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Nicotine exposure diminishes the protective breathing and arousal
responses to stress (hypoxia). By exacerbating sleep-disordered
breathing, this disturbance could underpin the well established
association between smoking and the increased risk of sudden
infant death syndrome. We show here that the protective re-
sponses to stress during sleep are partially regulated by particular
nicotinic acetylcholine receptors (nAChRs). We compared re-
sponses of sleeping wild-type and mutant mice lacking the �2
subunit of the nAChR to episodic hypoxia. Arousal from sleep was
diminished, and breathing drives accentuated in mutant mice
indicating that these protective responses are partially regulated
by �2-containing nAChRs. Brief exposure to nicotine significantly
reduced breathing drives in sleeping wild-type mice, but had no
effect in mutants. We propose that nicotine impairs breathing (and
possibly arousal) responses to stress by disrupting functions nor-
mally regulated by �2-containing, high-affinity nAChRs.

Smoking during pregnancy significantly increases perinatal
and infant morbidity and mortality. It is now the most

important independent risk factor contributing to the sudden
infant death syndrome (SIDS) (1, 2). The most compelling
hypothesis for the link between smoking and SIDS is that
nicotine in tobacco diminishes, among other things, crucial
breathing and arousal responses to stress during sleep (3). Brief
pauses in breathing (apneas) are common during sleep, but the
accompanying stress (hypoxia) normally provokes a powerful,
protective, cardiorespiratory excitation and arousal response (4).
A diminished stress response exacerbates apnea and hypoxia,
aggravating perinatal injury and ultimately precipitating SIDS
(5–9). The effects of nicotine are mediated by its activation of
highly selective nicotinic cholinergic receptors (nAChRs), which
are present in the carotid bodies (the principal hypoxic sensors)
and critical brainstem nuclei, such as the nucleus of the solitary
tract and locus coeruleus (5, 10–12). nAChRs at these sites
contribute to the cholinergic modulation of breathing and
arousal (13, 14). Interference with the normal function of these
nAChRs is the presumed basis of the detrimental side effects of
nicotine (15). Here we investigated the role played by a partic-
ular nAChR subtype in modulating critical protective responses
to stress during sleep.

The nAChRs form a family of pentameric oligomers made up
of combinations of different protein subunits. Five � sub-
units(�2–�6) and three � subunits (�2–�4) can be associated into
neuronal nAChRs with subunits of two or more different types.
Specific subunit patterns confer unique biophysical and phar-
macological properties on a given receptor oligomer, and de-
termine its activation and desensitization kinetics, ion selectivity,
allosteric effects, and binding properties (16). The large number
of possible combinations of nAChR subunits implies that im-
portant diversity exists in the way various nAChR subunits or
oligomers influence particular behaviors (e.g., breathing and
arousal). We studied mutant mice in which the gene encoding

the �2 nAChR subunit has been deleted (‘‘knocked-out’’) to gain
insights into the regulatory roles of this particular nAChR
subunit. Studies of mutant mice already indicate that the �2-
containing nAChRs are crucial in regulating aspects of waking
behavior (17). Here we demonstrate that crucial protective
responses mounted to stress during sleep are also partially
regulated by nAChRs containing this subunit.

Methods
Animals. We used age-matched wild-type and mutant mice
lacking the �2 nAChR subunit gene (17). Iffa-Credo supplied
male C57BL�J6 wild-type control and male ACN�2 mutant
siblings from parents backcrossed for 12 generations to
C57BL�J6 inbred mice. Mice were housed in a quiet, tempera-
ture-controlled room (22–23°C) under a 12-h light-day cycle, and
were provided with water and dry food pellets ad libitum; they
habituated to the laboratory for 2–3 weeks, before study at
postnatal day (P) 35–P48. Ethical approval was granted by the
French Ministère de l’Agriculture et de la Forêt; all procedures
conformed with the guidelines of the Institut National de la
Santé et de la Recherche Médicale.

Reverse Transcriptase–PCR. Three wild-type C57-BL6 were killed
by cervical dislocation, and the six carotid bodies rapidly re-
moved. Total RNA was isolated from whole carotid bodies by
using TRIZOL reagent (GIBCO�BRL, Life Technologies); 1 �g
of total RNA was reverse transcribed with the Superscript
preamplification system (GIBCO�BRL, Life Technologies), and
1�20 of the reaction product was amplified by PCR. The
methodology and oligonucleotides selected for nAChR subunit
detection were as used (12). Tyrosine hydroxylase detection was
used as a positive control (5). DNA products of amplification
were analyzed by gel electrophoresis stained with ethidium
bromide.

