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Neural control circuits that coordinate the motor activity of the diaphragm (DIA) and the geniohyoid
muscle (GH) are potentially involved in pathological conditions such as various forms of sleep apnea.
Here we investigated a differential role of the raphe magnus (RMg), pallidus (RPa) and the obscurus
edullary raphe
erotonin
timulation
leep
pnea

(ROb) nuclei in the neural control of DIA and GH muscle activity in rats under volatile anesthesia. In
order to characterize a topographical organization of the raphe nuclei we analyzed changes in DIA and
GH during high-frequency stimulation (HFS, 10–130 Hz, 60 �s pulse width, 40–160 �A, 30 s). HFS of the
RMg and the ROb induced apnea, in the latter case apnea was associated with massive tonic discharge
in the GH. By contrast, HFS of the RPa induced tachypnea. At caudal stimulation sites the tachypnea was
accompanied by tonic DIA activity and cessation of GH. These data suggest a differential distribution of

drive
inhibitory and excitatory

. Introduction

The serotonergic raphe nuclei can be basically subdivided into
wo major groups: the dorsal raphe nucleus is located in the
ons/mesencephalon and has mainly ascending projections to fore-
rain structures. In contrast the raphe nuclei found in the medulla
blongata have dense projections that target areas in the brainstem
nd the spinal cord (Holtman et al., 1986; Lalley, 1986a,b; Aldes et
l., 1989; Li et al., 1993; Dobbins and Feldman, 1994; Haxhiu et
l., 2003). The latter are known to be involved in the mediation
f arousal during wakefulness but also in autonomic responses of
he cardio-respiratory systems in brainstem (Jacobs and Azmitia,
992; Jacobs and Fornal, 1999; Li et al., 2006; Comet et al., 2007).
xperimental evidence also suggests that medullary raphe neurons
ave chemosensitive properties, although a major role in central
hemosensitivity has been attributed to the retrotrapezoid nucleus
Richerson, 2004; Richerson et al., 2005; Taylor et al., 2004, 2005;
uyenet et al., 2005; Penatti et al., 2006; Mulkey et al., 2007).
Pharmacological studies performed either in vivo or in vitro
howed different effects on spinal motor output related to respira-
ory pump activity or cranial motor output associated with upper
irway patency, or both (Morin et al., 1990, 1992; King and Holtman,
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s of DIA and GH muscles within distinct raphe nuclei.
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1990; Sood et al., 2006). Nevertheless, the anatomical substrate and
the precise mechanisms responsible for raphe-evoked modulation
of cranial and spinal motor activity are not fully understood. How-
ever, a potentially differential control of spinal and cranial motor
activity arising from the medullary raphe nuclei may occur dur-
ing sleep-wake stage transitions. The inspiratory activity of the
genioglossus muscle, which is innervated by the cranial hypoglossal
nerve, is decreased in the non-REM sleep state and is often com-
pletely inhibited in the REM-sleep state. In contrast diaphragmatic
activity (spinal motor output) is less affected (Haxhiu et al., 1987;
Hendricks et al., 1993; Fenik et al., 1998; Lu et al., 2005; Sood et
al., 2006). The same pattern of spinal and cranial respiratory motor
activity is seen in humans (Sauerland and Harper, 1976; see also
references cited in Feroah et al., 2001) and is closely linked with
the obstructive sleep apnea syndrome (OSAS; Kurtz et al., 1978;
Mezzanotte et al., 1992; Hendricks et al., 1993; Veasey et al., 1999;
Fogel et al., 2003, 2005; Katz and White, 2004). OSAS is caused
by upper airway obstruction and occurs particularly in REM-sleep
states where the decrease in respiratory drive to upper airway mus-
cles is most evident.

Raphe neurons directly or indirectly modulate the respiratory
motoneurons via pre- and post-synaptic facilitation or inhibition

(Lalley, 1986a,b; Lalley et al., 1997; Richter et al., 1997; Bouryi and
Lewis, 2003). Interestingly, high-frequency electrical stimulation
(HFS) of medullary raphe nuclei can induce different ventilatory
responses according to the location of the stimulating electrode.
Indeed, HFS of the raphe magnus (RMg) or the dorsal part of the

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
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aphe obscurus (ROb) depresses inspiratory phrenic motoneurons
ausing transient central apneas. By contrast, HFS of the raphe pal-
idus (RPa) or the ventral part of the ROb generates tachypnea
Lalley, 1986a,b; Millhorn, 1986; Cao et al., 2006a,b). Moreover,
lectrophysiological recordings of neurons located in medullary
aphe showed sleep-wake state related activity (Jacobs and Fornal,
991). Thus, it has been postulated that medullary raphe nuclei
epresent a key structure for the control of both cranial (upper
irways) and spinal (pump muscles) respiratory motor activities
uring sleep-wake state transitions.

