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Respiratory activity is most fragile during sleep, in particular during paradoxical [or rapid eye movement (REM)] sleep and sleep state
transitions. Rats are commonly used to study respiratory neuromodulation, but rodent sleep is characterized by a highly fragmented
sleep pattern, thus making it very challenging to examine different sleep states and potential pharmacological manipulations within
them. Sleep-like brain-state alternations occur in rats under urethane anesthesia and may be an effective and efficient model for sleep
itself. The present study assessed state-dependent changes in breathing and respiratory muscle modulation under urethane anesthesia to
determine their similarity to those occurring during natural sleep. Rats were anesthetized with urethane and respiratory airflow, as well
as electromyographic activity in respiratory muscles were recorded in combination with local field potentials in neocortex and hippocam-
pus to determine how breathing pattern and muscle activity are modulated with brain state. Measurements were made in normoxic,
hypoxic, and hypercapnic conditions. Results were compared with recordings made from rats during natural sleep. Brain-state alterna-
tions under urethane anesthesia were closely correlated with changes in breathing rate and variability and with modulation of respiratory
muscle tone. These changes closely mimicked those observed in natural sleep. Of great interest was that, during both REM and REM-like
states, genioglossus muscle activity was strongly depressed and abdominal muscle activity showed potent expiratory modulation. We
demonstrate that, in urethane-anesthetized rats, respiratory airflow and muscle activity are closely correlated with brain-state transi-
tions and parallel those shown in natural sleep, providing a useful model to systematically study sleep-related changes in respiratory
control.

Introduction
Breathing is an automatic process that is highly influenced by
brain state. Abnormalities occur more frequently during sleep
when chemosensitive and propriosensory feedback and neu-
romodulatory inputs are often insufficient to maintain respi-
ratory drive to motoneurons and muscles (Aserinsky, 1965;
Douglas, 2005; Horner, 2008a).

Sleep is characterized by the alternation between two main states,
rapid eye movement (REM) and non-REM (nREM) sleep (Aserinsky
and Kleitman, 1953; Aserinsky, 1965; Horner, 2008a). The main
muscle generating respiratory airflow [the diaphragm (DIA)] shows
only weak state-dependent modulation (Parmeggiani, 1978; Sieck et
al., 1984). In contrast, respiratory activity in muscles, such as the
genioglossus (GG), which is important in maintaining airway
patency, is reduced during nREM and declines dramatically in
REM sleep (Sauerland and Harper, 1976; Remmers et al., 1978;

Horner, 2008a). This state dependence reflects that excitatory
neuromodulatory inputs to respiratory networks and motoneu-
rons decrease progressively with transitions from wakefulness to
nREM and REM sleep. REM sleep-specific, glycinergic mechanisms
also contribute to reduction in motoneuronal activity (Morales et al.,
1987; Soja et al., 1987; Chase and Morales, 2005; Horner, 2008a;
Krenzer et al., 2011). Moreover, chemosensitivity is also reduced
during sleep (Douglas, 2005; Krieger, 2005; Krimsky and Leiter,
2005). Consequently, respiration during sleep becomes increasingly
irregular and sleep-disordered breathing may occur.

Human sleep typically exhibits a stereotyped cycle of events
with phase transitions predictably progressing from wakefulness,
stages I–IV of nREM, followed by REM sleep (Carskadon and
Dement, 2005). Even with this predictable sequence, sleep studies
are challenging because the timing of transitions and time spent
in each phase are unpredictable. This challenge is especially prob-
lematic in rodents that have highly fragmented sleep patterns.
Their sleep cycle is brief (12–15 min; Zepelin et al., 2005), tran-
sitions occur frequently, and the time spent in any given state
(especially REM) can be very short (seconds). Studies of REM
epochs and physiological processes operating within epochs are
therefore extremely challenging. Hence, there is a need for model
systems that facilitate mechanistic analyses at synaptic, cellular,
and network levels. Although models exist for unitary sleep-like
states, they are limited by the difficulty of evoking multiple, re-
producible state transitions (George et al., 1964; Tojima et al.,
1992; Horner and Kubin, 1999).
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Here we explore the potential of urethane anesthesia as a sleep
model to study state-dependent changes in respiratory control. We
show in urethane-anesthetized rats that breathing rate, respiratory
variability, sigh rate, and respiratory muscle activity are correlated to
changes in brain activity and that these correlations replicate state-
dependent changes occurring in natural sleep. Respiratory responses
to hypoxia and hypercapnia are also state dependent. In addition,
analysis of urethane-anesthetized rats revealed a previously undoc-
umented increase in abdominal expiratory activity specific to REM-
like sleep that was identified during natural REM sleep.

Based on the remarkable similarity of physiological changes in
natural sleep and the urethane anesthesia, and the regular, predict-
able nature of REM–nREM transitions in urethane-anesthetized
rats, we posit that the urethane-anesthetized rat represents a simple,
robustly replicable model for the mechanistic analysis of the full
spectrum of events occurring during natural sleep.

Materials and Methods
Animal handling and experimental protocols were approved by the Bio-
sciences Animal Policy and Welfare Committee of the University of Al-
berta according to the guidelines established by the Canadian Council on
Animal Care.

Acute (urethane-anesthetized) rat preparation. Twenty-three adult
male Sprague Dawley rats (250 –350 g; mean, 315 � 10 g) were used for
acute experiments. Rats were initially anesthetized in halothane (3% in
100% O2) while the femoral vein was cannulated, and urethane (1.5–1.9
g/kg body weight) was gradually delivered intravenously to induce anes-
thesia. Additional doses of anesthesia were delivered as necessary to
maintain a surgical plane of anesthesia. The trachea was cannulated, and
respiratory airflow was measured with a pneumotachograph (GM Instru-
ments) connected to a low-pressure transducer (model #DP103-10; Valy-
dine). In some cases, a two-way non-rebreathing valve (Hans Rudolf) was
connected to the tracheal tube, and end-expiratory gases were analyzed by a
gas analyzer (model #ML206; AD Instruments) connected to a PowerLab
16/30 acquisition system (AD Instruments). In four additional experiments,
the femoral artery was isolated and cannulated to record mean arterial blood
pressure by means of a pressure transducer (BP-1; World Precision Instru-
ments) connected to the data acquisition system.

Bipolar EMG wire electrodes made with multi-strand, Teflon-coated,
stainless steel wires (CoonerWire) were inserted into the GG, oblique
abdominal (ABD), and DIA muscles and occasionally also into the leva-
tor labii superioris (LL) and intercostal (INT) muscles. Body tempera-
ture was kept constant at 37 � 1°C with a servo-controlled heating pad
and a rectal probe (TR-100; Fine Science Tools).