Plethysmography. Ventilation was measured by whole-body pleth-
ysmography (18). Pairs of mice of the same genotype were
studied on alternate days. To facilitate sleep onset, all mice were
permitted a long period of pretest familiarization inside the
measurement chamber (overnight before study). Mice were
studied at environmental thermoneutrality (26–28°C). No re-
straint was used; mice explored the plethysmograph, groomed,
and so forth, until sleep ensued. Recording commenced at sleep
onset.

Acute effects of nicotine. At sleep onset, baseline data (breath-
ing air) were recorded for 10 min; the plethysmograph was then
opened, and the mouse injected i.p. with either 100 �l of saline

Abbreviations: HVR, hypoxic ventilatory response; nAChR, nicotinic acetylcholine receptor;
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(morning studies), or the same volume of saline �0.5 mg�kg�1

nicotine tartrate (afternoon studies) (17). The mouse was then
returned to the plethysmograph, which was resealed, and re-
cording recommenced. The response to a single 10-min hypoxic
challenge was recorded at 13 min after injection. Sleep resumed
at 30–40 min after injection, and the test was repeated at 60 min
(i.e., during sleep); at the end of the second hypoxic challenge,
we added O2 to measure peripheral chemoreflex (i.e., carotid
body-mediated) respiratory drive.

Response to two cycles of episodic hypoxia. At sleep onset
baseline breathing was recorded for 20 min; two to three brief O2
pulses were administered during this period to measure periph-
eral drive. Then two cycles of 10-min hypoxia–5-min normoxia
were administered, followed by an O2 pulse at the end of the
second hypoxic cycle. Hypoxia consisted of 13% O2 � 2% CO2,
balance N2. Each mouse was tested twice (morning and after-
noon) on the same day, and a mean response calculated.

Response to five cycles of episodic hypoxia. Using similar meth-
ods, we administered five cycles of 10-min hypoxia–5-min nor-
moxia to a different group of mice; each mouse was studied only
once by using this protocol, and no O2 pulses were administered.

Data Analysis. Sleep state was scored by using behavioral criteria;
periods of arousal lasting �1 s were identified by the pressure
artifact associated with sudden movements (18). For the analysis
of ventilation, we only used parts of the record where breaths
were clearly evident. From breath-by-breath arrays of tidal
volume (VT), inspiratory (TI), expiratory (TE), and total (TTOT)
breath time, and minute ventilation [VE; � VT � 1,000�
(TI � TE)], we calculated mean VE each minute. The hypoxic
ventilatory response (HVR) was the average VE during the third
to fifth and eighth to tenth minute (inclusive) of the first of the

two to five challenges administered; respiratory volumes were
expressed as absolute values normalized for body weight (mi-
croliters per gram), and as a percent of control baseline (� final
3min in air preceding hypoxia). The decline in VE in O2 (�VE)
was the 10-point minimum moving average VE during the initial
20 s of O2; (baseline � 20 s preceding the O2 switch) (18). Data
were analyzed by using a repeated-measures ANOVA (STAT-
VIEW 5.0; SAS Institute, Cary, NC), and are presented as group
means � SD in the text and tables, and (for improved clarity)
means � SEM in figures. A P � 0.05 was considered significant.

Results
Nicotine Diminishes Breathing Efforts in Wild-Type but Not �2 Mutant
Mice. Nicotine exposure attenuates the increase in breathing
(ventilatory) efforts during hypoxia (5, 6). We compared how
brief exposure to nicotine (0.5 mg�kg�1) alters breathing patterns
of mutant and wild-type mice. Mice were studied by using a
noninvasive technique (Fig. 1A). Breathing (minute ventilation,
VE) during a 10-min hypoxic challenge was measured soon after
nicotine was administered(awake; Fig. 1B), and again one-hour
later (during behavioral sleep; Fig. 1C). No differences existed
between the immediate effects of nicotine on breathing in awake
mutant and wild-type mice (data not shown). When mice were
re-tested during sleep, however, the mean VE response curve was
displaced downwards in wild-type mice, indicating that the drive
to breathe had diminished significantly in these mice (Fig. 1D).
Nicotine had no effect on breathing in sleeping mutant mice
(Fig. 1E).

