown fat metabolism, shivering and sweating are all
suspended during REM (Parmeggiani & Rabini, 1967; Parmeggiani et al., 1977). In the
human infant, however, thermoregulation is preserved during REM sleep, and may even be
more effective (Stothers & Warner, 1977a, b; Darnall & Ariagno, 1982).

13. Summary
Arousal from sleep is a major defense mechanism in infants against hypoxia and/or
hypercapnia during rebreathing, airway obstruction and apnea. The combination of
subcortical and cortical arousal allows the infant to move out of a dangerous situation and
mount an appropriate physiological response. Decades of research suggests that arousal
failure may be an important contributor to SIDS. Areas of the brainstem that have found to
be abnormal in a majority of SIDS infants are involved in the arousal process. Arousal is
sleep state dependent, being depressed during AS in most mammals, but depressed during
QS in human infants. The reasons for the differences are not known. However there are
analogous differences in thermoregulatory physiology where human infants mount a
metabolic response to a cold stress during AS, unlike the diminished or absent response in
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most other mammalian species. Thus the ability to arouse and respond to a cold stress during
AS may have evolved as an evolutionary advantage in the human. Repeated exposure to
hypoxia causes a progressive blunting of arousal that may involve medullary raphe
GABAergic mechanisms. Whereas CB chemoreceptors contribute heavily to arousal in
response to hypoxia, serotonergic central chemoreceptors have been implicated in the
arousal response to CO2. Pulmonary or chest wall mechanoreceptors also contribute to
arousal in conjunction with the ventilatory response to hypoxia and decreases in
mechanoreceptor input during AS may contribute to depressed arousal during this state.
Little is known about specific arousal pathways beyond the comNTS. Whether CB
chemoreceptor stimulation directly stimulates arousal networks or whether this is done
indirectly through respiratory networks remains unknown. An attractive hypothesis is that
medullary raphe, arousal, and respiratory networks are connected and overlapping in that all
of these networks are activated in the arousal process. That the medullary raphe contributes
to the process of arousal in response to hypoxia has important implications for the Sudden
Infant Death Syndrome. Up to 70% of these infants have decreased medullary raphe
serotonin and TPH2 levels which may result in a loss or decrease in an important excitatory
input to the arousal process, increasing the probability of death when confronted with
hypoxia during sleep.