Rats were then positioned on a stereotaxic frame, and Teflon-coated
stainless steel wires (A-M Systems) were implanted in the neocortex
(nCTX) and hippocampal formation (HPC) according to the following
coordinates relative to bregma: nCTX: anteroposterior (AP), �2.5 mm;
mediolateral (ML), �1.2 mm; dorsoventral (DV), �1.5 to �2.0 mm;
HPC: AP, �3.3 mm; ML, �2.4 mm; DV, �2.5 to �3.0 mm. For nCTX
recordings, the electrodes were lowered in the DV axis just below the
position at which a marked increase in multiunit discharge was detected
via an audio amplifier (model 3300; A-M Systems) connected to the
acquisition system. This corresponds to the region just below layer V in
the nCTX. Similarly, HPC electrodes were lowered below the position of
a second (and often louder) audible multiunit discharge, corresponding
to the distal apical dendritic layer of pyramidal cells in CA1. Electrodes
were then fixed to the skull by jeweler’s screws and dental acrylic.

Rats were allowed to stabilize for at least 1 h before recordings took
place. Field potential activity from nCTX and HPC was amplified at
1000� gain and filtered between 0.1 and 500 Hz, whereas EMG signals
were amplified at 10,000� and filtered between 100 and 500 Hz. Signals
were amplified and filtered using a differential AC amplifier (model
1700; A-M Systems), and activity was sampled at 1 kHz using a PowerLab
16/30 data acquisition system (AD Instruments).

Rats were allowed to spontaneously breath air (from either the envi-
ronment or a medical-grade air tank) or challenged with either 5% CO2

in air (hypercapnia) or 13.3% O2 (mild hypoxia) for a period of 30 – 45
min.

Chronic (and freely behaving) rat preparation. To compare responses
observed under urethane anesthesia with those occurring during natural
sleep, we implanted seven male Sprague Dawley rats (200 –250 g) with
EEG and EMG electrodes and recorded activity in freely behaving con-
ditions. These rats were anesthetized with ketamine (90 mg/kg) and xy-
lazine (10 mg/kg). During the surgery, bipolar Teflon-coated stainless
steel EMG electrodes were implanted into the DIA, GG, ABD, and neck
muscles. Wires were tunneled under the skin and attached to an electrical
socket (Ginder Scientific). The socket was then implanted between the
shoulder blades. In addition, nCTX and HPC bipolar electrodes were
implanted using coordinates described above for acute experiments. Two
screws were cemented to the skull to maintain the electrodes in position.
The wires were then tunneled under the skin and attached to a second
electrical socket positioned on the rats’ neck.

Rats were given an analgesic for 2 d after surgery (Metacam, 2 mg/kg)
with food and water available ad libitum and maintained on a 12 h dark/
light cycle. During the first week after surgery, rats were habituated to the
recording chamber for at least three 8-h sessions.

Recording sessions started 7 d after surgery. Rats were connected to
tethering cables in the morning (10:00 A.M.), and data were collected
between 12:00 P.M. and 5:00 P.M. Sleep analysis was performed on 2–3 h
periods between 2:00 P.M. and 5:00 P.M., when rats showed consistent
and robust sleep behavior.

Data analysis. During urethane anesthesia, REM-like and nREM-like
states were identified by dividing the data into 6 s epochs, and, via spec-
tral analysis, the percentage of total power at specific frequencies was
calculated. The brain state was defined as REM-like when the power in
the HPC recordings at the 3– 4 Hz interval was �40% of total power for
three consecutive 6 s intervals. The brain state was defined as nREM-like
when the power in the nCTX recordings at the 0.5–1.5 Hz interval was
�40% of total power for three consecutive 6 s intervals. Periods that did
not meet these two conditions (when power in the 3– 4 Hz and 0.5–1.5
Hz bandwidths was �40% of HPC and nCTX total power, respectively)
were identified as transition states. Transition states have also been char-
acterized during both urethane anesthesia and natural sleep as demon-
strating transient (�0.5 s in duration) neocortical oscillatory (7–15 Hz)
spindle events, consistent with activity during stage II nREM sleep in
humans (Clement et al., 2008).

Tidal volume for each inspiratory cycle was calculated from the inte-
gral of the positive (inspiratory) airflow trace based on a calibration
procedure in which known volumes of air were pumped sinusoidally
across the pneumotach. Respiratory period was calculated with Power-
Lab Pro software (AD Instruments) by measuring the time between two
consecutive peak inspiratory events. Respiratory muscle EMG activity
was rectified and integrated (0.08 s time constant decay), and peak am-
plitude was calculated by LabChart7 Pro software.

Sighs were identified by the presence of an augmented respiratory
effort (�50% increase in tidal volume or integrated DIAEMG peak am-
plitude compared with a regular breath), followed by a short post-sigh
pause (Bartlett, 1971; Marshall and Metcalfe, 1988; Orem and Trotter,
1993; Hoch et al., 1998).

In control conditions, and under hypoxia or hypercapnia, four full
REM–nREM state transitions were used for averaging values of airflow,
frequency, VT, VE, and respiratory muscle peak EMG activity. Single
values were averaged according to the state, and statistical analyses (one-
tail and two-tail dependent t tests) were used to determine significance
across experiments. Data values are reported as mean � SEM (with t
values, degrees of freedom, and p values for each measurement). Respi-
ratory rate variability was assessed by calculating the coefficient of vari-
ation (CV) (mean divided by SD).

Results
Sleep-like state alternations correlate with changes in
respiration in urethane-anesthetized rats
Spontaneous sleep-like brain-state alternations occur in urethane-
anesthetized rats (Grahn and Heller, 1989; Hunter and Milsom,
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1998; Hunter et al., 1998; Murakami et al., 2005; Clement et al.,
2008). We initially determined the effects of sleep-like state alterna-
tions on respiratory activity of spontaneously breathing, urethane-
anesthetized rats. As documented previously (Clement et al., 2008),
field potential recordings from the nCTX and HPC showed sponta-
neous cyclic transitions between a deactivated pattern consisting of
high-amplitude, slow-frequency (�1 Hz) activity at both nCTX and
HPC sites (nREM-like state; 3.5 � 0.3 min; n � 23) and an activated
pattern consisting of low-power, high-frequency cortical activity
concomitant with high-amplitude theta frequency (3–4 Hz) activity
in the HPC (REM-like state, 4.5 � 0.5 min; n � 23). Occurring
between these two opposing and mutually exclusive states were tran-
sitional periods. These were characterized by a more irregular activ-
ity pattern at both sites that showed spectral characteristics
intermediate between activated and deactivated patterns, as well as
transient spindles (short 0.5 s bursts of 7–15 Hz activity) in nCTX
activity, previously associated with stage II nREM sleep in humans
(Clement et al., 2008).