The Arousal Response to Episodic Hypoxia Is Attenuated in �2 Mutant
Mice. Hypoxia is normally a powerful arousal stimulus (4, 18). We
compared the arousal response of mutant and wild-type mice to

Fig. 1. Nicotine diminishes the drive to breathe in sleeping wild-type mice. Ventilation (VE) was measured by whole-body plethysmography (A) after a single
i.p. injection of saline (E, morning studies) or nicotine (■ , 0.5 mg�kg�1, afternoon studies). The HVR (period of hypoxia � shaded panels) was then recorded at
�13 min, (B, mice awake) and again 1 h after injection (asleep, C). Only HVRs elicited during sleep are shown (D and E). The downward displacement of the curve
of wild-type mice signaled diminished ventilatory (breathing) drive after nicotine exposure (D; *, P � 0.015), an effect not evident in mutant mice (E; P � 0.8
nicotine vs. saline).
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episodic hypoxia to clarify the role of �2-containing nAChRs in
this important defense-alerting response. We used a stress
paradigm designed to mimic (over a longer cycle time) the sorts
of episodic hypoxic insults which occur clinically e.g., in repet-
itive sleep apnea. Either two (Fig. 2A) or five (Fig. 2B) cycles of
hypoxia were administered during sleep. Arousal was defined by
agitation (movement lasting �1 sec; Fig. 2C). Hypoxia elicited
a dose-dependent increase in arousal time from all mice, but
mutants were consistently less aroused, indicating that arousal
thresholds were higher in these animals (Fig. 2D).

Respiratory Responses to Hypoxia Are Accentuated in �2 Mutant Mice.
Deficits in the control and regulation of breathing during sleep
can accentuate respiratory instability and failure, and are im-
plicated in SIDS pathophysiology (5–8). We compared breathing
patterns of wild-type and mutant mice for evidence of abnormal
respiratory control during sleep. At rest (in air), mutants were
significantly hypopneic: the weight-adjusted minute volume was
less in mutant than in wild-type mice (VE; 16 � 2 vs. 18 � 2
�l�s�1�g�1; P � 0.007), because of the smaller breath volume
(tidal volume, VT, � 5.8 � 0.7 vs. 6.2 � 0.6 �l�g�1; P � 0.035);
breath duration was comparable (362 � 51 vs. 347 � 40 ms, P �
0.3). Episodic hypoxia caused VE to rise and fall (Fig. 3A). The
first hypoxic cycle always elicited a persistent ventilatory facili-
tation (19) during the first (and subsequent) recovery periods in
mutant, but not wild-type mice (Fig. 3A). Facilitation in wild-
type mice required exposure to repetitive, intermittent hypoxia
cycles (Fig. 3 B and C). Although mutants were less aroused
by hypoxia (Fig. 2D), their ventilatory response (HVR) was
accentuated (Fig. 3D).

Sudden hyperoxia diminishes breathing efforts because of
so-called ‘‘physiological denervation’’ of the carotid body (pe-
ripheral) chemosensors. This hyperoxic test indirectly measures

the strength of peripheral respiratory drive; residual breathing
reflects ongoing central drive (Figs. 4 A and B). We used this
method to compare the peripheral contribution to respiratory
drive of mutant and wild-type mice. Brief O2 pulses were
administered at rest (air) and end-hypoxia (Fig. 2 A). Peripheral
drive was comparable between genotypes at rest (Fig. 4C). At
end-hypoxia, however, peripheral drive was significantly less in
the mutant, although these mice remained relatively hyperpneic
(‘‘afterdischarge’’; Fig. 4D). The presence of afterdischarge in
mutants is indicative of a long-lasting, posthypoxic augmentation
of central respiratory drive in mutants (20).

Carotid-Body nAChR Subunit Expression. The activity of the carotid
bodies, the principal hypoxic sensors, is partly regulated by
nAChRs. Only two nAChR subunits (�4 and �7) are so far
known to be present in this organ (21, 22). If the �2 subunit is
also normally expressed, dysfunction of nAChR oligomers con-
taining this subunit could result in abnormalities in particular
aspects of peripheral responsiveness to hypoxia. We analyzed
carotid bodies from C57-BL6 wild-type mice by reverse tran-
scriptase–PCR to determine which subunits are normally ex-
pressed in this structure. Transcripts of 6 nAChR subunits were
detected in carotid-body total RNA (�3, �4, �5, �7, �2, and �4;
Fig. 5). Thus, multiple subtypes of nAChRs, including high-
affinity �2-containing nAChRs, may be present and play a
functional role in regulating carotid-body activity.

Discussion
We have found that �2-containing nAChRs play a crucial role
in modulating vital elements of the protective responses which
are believed to guard against respiratory failure during sleep.