There is much more to be learned about the mechanisms involved in arousal and many
questions remain. Does the sensitivity of the arousal response change as the carotid bodies
mature over the first 2–3 weeks of development? If present, are changes in sensitivity
different for hypoxia and hypercapnia? What is the relative contribution of CB and central
chemoreceptors to arousal during hypercapnia? Where do sensory inputs converge on
ascending arousal networks? Although there appears to be a contribution of medullary raphe
5-HT and GABAergic networks to arousal in response to hypoxia, is the medullary raphe an
intrinsic component of the arousal pathway, or does the medullary raphe modulate other
arousal networks? Both arousal and thermoregulatory responses are vigorous in the human
newborn during REM or AS, this is not the case in other mammalian species where both
arousal and thermoregulation are depressed during REM. Is there a relationship between the
percent time spent in REM and the strength of arousal and thermoregulatory responses?
Given the importance of the arousal response for survival, and the many unanswered
questions, there is clearly a need for continued investigation both in animals and in humans.
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Figure 1.
The prevalence of cortical and subcortical arousals in the first 9 months of life in healthy full
term infants. Sleep was recorded during night polysomnograms. Arousal was scored
according to guidelines suggested by the International Paediatric North Group on Arousals
(see text). Arousals are quantified as number of arousals per hour of sleep. Cortical arousals
are illustrated as filled triangles, subcortical arousals as filled squares and the total number
of arousals indicated as closed circles. All values are means ± SEM. Note that the total
number of arousals decreases with age, largely related to the decrease in subcortical
arousals. Adapted from Montemitro, et al, 2007 (Montemitro et al., 2008).
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Figure 2.
Delta activity and heart rate activity during spontaneous arousals in the piglet and human
infant. Values of delta activity (1–4 Hz) derived from wavelet analyses (upper panels) and
heart rate (lower panels) are ensemble averages triggered on the heart rate peak derived from
75 spontaneous arousals in 5 piglets (left panels) and 73 spontaneous arousals in a single 3
month old infant (right panels). Values shown are means ± 95% confidence intervals. Note
that the increase in heart rate precedes the fall in delta power. HR = heart rate; DELTA =
delta power or activity. Adapted from Ariagno, et al, 2002 (Ariagno et al., 2002).
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Figure 3.
Heart rate changes during spontaneous arousals in premature (open circles) and term (closed
circles) newborns. Heart rate changes occurring before, during, and after arousals in preterm
infants (GA: 32 ± 2 wks; PMA at the time of study: 35 ± 1 wk; Chronological age at the
time of study: 24 ± 17 days, mean ± SD) and in full term infants (Chronological age at the
time of study: 45 ± 12 days, mean ± SD). Values were expressed as heart rate in beats/min
during the 30 seconds before arousal (Pre30), the 10 seconds before arousal (Pre10), the
arousal period (Arousal), the 10 seconds after the arousal (Post10) and the 30 second period
(Post30). All values of heart rate are expressed as means ± SEM. Note that the preterm
infants, even when studied at 35 weeks PMA decreased rather than increased heart rate as
was observed in the full term infants. Adapted from Hanzer, et al, 2007 (Hanzer et al.,
2007).
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Figure 4.
The effects of sleep state on arousal responses to hypoxia in term and preterm infants at 2–5
weeks, 2–3 months, and 5–6 months of term corrected age. Arousal latencies and the SaO2
at the time of arousal were measured after exposure to 15% oxygen. Preterm infants GA
ranged from 29 to 34 weeks (31 ± 0.7; mean ± SEM). Four groups of infants are compared
in both QS and AS: Term AS (black bars), Term QS (hatched white bars), Preterm AS (dark
gray bars) and Preterm QS (hatched light gray bars). Arousal latency is on the Y-axis and
SaO2 are indicated on the bars. Horizontal lines above the bars indicate significant
differences (at least P<0.05). In general arousal latencies are shorter and SaO2 values higher
during AS. Arousal latencies were longer in term infants only at 2–5 weeks of age. All
values are means ± SEM. Adapted from Verbeek et al, 2008 (Verbeek et al., 2008).
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Figure 5.
Arousal response to rapidly developing hypoxemia in QS and AS in lambs. Arousal latency
and SaO2 at the time of arousal are shown in the upper and lower panels, respectively. Three
levels of hypoxia were tested: 10%, 5%, and 0% and are shown on the X-axis. Arousal data
during QS is shown in the black bars and arousal during AS in the gray bars. All values are
expressed as means ± SEM. Note that during QS, the SaO2 at arousal was similar for the
different oxygen concentrations, whereas latencies were shortest at 0% (most severe) and
longest at 10% oxygen (least severe). During AS both arousal latency and SaO2 at arousal
were proportional to the severity of the hypoxia. All values are expressed as means ± SEM.
Adapted from Fewell, et al, 1987 (Fewell & Baker, 1987).
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Figure 6.
Arousal latency and SaO2 at arousal in response to repeated exposure to 5% oxygen in P5,
P15, and P25 rat pups. Arousal latencies are shown in the left panel and SaO2 (SAT) at
arousal in the right panel. For the first 3 trials, each animal was exposed to 3 minutes of 5%
oxygen interspersed with 6 minutes of normoxia. Starting with the 4th trial, hypoxia was
switched to room air immediately upon arousal. The filled symbols are data from pups
exposed to hypoxia. The open symbols represent the times between spontaneous arousals
and the SaO2 at spontaneous arousal. P5 hypoxia = closed circles; P5 spontaneous arousal
rate = open circles; P15 hypoxia = closed triangles; P15 spontaneous arousals = open
triangles; P25 hypoxia = closed squares; P25 spontaneous arousals not shown. Arousal
habituation is illustrated by the progressive lengthening of arousal latencies and progressive
decrease in SaO2 across trials of hypoxia. Note that arousal latencies progressively increased
over the first 4 trials of hypoxia (habituation). When the hypoxia duration was decreased and
the recovery time increased by switching to room air at arousal, there was a “reversal” of
habituation. All values are expressed as means ± SEM. Adapted from Darnall et al, 2010
(Darnall et al., 2010).
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Figure 7.
Arousal latency over the course of 4 exposures to 10% breathing after local application into
the medullary raphe of aCSF, muscimol, nipecotic acid, and bicuculline. Under isofluorane
anesthesia, neurochemicals were microinjected directly into the medullary raphe in the
rostro-caudal dimensions of the facial nucleus in P15–P25 rat pups. After recovery (~30
minutes) pups were exposed to 4 three minute periods of 10% oxygen interspersed with 6
minutes of normoxia. The arousal response after aCSF and no-injection controls (no
anesthesia, surgery, or injections are represented by open and gray circles, respectively.
Note that the response after aCSF is almost identical to that in non-injected controls.
Muscimol (GABAA receptor agonist) and nipecotic acid (GABA reuptake inhibitor) are
shown as open triangles and squares, respectively. Note the increase in arousal latency. The
results after bicuculline (GABAA receptor antagonist) are shown as open diamonds. Note
that in all of the other conditions, there is significant habituation (progressive increase in
arousal latency over the 4 hypoxia exposures). After bicuculline application, habituation is
abolished. These data suggest that the progressive increase in arousal latency during
repeated hypoxia exposures is secondary to increasing levels of ambient GABA and that
GABAA receptors activation is necessary for habituation to occur. All values are expressed
as means ± SEM. From Darnall, et al, 2012 (Darnall et al., 2012)
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Figure 8.
Cartoon showing proposed contribution of carotid body chemoreceptors, respiratory
networks and pulmonary or chest wall mechanoreceptors to arousal in response to hypoxia.
The white arrow indicates inhibition and the black arrows excitation. During AS, there is a
decreased contribution from mechanoreceptors indicated by the thinner arrow.

Darnall Page 28

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