The transitional period was longer during REM-like to
nREM-like transitions (3.9 � 0.6 min; n � 23) than nREM-like to
REM-like transitions (�20 s; n � 23) (Fig. 1). The average period
of the complete brain-state cycle was 12.1 � 1.0 min (n � 23).
Consistent with previous results, state alternations were not as-
sociated with variations in overt behavioral measures of the an-
esthetic plane and were a consistent feature in all recordings, even
at high doses of urethane (1.73 � 0.33 mg/kg) (Wolansky et al.,
2006; Clement et al., 2008).

Respiratory parameters were evaluated for four successive state
alternations and compared across brain states (Fig. 1). Similar to
natural sleep in humans (Aserinsky and Kleitman, 1953; Aserinsky,
1965) and rats (Fraigne and Orem, 2011), we confirmed initial ob-
servations (Wolansky et al., 2006; Clement et al., 2008) that respira-
tory period was shorter and respiratory rate variability greater during
REM-like (period, 0.40 � 0.01 s; CV, 0.12 � 0.01) and transition
(period, 0.42 � 0.02 s; CV, 0.13 � 0.01) states compared with the
nREM-like state (period, 0.45 � 0.01 s; CV, 0.08 � 0.01; n � 23).
Overall, we observed a 12.8�1.7% increase in the respiratory period
during REM-like compared with nREM-like states (t(22) � 7.18; p �
3.3 � 10�7) and a 40 � 16% increase in CV in REM-like compared
with nREM-like states (t(22) � 2.58; p � 0.02).

In urethane-anesthetized rats, the occurrence of sighs (aug-
mented breaths) was most frequent during REM-like (41.4 � 5.7
sighs/h) and transition (41.5 � 5.1 sighs/h) states compared with the
nREM-like state (12.4 � 3.2 sighs/h). These differences were signif-
icant when comparing REM-like with nREM-like states (t(17) �5.03,
p � 1.0 � 10�4) and transition to nREM states (t(17) � 6.6, p �
4.5 � 10�6; n � 18). In nREM-like states, if present, sighs were
confined to the last seconds before the transition to REM-like
state. These results are also in agreement with the greater number
of sighs during REM compared with nREM sleep in humans
(McNamara et al., 2002; Fukumizu and Kohyama, 2004; Qureshi
et al., 2009).

Tidal volume was also higher in nREM-like (1.90 � 0.09
ml) compared with transition states (1.85 � 0.09 ml) and
REM states (1.86 � 0.09 ml, n � 15). These differences were
significant when comparing REM-like (t(14) � 2.23, p � 0.04)
and transition (t(14) � 2.26, p � 0.04) states to nREM-like
states. Consequently, minute ventilation was significantly in-
creased by 8.6 � 5.3% in REM-like (t(14) � 8.19, p � 1.7 �
10 �6) and by 5.8 � 5.6% in transition (t(14) � 4.49, p � 6.1 �
10 �4) states compared with nREM-like states (n � 15).

In four rats, analysis of end-expiratory CO2 across brain
states did not reveal differences in expired CO2 values across

states (5.02 � 0.4% in REM-like, 5.05 � 0.1% in transition,
and 5.00 � 0.4% in nREM-like states), although the variability
(as measured by CV) of CO2 levels tended to be higher in
REM-like (45.8 � 25.5% increase) and transition (41.9 �
24.9% increase) states compared with nREM-like state, al-
though this difference was not significant (t(3) � 0.16, p � 0.88
and t(3) � 0.08, p � 0.93, respectively).

Additional experiments were performed in four rats under
urethane anesthesia to evaluate blood pressure changes across
brain states. Although we observed temporary drops (�5
mmHg) in blood pressure after sighs (Bartlett, 1971; Marshall
and Metcalfe, 1988; Galland et al., 2000), changes in blood pres-
sure were not significantly different in REM-like (103.4 � 4.9
mmHg) and transition (102.4 � 6.0 mmHg) states compared
with nREM-like state (101.7 � 5.4 mmHg) (t(3) � 0.80, p � 0.48
and t(3) � 0.95, p � 0.41, respectively), suggesting that mean
blood pressure variations are not responsible for either brain or
respiratory activity changes (n � 4).

State-dependent modulation of respiratory muscle activity
To describe the changes in respiratory muscle activity that under-
lie state-dependent changes in breathing patterns, rats were im-
planted with EMG electrodes in DIA (n � 13), INT (n � 4), GG
(n � 19), LL (n � 4), and ABD (n � 13) muscles. DIAEMG and
INTEMG activity showed little state-dependent modulation (Fig.
2, Table 1), although interesting changes were observed for GG,
LL, and ABDEMG activity (Figs. 2, 3).

In 14 of 19 rats tested, GGEMG inspiratory activity was strongly
modulated across states: it gradually increased in amplitude at the
beginning of the nREM-like state and persisted until a transition
occurred. During transition and REM-like states, respiratory-
modulated activity in GGEMG disappeared or was markedly de-
creased (Fig. 2). On average in this subset of animals (n � 14),
there was a 25.1 � 21.7% (t(13) � 1.97, p � 0.03) and 30.1 �
19.1% (t(13) � 1.93, p � 0.04) decrease in 	GGEMG peak activity
during REM-like and transition states, respectively, when com-
pared with nREM-like state. Of the remaining five rats, one
showed no GGEMG state-dependent modulation and four rats
showed only weak inspiratory modulation across states [	GGEMG

peak activity decreased �4% (nonsignificantly) during REM-like
compared with nREM-like states in this subset of animals; n � 5].
However, the significant state-dependent modulation of GGEMG

activity in the majority of our experiments in urethane-
anesthetized rats is similar to that reported for naturally sleeping
rats (Megirian et al., 1985; Horner, 2008a).

ABDEMG activity was recorded in 13 rats. In six rats, activity
was tonic and did not change across brain states (Fig. 4, control
trace). In the remaining seven rats, ABDEMG activity was modu-
lated across states, switching from a tonic pattern during the
nREM-like state to a rhythmic expiratory-related mode during
REM-like and transition states (Fig. 3). The amplitude of the
ABDEMG expiratory activity was not consistent throughout the
REM-like periods but rose from baseline levels with a mean delay
of 1.7 � 0.3 min from the beginning of the REM-like epoch until
it reached a plateau. Although this activity occurred principally
during the REM-like state, average measures of EMG values did
not yield a significant difference across states because of its vari-
ability and delay (80 � 62% increase in REM-like, t(6) � 1.78, p �
0.06 and 40 � 41% increase in transition, t(6) � 2.13, p � 0.04
compared with nREM-like state; n � 7). When only periods of
ABDEMG activity during the plateau phase of activation were con-
sidered, activity was increased by 150 � 94% (t(6) � 1.97, p �
0.048) in REM-like and 81 � 65% (t(6) � 1.86, p � 0.05) in
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transition states compared with nREM states (n � 7). These re-
sults suggest that ABDEMG activity, although variable, does show
an increase in expiratory-related activity in REM-like state.