Nicotine is known to reduce the drive to breathe under certain
circumstances, an action which is believed to exacerbate or

Fig. 2. The arousal response to episodic hypoxia is attenuated in �2 mutant mice. Either 20 min (A) or 50 min (B) of episodic hypoxia were administered; arousal
from sleep was defined by movement (MVT) artifact (C). The arousal response from mutants (�) was consistently lower than from wild-type mice (■ ) to both
stimuli (*, P � 0.015).
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precipitate stress-related cardiorespiratory failure during sleep
(5–7). Our data demonstrate that the mechanism underlying this
effect of nicotine involves activation of high-affinity, �2-
containing nAChRs. Whereas in newborn animals nicotine
depresses breathing by attenuating peripheral (carotid body)
drive (5–7), our data (obtained during sleep) suggest that
nicotine also attenuates central respiratory drive (Fig. 1D). It
seems likely, given that nAChRs are present in the carotid bodies
as well as brainstem centers regulating breathing, that nicotine
influences breathing by multiple actions at either or both sites (5,
15). Because breathing and sleep mechanisms both interact to
modulate breathing during sleep, part of nicotine’s action in
reducing breathing drives could also be mediated by subtle
alterations to particular aspects of the sleep cycle (e.g., its depth;
ref. 23).

Nicotine had little or no effect on respiratory drives in mutant
mice, which is possibly because the lack of high-affinity nAChRs
reduced nicotine binding in critical structures regulating breath-
ing (17). This reduction in nicotine binding could, in turn,
diminish the abnormal consequences of nAChR overactivity,
including ‘‘downstream’’ activation of inhibitory (e.g., dopami-
nergic) circuits, which are regulated by nAChRs (24, 25). Acti-
vation of inhibitory circuits by nicotine is an important mecha-
nism depressing respiratory drive, possibly contributing to SIDS
(5). Absence of the �2 nAChR subunit, by disengaging critical
signaling cascades normally triggered by nicotine, could be
neuroprotective (17, 26).

Endogenous �2-containing nAChRs are important in fine-
tuning of respiratory control during sleep. At rest, ventilation
was significantly lower in mutants, possibly reflecting abnormally

Fig. 3. Respiratory responses to hypoxia are accentuated in �2 mutant mice. Mean ventilatory responses to 20-min episodic hypoxia illustrate persistent
facilitation during the first posthypoxic recovery cycle (A) in mutants (E) but not wild-type mice (F). Comparison of the first (B) and fifth (C) recovery periods
during 50-min episodic hypoxia illustrates that, in wild-type mice, significant facilitation was only evident after exposure to five cycles of repetitive hypoxia (C).
Note the greater HVR of the mutants (D).
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low basal central nervous system (brainstem, suprapontine,
and�or metabolic) drives during sleep (27, 28). Mutants, how-
ever, exhibited a more vigorous than normal ventilatory re-
sponse to hypoxia, indicating that absence of �2-containing
nAChRs either potentiates excitatory, diminishes inhibitory
(e.g., dopaminergic) neuromodulation of hypoxic drive, or both.
Hypoxic responses are highly variable within most species,
including mice; a contributing factor may be variability in the
expression of genes encoding the different nAChR subunits (29).
Our findings indicate that variable expression of the �2 subunit
partially predetermines respiratory control settings and hypoxic
responsiveness during sleep.

Hypoxia typically provokes compensatory changes (‘‘neuro-
plasticity’’) in respiratory output, which helps maintain breathing

stability and efficiency under stress (30–32). Facilitation and
afterdischarge, two classical examples of hypoxic respiratory
neuroplasticity (19, 20), were dramatically accentuated in mu-
tants (Figs. 3 and 4). These phenomena reflect persistent
hyperexcitability of the brainstem and�or respiratory motoneu-
ron pools that drive breathing. The underlying cause, enhanced
central synaptic transmission, is activated by a mechanism that is
normally exquisitely sensitive to the pattern of hypoxia (19, 30,
31). Facilitation, for example, is a gradual response to repetitive,
intermittent hypoxia, as we observed in wild-type mice, but is not
usually triggered by brief sustained hypoxia, as occurred in
mutants. This difference indicates that pattern sensitivity in
hypoxic respiratory neuroplasticity, an important mechanism
underpinning compensation during respiratory failure, is partly
encoded by a �2-containing nAChR-dependent processes.

These findings indicate that a variety of responses to hypoxia
are either less vigorous, or occur more slowly when the �2
subunit is expressed (i.e., in wild-type mice). This indication
implies that activation of �2-containing nAChRs, either by
endogenous ACh or agonists such as nicotine, up-regulates the
inhibitory modulation of breathing. Excessive or prolonged
activation of these nAChRs, by disturbing the carefully main-
tained balance between excitation and inhibition, could exacer-
bate sleep-disordered breathing (33). Part of the sequence of
events triggered by nicotine exposure could involve (i) over-
stimulation of high-affinity, �2-containing nAChRs, leading to
(ii) potentiation of inhibitory drives, which ultimately (iii) de-
presses breathing, including, perhaps, compensatory responses
to repetitive hypoxia during sleep (Fig. 1D).