Similarly, we recorded EMG from LL (n � 6), another
respiratory-modulated muscle that is innervated by the buccal
branch of the facial nerve. In four experiments, LLEMG showed
inspiratory-related activity that increased during REM-like (48.2 �
20.8%, t(3) �4.6, p�0.01) and transition (19.2�16.4%, t(3) �3.64,
p � 0.02) states compared with nREM-like states (n � 4).

State-dependent modulation of chemosensitivity
To test how respiratory chemosensitivity changes with brain
state, we administered hypercapnic and hypoxic gas mixtures for
30 – 45 min across state changes and analyzed respiration vari-
ables in relation to changes in brain state.

Hypercapnia
In eight rats, we tested the responses to 5% CO2 in air across three
to four REM-like to nREM-like cycles (Fig. 4). Brain state and

Figure 1. State-dependent modulation of breathing in urethane-anesthetized rats. A, Long-term EEG recordings at nCTX and HPC sites and corresponding power spectrograms, respiratory
airflow, and breathing rate (bpm) show the rhythmic alternation of brain activity and the associated changes in respiratory flow and breathing frequency across brain states. Spectrograms indicate
the prevalence of power at�1 Hz in both nCTX and HPC during nREM-like state and the prevalence of electrical power at�4 Hz in the HPC during REM-like states. The transition state is characterized
by weak nCTX (1 Hz) and HPC (3– 4 Hz) power. Schematic blocks at the bottom of the plot indicate time spent in REM-like (red), transition (gray), and nREM-like (black) epochs. Dashed vertical gray
lines indicate the time point from which the traces displayed below are taken. Magnification of traces in REM-like (left), transition (middle), and nREM-like (right) states. B, Power spectral analysis
for nCTX (top) and HPC (bottom) during nREM-like, REM, and transition states further indicate the prevalence of �1 Hz power in nCTX and HPC during nREM-like state and the prevalence of �4 Hz
power in HPC during REM-like events. C–G, Average pooled period, CV of the period, tidal volume, minute ventilation, and sigh rate in REM-like (red), transition (gray), and nREM-like (black) epochs.
Asterisks indicate statistical significance ( p � 0.05) of states (REM-like or transition) relative to nREM-like epochs. C, D, n � 23; E, F, n � 15; G, n � 18.
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transitions were moderately affected, in that the REM-like state
was significantly reduced in duration (from 3.7 � 0.5 to 2.0 � 0.3
min) and the percentage of HPC total power in the 3– 4 Hz band-
width decreased by 15.4 � 5.4% (n � 8). Neither the duration of
nREM-like epochs nor the relative nCTX power (1 Hz) during
these states were significantly affected by hypercapnia. Brain-
state alternations persisted, and the REM-like to nREM-like cycle
period was slightly reduced (from 11.6 � 0.6 to 10.4 � 0.6 min,
t(7) � 2.0, p � 0.04).

During this manipulation, the respiratory period was not af-
fected (Table 2), although it remained consistently lower in
REM-like (0.41 � 0.02 s) and transition (0.40 � 0.02 s) states
compared with the nREM-like state (0.43 � 0.02 s). Tidal volume

increased significantly (�10%) in all states compared with con-
trol values (increases of 10.9 � 2.4, 10.3 � 3.6, and 11.7 � 3.7%
in REM-like, transition, and nREM-like states, respectively, with
t and p values of t(4) � 5.2, p � 3.2 � 10�3; t(4) � 3.3, p � 0.015;
and t(4) � 3.9, p � 8.7 � 10�3; n � 5; Table 2). Increases in
minute ventilation were significant only in the nREM-like state
(10.2 � 4.9% increase compared with control values, t(4) � 2.17,
p � 0.047; Table 2). Under hypercapnia, sigh rate also increased,
rising 36 � 15% (t(7) � 2.28, p � 0.03) during REM-like, 20 �
17% (t(7) � 1.4, p � 0.09) during transition, and 45.9 � 37.3%
(t(7) � 1.23, p � 0.12) during nREM-like states (n � 8).

Respiratory muscle activity was also affected by hypercapnia.
Peak 	DIAEMG activity increased consistently by �20% relative
to control during all states (increases of 23.4 � 9.5, 23.9 � 10.4,
and 21.7 � 7.7%, respectively, for REM-like, transition, and
nREM-like states with t and p values of t(7) � 2.15, p � 0.03; t(7) �
1.95, p � 0.04; and t(7) � 2.4, p � 0.02; n � 8; Table 3). Peak
	GGEMG inspiratory-related activity also increased significantly
across all states (Fig. 4, Table 3) but maintained its characteristic
state-dependent modulation. The strong inspiratory-related
activity during nREM-like state increased by 84.1 � 21.7% (t(7) �
3.56, p � 5 � 10�3) compared with control. GGEMG activity during
hypercapnia increased also during REM-like (64.4 � 18.0%, t(7) �
3.09, p � 0.009) and transition (65.2 � 18.2%, t(7) � 3.09, p � 9 �
10�3) states compared with control values, but this activity was
still reduced by 22.4 � 15.8% (t(7) � 2.98, p � 0.02) and 27.8 �
13.5% (t(7) � 3.43, p � 0.01) in REM-like and transition, respec-
tively, compared with the nREM-like state (n � 8). Similarly,

Figure 2. State-dependent modulation of GG muscle activity in urethane-anesthetized rats. A, Simultaneous EEG (nCTX and HPC) and EMG (DIA and GG) with ongoing respiratory period across
brain-state alternations. Schematic blocks at the bottom of the plot indicate time spent in REM-like (white), transition (gray), and nREM-like (black) epochs. B, Details of EEG traces, period, raw EMG
(gray), and rectified and integrated EMG traces of DIA and GG (black). Note the lack of state-dependent modulation of DIA and the strong activation of GGEMG during nREM-like state (n � 14).

Table 1. Integrated peak EMG activity of different respiratory muscles across brain-
state transitions in urethane-anesthetized rats

REM-like Transition nREM-like

Peak 	DIAEMG 0.99 � 0.23 (0.56) 0.97 � 0.22* (0.007) 1 � 0.23
Peak 	INTEMG 0.98 � 0.31 (0.3) 0.97 � 0.28 (0.09) 1 � 0.29
Peak 	GGEMG 0.74 � 0.22* (0.03) 0.70 � 0.19* (0.04) 1 � 0.31
Peak 	ABDEMG 1.81 � 0.62 (0.06) 1.35 � 0.11* (0.04) 1 � 0.23

2.49 � 0.94** (0.048) 1.81 � 0.64 (0.05)
Peak 	LLEMG 1.48 � 0.21* (0.01) 1.19 � 0.2* (0.02) 1 � 0.13

Averaged integrated peak EMG values for DIA, INT, GG, ABD, and LL muscles for the REM-like, transition, and
nREM-like states in urethane-anesthetized rats. Values were normalized to the averaged EMG peak value obtained
during nREM-like state. Values in parentheses are p values for comparison between nREM-like state and REM-like or
transition states. *p � 0.05, statistical significance of states (REM-like or transition) relative to nREM-like epochs.
**p � 0.05, statistical significance of changes during plateau period of abdominal activation in REM-like relative to
nREM-like epochs.
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activity of ABDEMG (n � 8) could be modulated by hypercapnia.
In five rats, peak 	ABDEMG activity increased with more pro-
nounced effects in transition (�132 � 36%, t(4) � 3.45, p � 0.02)
and nREM-like (�103 � 41%, t(4) � 2.58, p � 0.04) states com-

pared with REM-like states (�96.5 � 43.2%, t(4) � 1.67, p �
0.09; Table 2). In the remaining three rats, we did not observe any
abdominal rhythmic respiratory activity during either air breath-
ing or hypercapnia across states.

Figure 3. State-dependent modulation of abdominal muscle activity in urethane-anesthetized rats. A, Simultaneous EEG (nCTX and HPC) and EMG (DIA and ABD) across brain-state alternations.
Schematic blocks at the bottom of the plot indicate time spent in REM-like (white), transition (gray), and nREM-like (black) epochs. B, Details of EEG traces, raw EMG (gray), and rectified and
integrated EMG traces of DIA and ABD (black). Note the expiratory-modulated activation of ABDEMG activity during REM-like and transition states (n � 7).

Figure 4. Hypercapnic response across brain states. EEG (nCTX and HPC) and EMG (DIA, GG, and ABD; raw traces in gray; rectified and integrated EMG traces in black) in control (left) and during
hypercapnia (5% CO2 in air; right) during REM-like, transition, and nREM-like epochs. Note the state-dependent potentiation of GGEMG and ABDEMG activity in hypercapnia (n � 8).
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Hypoxia
Under mild hypoxia (13.3% O2; Fig. 5), we observed a reduction
in the duration of the nREM-like state (�32.1 � 10.3% com-
pared with control) in favor of a prolonged REM-like state
(�112 � 57%). The effect was more dramatic at the beginning of
the hypoxic episode and diminished with time. As a consequence,
REM-like to nREM-like cycle duration increased from 10.5 � 1.1
to 11.4 � 1.4 min in hypoxia (t(7) � 3.91, p � 0.01, n � 8).

In contrast to hypercapnia, hypoxia had no significant effect on
tidal volume across states (0.3 � 0.3% reduction during REM-like,
t(3) � 0.4, p � 0.4; 0.3 � 2.5% increase during transition, t(3) � 0.07,
p � 0.5; and a 0.1 � 3.2% increase during nREM-like, t(3) � 0.06,
p � 0.5; n � 4) but did cause a significant decrease in respiratory
period in all states compared with control values (11.0 � 2.1% de-
crease in REM-like state, t(7) � 5.03, p � 7.5 � 10�4; 8.9 � 2.1%
decrease in transition state, t(7) � 4.32, p � 1.7 � 10�3; 10.3 �
2.7% decrease in nREM-like state, t(7) � 3.88, p � 3.0 � 10�3;
n � 8; Table 3). However, as in air breathing, respiratory period
was greater (i.e., frequency was slower) in the nREM-like period
(0.42 � 0.02 s) compared with other states (0.38 � 0.01 s in
REM-like and 0.39 � 0.02 s in transition states). As a conse-
quence of the hypoxia-induced frequency increase, minute ven-
tilation was significantly increased in all states compared with

control values (9.3 � 1.6% increase in REM-like state, t(3) � 6.60,
p � 3.5 � 10�3; 6.3 � 2.0% increase in transition states, t(3) �
2.63, p � 0.04; 9.3 � 1.5% increase in nREM-like state, t(3) �
7.88, p � 0.002; n � 4; Table 3).

Changes in peak 	DIAEMG activity were limited in response
to hypoxia (5.4 � 23.8% increase in REM-like, t(5) � 0.64, p �
0.27; 12.6 � 23.0% increase in transition, t(5) � 0.80, p � 0.23;
2.4 � 22.7% increase in nREM-like state, t(5) � 0.58, p � 0.29;
n � 6; Fig. 5, Table 3). However, peak 	GGEMG inspiratory
activity lost its state dependency during hypoxia (i.e., the nREM-
specific inspiratory modulation was absent) but showed no sig-
nificant changes in amplitude with hypoxia (3.6 � 9.8% decrease
in REM-like states, t(7) � 0.71, p � 0.25; 3.1 � 9.9% decrease in
transition states, t(7) � 0.55, p � 0.3; 17.0 � 8.8% decrease in
nREM-like states, t(7) � 1.63, p � 0.07; n � 8; Fig. 5, Table 3).
Hypoxia was more powerful in generating sighs than hypercapnia
(579 � 212% increase in sigh rate in REM-like states compared
with control, t(7) � 5.00, p � 7.8 � 10�4; 377 � 118% increase in
transition states, t(7) � 5.5, p � 4.5 � 10�4; 431 � 169% increase
in nREM-like states, t(7) � 2.78, p � 0.01; n � 8; Table 3). These
results suggest that, under urethane anesthesia, a mild hypoxic
stimulus across states affects minute ventilation by reducing re-

Table 2. Respiratory changes to hypercapnia (5% CO2 in air) across brain-state alternations

REM-like Transition nREM-like

AIR 5% CO2 AIR 5% CO2 AIR 5% CO2

Respiratory period (s) 0.38 � 0.01 0.41 � 0.02 0.38 � 0.01 0.40 � 0.02 0.43 � 0.01 0.43 � 0.02
�5.0 � 2.6% (0.06) �4.8 � 2.7% (0.06) �1.0 � 1.8% (0.28)

Tidal volume (ml) 1.77 � 0.12 1.96 � 0.12* 1.77 � 0.11 1.95 � 0.12* 1.78 � 0.12 1.98 � 0.12*
�0.9 � 2.4% (3.2 � 10 �3) �10.3 � 3.6% (0.015) �11.7 � 3.7% (8.7 � 10 �3)

Minute ventilation (ml/min � 100 g) 97.3 � 3.5 105.7 � 7.6 97.0 � 4.8 105.0 � 7.9 89.7 � 4.2 99.5 � 8.0*
�8.1 � 4.8% (0.07) �7.6 � 5.9% (0.11) �10.2 � 4.9% (0.047)