Deficits in arousal, the principal defense against asphyxia and
cardiorespiratory failure during sleep, are often linked to specific
(e.g., brainstem) abnormalities (11). Here we demonstrate that
an arousal deficit can also be associated with a general abnor-
mality in the expression of a particular cholinergic nicotinic
receptor. Afferent feedback to central nervous system arousal-
promoting structures, particularly from mechanoreceptors that
monitor hypoxic physical distress (increased rate and depth of
breathing), is the principal trigger for arousal (4). In mutants,
however, we observed uncoupling of the hypoxic ventilatory
(accentuated) and arousal (depressed) responses. Hypoxic
arousal thresholds thus seem to be raised in the absence of
functional �2-containing nAChRs, which could reflect altered
synaptic transmission at peripheral and central points along the
hypoxic neural arc. The latter may be more important; the
exaggerated respiratory facilitation and afterdischarge shown by
the mutant indirectly indicates that central processing of periph-
eral hypoxic drive is abnormal in these animals. It is not
necessarily a contradiction that primitive brainstem reflexes
regulating breathing can be excited, but complex cortical

Fig. 4. Hypoxia increases central respiratory drive in �2 mutant mice. Sudden
hyperoxia rapidly diminished breathing efforts (A and B; E, mutants; F,
wild-type mice). The fall in ventilation (�VE) measured peripheral drive, which
was comparable for both groups of mice at rest (C), but after a period of
hypoxia, was less in mutants (D). The persistent hyperpnea of mutants in O2

(‘‘afterdischarge,’’ B) probably originated centrally.

Fig. 5. Agarose gel electrophoresis of the reverse transcriptase–PCR prod-
ucts from total RNA of murine carotid bodies. Transcripts for the nAChR
subunits �3, �4, �5, �7, �2, and �4, and tyrosine hydroxylase (TH) were
detected.
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(arousal) responses can be simultaneously depressed in mutant
mice. The arousal process is partly influenced by cholinergic
modulation of excitatory afferent drive, but also by a variety of
other (e.g., noradrenergic) mechanisms (14, 34, 35). The devel-
opment of these other mechanisms may be abnormal if appro-
priate levels of �2-containing nAChR stimulation are absent
during ontogeny (3). The long-term consequences of this could
be diminished excitatory transmission or heightened inhibitory
gating of hypoxic afferent drive within the central nervous
system, delaying and depressing the sleep–wake transition (14,
18). If particular nAChRs affect how arousal mechanisms de-
velop, overactivity due to nicotine exposure, like underactivity in
mutants, could be similarly detrimental to the normal postnatal
development of this important protective reflex (7, 36).

Multiple nAChR subunit transcripts, including those of �2
subunits, were present globally in the carotid body. On the basis
of this nAChR transcript profile, at least three possible types of
nAChR oligomers can be present: heteromeric �2- and �4-
containing, and homomeric �7 nAChRs (16). Because different
cell types or groups of cells need not necessarily express all
subsets of the nAChR mRNA we detected (12, 37), discrete
pools of functional nAChRs oligomers could exist with a par-
ticular ultrastructural distribution within the carotid body. Only
two (�4 and �7) subunits are definitely known to be present as
proteins in crucial structures such as the glomus (chemosensory)
cells and carotid sinus (afferent) nerve terminals (21, 22). We do
not know whether the �2 subunit is also present as a protein, but
if �2-containing nAChRs are present in these structures, one of

their functions may be to help regulate carotid-body dopamine
release (5). Absence of this nAChR subtype in mutant mice
could partially disengage an important carotid-body inhibitory
drive, partly explaining why hypoxic responsiveness was aug-
mented in these animals. Whether this nAChR subtype modu-
lates carotid-body activity after nicotine exposure is not clear
from our data.

In summary, the nAChRs are crucial in fine-tuning breathing
during sleep, and are essential for the normal development of
arousal mechanisms. Disrupting the regulatory role of particular
nAChR subtypes disturbs the delicate balance between ventila-
tory and arousal responses to hypoxic stress. Disturbing the
balance between ventilatory and arousal responses could exac-
erbate respiratory failure during sleep, and may be part of
sequence of events underlying the increased the risk of SIDS in
unborn or newborn babies chronically exposed to nicotine.
Clarifying the role played by particular (e.g., �2-containing)
nAChRs in the pathophysiology associated with nicotine expo-
sure may ultimately aid development of therapeutic approaches
to prevent, treat, or reverse its side effects.
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