Sigh rate (s/h) 46.5 � 9.8 60.1 � 14.9* 52.7 � 7.0 66.9 � 14.7 16.5 � 5.6 25.9 � 8.7
�35.6 � 14.6% (0.03) �19.8 � 17.4% (0.09) �45.9 � 37.3% (0.12)

Peak 	DIAEMG (a.u.) 0.98 � 0.16 1.22 � 0.22* 0.96 � 0.16 1.19 � 0.21* 1.00 � 0.16 1.22 � 0.20*
�23.4 � 9.5% (0.03) �23.9 � 10.4% (0.04) �21.7 � 7.7% (0.02)

Peak 	GGEMG (a.u.) 0.79 � 0.1 1.38 � 0.38* 0.74 � 0.8 1.28 � 0.24* 1.00 � 0.17 1.78 � 0.32*
�64.4 � 18.0% (0.009) �65.2 � 18.2% (9 � 10 �3) �84.1 � 21.7% (5 � 10 �3)

Peak 	ABDEMG (a.u.) 1.28 � 0.24 2.77 � 1.12 1.02 � 0.03 2.37 � 0.40* 1.00 � 0.02 2.01 � 0.38*
�96.5 � 43.2% (0.09) �132 � 36% (0.02) �103 � 41% (0.04)

Peak EMG activity is calculated based on baseline level of activity during nREM-like state in air breathing. Averaged respiratory period, tidal volume, minute ventilation, sigh rate, and integrated peak EMG activity for DIA, GG, and ABD muscles
for REM-like, transition, and nREM-like states during control and hypercapnia. Values in italics indicated the percentage of change compared with control (AIR) measurements for each state, and values in parentheses indicates statistical
changes significance ( p value) within state (with asterisks indicating statistical significance of the relative changes).

Table 3. Respiratory changes to hypoxia (13.3% O2 in air) across brain-state alternations

REM-like Transition nREM-like

AIR 13.3% O2 AIR 13.3% O2 AIR 13.3% O2

Respiratory period (s) 0.42 � 0.02 0.38 � 0.01* 0.42 � 0.02 0.39 � 0.02* 0.47 � 0.01 0.42 � 0.02*
�11.0 � 2.1% (7.5 � 10 �4) �8.9 � 2.1% (1.7 � 10 �3) �10.3 � 2.7% (3.0 � 10 �3)

Tidal volume (ml) 1.81 � 0.16 1.79 � 0.14 1.79 � 0.167 1.79 � 0.15 1.87 � 0.19 1.87 � 0.19
�0.3 � 0.3% (0.40) �0.3 � 2.5% (0.49) �0.1 � 3.2% (0.49)

Minute ventilation (ml/min � 100 g) 75.4 � 9.4 82.1 � 9.3* 74.7 � 9.9 79.3 � 10.2* 70.6 � 9.2 78.2 � 9.6*
�9.3 � 1.6% (3.5 � 10 �3) �6.3 � 2.0% (0.04) �9.3 � 1.5% (0.002)

Sigh rate (s/h) 36.6 � 13.0 164.0 � 34.5* 42.2 � 13.3 145.6 � 26.7* 15.9 � 4.2 72.5 � 22.7*
�579 � 212% (7.8 � 10 �4) �377 � 118% (4.5 � 10 �4) �431 � 169% (0.01)

Peak 	DIAEMG (a.u.) 0.97 � 0.21 1.17 � 0.46 0.93 � 0.2 1.18 � 0.45 1 � 0.2 1.17 � 0.44
�5.4 � 23.8 (0.27) �12.6 � 23.0 (0.23) �2.4 � 22.7 (0.29)

Peak 	GGEMG (a.u.) 0.85 � 0.27 0.72 � 0.21 0.82 � 0.25 0.72 � 0.22 1 � 0.31 0.72 � 0.22
�3.6 � 9.8% (0.25) �3.1 � 9.9% (0.3) �17.0 � 8.8% (0.07)

Peak 	ABDEMG (a.u.) 1.23 � 0.21 1.50 � 0.40 1.17 � 0.19 1.32 � 0.32 1 � 0.12 1.49 � 0.41
�19.9 � 19.5% (0.19) �10.8 � 14.3 (0.26) �43.6 � 29.6% (0.11)

Peak EMG activity is calculated based on baseline level of activity during nREM-like state in air breathing. Averaged respiratory period, tidal volume, minute ventilation, sigh rate, and integrated peak EMG activity for DIA, GG, and ABD muscles
for REM-like, transition, and nREM-like states during control and hypoxia. Values in italics indicated the percentage of change compared with control (AIR) measurements for each state, and values in parentheses indicates statistical changes
significance ( p values) within state (with asterisks indicating statistical significance of the relative changes).
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spiratory period, with a limited effect on the tidal volume and the
abolishment of the state-dependent inspiratory modulation of
upper airway muscle.

State-dependent modulation of breathing in natural sleep
To determine whether respiratory changes in urethane anesthesia
were comparable with what occurs during sleep, seven rats were
studied during natural sleep.

Despite the irregular pattern of sleep/wake activity in rats
(Zepelin et al., 2005; Fraigne and Orem, 2011), we were able to
distinguish, by means of EEG recordings combined with neckEMG

activity, periods of waking (38.8 � 4.6% of recorded time),
nREM (47.1 � 2.9%), and REM (13.8 � 3.2%) sleep (Fig. 6) and
to quantify breathing pattern in relation to each state.

During quiet wakefulness, breathing and sigh rate were 115.9 �
3.2 breaths per minute (bpm) and 39.5 � 1.1 sighs/h, respectively.

Figure 5. Hypoxic response across brain states. EEG (nCTX and HPC) and EMG (DIA, GG, and ABD; raw traces in gray; rectified and integrated EMG traces in black) in control (left) and during hypoxia
(13.3% O2; right) in REM-like, transition, and nREM-like epochs. Note the state-dependent potentiation of ABDEMG activity and the lack of state-dependent modulation of GGEMG during nREM-like
epochs under hypoxia (n � 8).

Figure 6. State-dependent modulation of breathing in natural sleep. A, EEG (nCTX and HPC) and EMG (raw neck, and rectified and integrated traces of DIA, GG, and ABD) activity during transition
from nREM into REM, followed by a sudden awakening. Note the reduction of both tonic (baseline activity) and respiratory-modulated EMG activity in GG. Similarly, ABDEMG activity decreases at the
beginning of the REM epoch. Details of nREM and REM epochs (boxes on long trace recordings) are shown on the right of the panel. B, Long trace and details from a different nREM–REM–wake epoch
recorded in the same rat show the occurrence of recurrent activation of expiratory ABDEMG activity during REM (n � 7; 42 of 103 REM epochs longer than 10 s).
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GGEMG was either tonic or rhythmic and inspiratory-related with
interspersed periods of irregular large-amplitude non-respiratory-
related activity during active behaviors associated with licking
and chewing. Similarly, ABDEMG activity was associated with
whole-body movements (non-respiratory-modulated). Occa-
sionally, some expiratory activity occurred.

During nREM sleep, both breathing and sigh rate decreased to
109.2 � 4.5 bpm and 11.9 � 2.2 sighs/h, respectively. Net GGEMG

activity (which was both rhythmic respiratory-related and non-
respiratory-related) decreased, and ABDEMG activity most fre-
quently became tonic.

Within the brief REM epochs (1.4 � 0.1 min; n � 7 rats; 103
epochs) average breathing frequency was 101.7 � 2.23 bpm, with
irregular periods of high frequency and periods of hypopneas,
which significantly increased the CV in REM by 62.0 � 11.6%
over that recorded during nREM epochs. Sigh rate was higher
than in nREM epochs (22.3 � 2.6 sighs/h, p � 0.004). Rats occa-
sionally showed spontaneous apneas (3.7 � 0.3 s; n � 36 events in
seven rats, over 2.35 h of total REM time) that were distributed
exclusively during REM sleep. DIA peak amplitude did not sig-
nificantly change when transitioning from nREM to REM sleep
(1.3 � 1.5% increase in REM compared with nREM state, t(6) �
0.66, p � 0.2; n � 7).

Similar to previous data (Megirian et al., 1985; Horner,
2008a), when rhythmic GGEMG inspiratory activity was present,
we observed a depression during transitions from nREM to REM
(Fig. 6A). In addition, tonic non-respiratory-related activity de-
creased (28.8 � 8.8% decrease in REM compared with nREM
state, t(4) � 2.1, p � 0.05; n � 5).

When transitioning from nREM to REM, both tonic and expira-
tory rhythmic ABDEMG activity decreased as well (29.5 � 7.0% de-
crease in REM compared with nREM state; t(5) � 4.14; p � 4.3 �
10�3; n�6; Fig. 6A). Interestingly, in several REM epochs (42 of 103
REM epochs; n � 7), we observed the sudden rhythmic and
expiratory-related activation of ABDEMG activity (Fig. 6 B).
This activity was not associated with awakening, as confirmed
by EEG and neckEMG; recordings. It was clearly expiratory, in
that it was antiphase with concurrently recorded DIAEMG ac-
tivity, and was not associated with non-respiratory phasic REM
activity, as confirmed by neckEMG activity. These results suggest
that, similar to our data in urethane-anesthetized rats, ABDEMG

activity is sometimes potentiated during natural REM sleep in
rats.

Discussion
This study demonstrates that brain-state alternations in urethane-
anesthetized rats are strongly associated with respiratory changes
that closely reproduce those that occur during natural sleep.

State-dependent modulation of respiratory activity
Urethane anesthesia is commonly used for cardio-respiratory
studies attributable to limited effects on cardiovascular, respira-
tory, and spinal reflexes, and its long-lasting stable sedative level
(Maggi and Meli, 1986; Teppema and Baby, 2011). Urethane is a
nontypical general anesthetic because it has only moderate effects
on excitatory or inhibitory amino acid neurotransmission (Hara
and Harris, 2002). Thus, it does not have the GABAergic agonistic
profile typical of the majority of anesthetics (Antkowiak, 2001;
Thompson and Wafford, 2001; Rudolph and Antkowiak, 2004;
Franks, 2006). Instead, it hyperpolarizes cortical neurons by
modulating a resting potassium conductance (Sceniak and
Maciver, 2006).

Forebrain EEG state is not constant during urethane anesthesia
but undergoes alternations that resemble natural sleep (Clement et
al., 2008). In this study, we have shown that breathing patterns also
fluctuate predictably with changes in forebrain state. Specifically,
increases in breathing rate and its variability and in ventilation
during REM-like states were similar to changes occurring in REM
sleep in humans and rats (Aserinsky and Kleitman, 1953; Aserin-
sky, 1965; McNamara et al., 2002; Fukumizu and Kohyama, 2004;
Qureshi et al., 2009; Fraigne and Orem, 2011).

Another interesting characteristic was the presence of large-
amplitude breaths (sighs) that were most common in REM-like
and transition states. Sighs are an important reflexive behavior
(Bartlett, 1971) that function to prevent alveolar atelectasis, in-
crease pulmonary compliance, and functional residual capacity,
all of which are hypothesized to maintain lung volume and min-
imize the metabolic cost of breathing (Bartlett, 1971; Marshall
and Metcalfe, 1988; Orem and Trotter, 1993; Hoch et al., 1998). It
is also hypothesized that sighs are important in resetting respira-
tory and cardiovascular variability (Bartlett, 1971; Kahn et al.,
1988; Franco et al., 2003; Baldwin et al., 2004). Importantly, state-
dependent changes in sigh rate that occur in natural sleep (Hoch
et al., 1998; McNamara et al., 2002; Fukumizu and Kohyama,
2004; Qureshi et al., 2009) were similar to those described here
under urethane anesthesia.

Studies of REM epochs and underlying mechanisms are ex-
tremely challenging in any species but especially in rats in which
sleep is highly fragmented, characterized by frequent awakenings
and brief, unpredictable REM epochs (Zepelin et al., 2005). An
additional difficulty is that experimental manipulations them-
selves cause state transitions or disrupt sleep entirely. This makes
the urethane model particularly appealing because state changes
are consistent, long lasting, and predictable. Of course, the ste-
reotyped nature of state alternations and their experimental
modifiability under urethane compared with natural sleep high-
lights that the urethane model is unlikely to replicate all aspects of
natural sleep. Nevertheless, it is this predictability and the ex-
tended duration of sleep phases that will most significantly en-
hance mechanistic studies.

REM-like sleep can be artificially induced in anesthetized
mammals by microinjecting muscarinic agonists (e.g., carba-
chol) into the dorsal pontine reticular formation (George et
al., 1964), and this manipulation often demonstrates charac-
teristic electrographic REM-like patterns (HPC theta rhythm
and ponto-geniculo-occipital waves), inhibition of noradren-
ergic and serotonergic REM-promoting neurons, and other cor-
responding physiological variables. Indeed, muscle atonia in
upper airway muscles is an important feature of this model
(Horner and Kubin, 1999). However, increased respiratory vari-
ability, a hallmark of natural REM sleep, does not occur in the
carbachol model of REM sleep (Tojima et al., 1992; Horner and
Kubin, 1999), and induction of hippocampal activated states may
not occur (Horner and Kubin, 1999).

Perhaps the most significant limitation of the carbachol
model is that each state transition is dependent on a carbachol
injection. Repeatability in the same animal is a significant prob-
lem, i.e., the number of transitions induced in the same animal is
limited (Kubin, 2001). In contrast, under urethane, state alterna-
tions occur spontaneously in a predictable manner for hours,
providing ample time for physiological measurements under
baseline conditions, during manipulations, and recovery. Impor-
tantly, state alternations are remarkably robust to manipulations
(Clement et al., 2008; present results).
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State-dependent respiratory muscle modulation during
urethane anesthesia and natural sleep
In urethane-anesthetized rats, muscle atonia is present in GGEMG,
but DIAEMG and INTEMG change little with brain-state transitions,
similar to natural sleep (Sherrey and Megirian, 1977, 1980; Sherrey et
al., 1988). In addition, we made the unexpected observation that
expiratory ABDEMG can emerge during REM-like state and, impor-
tantly, that such increases also occur in �40% of natural REM
epochs.

State-dependent modulation of upper airway muscles, espe-
cially the GG, has received particular attention because, in hu-
mans, reduced activity in the GG during sleep is a key factor in
obstructive sleep apnea (Sauerland and Harper, 1976; Remmers
et al., 1978). The magnitude of the depression in GGEMG activity
during sleep (Jelev et al., 2001; Sood et al., 2005; Horner, 2008a;
Lu and Kubin, 2009) depends strongly on posture, vestibular
inputs, and state-dependent neuromodulators (Megirian et al.,
1985; Rossiter and Yates, 1996; Horner et al., 2002; Horner,
2008b). Our results suggest that urethane anesthesia does not
interfere with the neuromodulatory processes controlling GG
muscular activity, at the level of either the motoneuron or pre-
motoneuron networks that determine muscle activity. Urethane
anesthesia is therefore likely to be a valuable experimental model
for these processes given that state changes occur in such a repet-
itive, predictable, and consistent nature. This will facilitate the
analysis of how ventilation changes with state as well as the anal-
ysis of cellular, synaptic, and neurochemical mechanisms that
underlie both state transitions and state-dependent modulation
of respiration.

Although the majority of motoneurons and muscles reduce
their activity during REM sleep, ABD expiratory muscles are a
clear exception in both natural REM and during REM-like events
under urethane anesthesia. Abdominal recruitment in REM-like
events was not associated with a change in the depth of anesthesia,
blood pressure, or end-expiratory CO2 levels. This excitatory
component was clearly expiratory related, but neither its source
nor function are known. Abdominal muscles are not generally
active at rest but are frequently activated during quiet sleep in
healthy humans, in patients with obstructive sleep apnea, and in
snorers (Skatrud and Dempsey, 1985; Skatrud et al., 1988). In
rats, abdominal expiratory-related activity is induced or potenti-
ated by chemosensory stimulation (Iizuka and Fregosi, 2007;
Marina et al., 2010; Abbott et al., 2011), exercise, and selective
stimulation of the para-facial respiratory group (Pagliardini et al.,
2011) [the proposed expiratory rhythm generator (Mellen et al.,
2003; Janczewski and Feldman, 2006)]. Thus, it is possible that
ABDEMG recruitment during REM-like periods was caused by
increased respiratory drive. However, we do not consider this
likely because there was no increase in end-expiratory CO2 levels.
It will be of interest to study the central correlates of abdominal
muscle activation. It is also intriguing to speculate that
expiratory-related recruitment helps preserve respiratory func-
tion during state-dependent changes in respiratory network
excitability.

Chemosensitivity under urethane anesthesia
Chemosensitivity is generally depressed during sleep (for review,
see Douglas, 2005; Kuwaki et al., 2010). Anesthesia also depresses
hypoxic or hypercapnic ventilatory responses (Douglas, 2005;
Kuwaki et al., 2010; Nattie and Li, 2010). Changes in respiratory
chemosensitivity between REM and nREM, however, are less
clear. It is proposed that, compared with wakefulness, chemosen-
sitivity is depressed in nREM and further depressed in REM sleep

(Douglas, 2005). However, experimental data are limited because
of the brevity of REM epochs in natural sleep and the tendency for
chemosensory stimuli (hypoxia or hypercapnia) to cause arousal
(Horner et al., 2002; Li and Nattie, 2006, 2010). In our experi-
ments, we observed a stronger hypercapnic ventilatory response
in nREM-like compared with REM-like epochs, but these differ-
ences were not dramatic. Hypoxic ventilatory responses were
similar across states.

Similar to previous results in natural sleep (Megirian et al., 1985;
Horner et al., 2002), we observed strong CO2-mediated potentiation
of GGEMG activity in nREM-like epochs, but limited effects during
REM-like epochs, suggesting that EMG potentiation is still present
under urethane anesthesia and is still state dependent. ABDEMG ac-
tivity was also potentiated during CO2 stimulation, consistent with
previous reports (Iizuka and Fregosi, 2007; Marina et al., 2010;
Abbott et al., 2011).

Mild hypoxia potently increased respiratory frequency across
states and decreased the time spent in nREM-like sleep, similar to
natural sleep (Pappenheimer, 1977; Horner et al., 2002). Relative
differences among states were maintained (higher respiratory
and sigh rates, tidal volume, minute ventilation in REM-like
state). Interestingly, prolonged hypoxia depressed GGEMG state-
dependent modulation. The lack of hypoxia-evoked potentiation
of GGEMG activity may reflect that our manipulation was a rela-
tively mild stimulus. However, this does not explain the loss of
inspiratory modulation across states, which may reflect the re-
duction of nREM epoch duration in which inspiratory modula-
tion of GGEMG develops gradually. It is also possible that urethane
suppresses hypoxia-induced potentiation of GGEMG activity
(Cao and Ling, 2010).

Although manipulating respiratory drive with hypercapnia
and hypoxia did not abolish brain-state alternations, this proce-
dure did alter brain-state dynamics. Both stimuli altered the total
nREM-like to REM-like cycle periods and shifted the relative
time spent in each state; hypercapnia favored nREM-like state,
whereas mild hypoxia shifted the balance toward REM-like state.
This, together with previous work regarding effects of ambient
temperature (Whitten et al., 2009), suggests that the control of
forebrain state is susceptible to physiologically relevant metabolic
signals.

Notwithstanding the general effects of anesthesia on respira-
tion, here we provide substantial evidence that, in urethane-
anesthetized rats, state-dependent changes in respiration closely
resemble those occurring in natural sleep. This predictable model
of sleep state has the potential to provide the foundation for
mechanistic studies of respiratory control during sleep and ulti-
mately a means for assessing the efficacy of pharmacological
interventions.
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