The aim of this study was to investigate the concomitant
hanges in breathing patterns of the geniohyoid and diaphragm
uscles, which are innervated respectively by cranial and spinal
otoneurons, in response to HFS of various medullary raphe nuclei.

ontraction of the geniohyoid muscle contributes to pharyngeal
ilatation. By analyzing the frequency- and intensity-related effects
f HFS we tested the hypothesis that the various medullary raphe
uclei operate differently to coordinate cranial and spinal motor
ctivity.

. Methods

.1. General procedures

Experiments were carried out in accordance with European
ommunities Council Directive 86/6609/EEC as well as French

aw. Male Sprague–Dawley rats (250–360 g, Janvier, France) were
roup housed (5–6) under conditions of constant temperature
21 ◦C ± 1 ◦C) and humidity under a 24-h light-dark cycle (lights on
8:00–20:00 h) with food and water freely available. The rats were
nesthetized with isoflurane inhalation. Volatile anesthesia was
nitiated in a sealed chamber at 3.5% in oxygen (flow rate 2 l/min)
nd maintained at 1% in oxygen (flow rate 0.8 l/min) and nitrogen
rotoxyde (flow rate 0.6 l/min). The nitrogen protoxyde was admin-

stered in order to decrease nociception due to surgery. The state of
nesthesia was adjusted to inhibit the withdrawal reflex. Rats were
reathing spontaneously under anesthesia, and their body temper-
ture was kept at 37 ◦C using a rectal probe connected to a servo
ontrolled heating pad (CFP, USA).

.2. Recording of cardio-respiratory parameters

The geniohyoid (GH) recording electrodes (insulated sliver wire,
ip diameter 0.25 mm) were placed via midline incision in the ven-
ral aspect of the mandible. In addition, after a hemilaparotomy
lectrodes were attached to the costal diaphragm (DIA), and the
bdominal wall was sutured. Muscle activities recorded from the
H and DIA were amplified and filtered using appropriate settings

AM system Inc., USA). In addition, the oxygen saturation (SatO2)
nd heart rate (HR) were monitored via an impedance plethysmo-
raphic sensor placed at the left paw (NELLCOR, Pulse oxymeter,
SA). Signals from GH, DIA, SatO2 and HR were digitized (sampling

requency 5 KHz), recorded and displayed in real-time on a com-
uter using the SciExperimenter software (DataWave Technology,
SA).

.3. Electrical stimulation of raphe nuclei

In order to place the bipolar micro-electrodes (tip diameter
00 �m, impedance 0.5 M�, FHC, USA) for HFS, three small mid-

ine craniotomies were performed. The electrodes were guided into

he medullary raphe (Stereotaxic coordinates according to Paxinos
nd Watson, 1998; 9.5–12.5 mm caudal to bregma, 9–11 mm ventral
rom surface) using a micromanipulator (Unimecanique, France).
he stimulation tracks were separated by 1 mm on order to map
espiratory responses from RMg, ROb, and RPa. Stimulation tracks
Neurobiology 165 (2009) 208–214 209

for respiratory responses were aiming for dorsal to ventral parts of
the raphe nuclei. For each individual track, electrical stimulation
was delivered with step width of 500 �m.

2.4. Experimental protocols

Muscle activities from the GH and DIA, the respiratory rate (RR),
HR and SatO2 were analyzed before (1 min), during (30 s) and after
(1 min) HFS (LeadPoint, Medtronic, USA) of the raphe nuclei. Stim-
ulus intensity- and frequency-related effects were tested for each
rat according to the following protocol.

Stimulation sites were tested for frequency- and intensity-
related effects on the cardio-respiratory parameters. First simu-
lation trial varied the stimulus intensity of 30 s stimulus trains
(130 Hz, 30 s, pulse width 60 �s). The intensity was then succes-
sively increased in 40 �A steps from 40 to 160 �A. In a second
stimulation trial, the frequency of the stimulus train (30 s, pulse
width 60 �s, 120 �A) was progressively increased from 10, 30, 70,
100 to 130 Hz. Each individual stimulus trial was separated by 60 s.
The stimulus intensities and train frequencies were chosen accord-
ing to previous publications (Holtman et al., 1986; Lalley, 1986a,b;
Dostrovsky and Lozano, 2002; Cao et al., 2006b).

2.5. Data analysis

Muscle activities from the GH and DIA were integrated in order
to analyze respiratory burst areas. The burst areas were measured
during baseline activity prior to stimulation (control period), dur-
ing the 30 s stimulation period, and during the post-stimulation
period. The post-stimulation period was further subdivided into
an immediate (0–30 s) and a late phase (30–60 s) in order to ana-
lyze respiratory parameters during compensation of HFS effects
(rebound), and during progressive return to baseline activity (recov-
ery), respectively. Burst areas measured from the integrated DIA/GH
were normalized, and expressed as % changes from baseline
(±S.E.M.). Statistical comparison was performed with a Wilcoxon
sign rank test. The respiratory rate (RR) was calculated from the
DIA, and HR from the plethysmographic sensor signal. In cases
where raphe stimulation caused transient apnea, the duration of
the evoked apnea was measured. Statistical analyses of changes in
RR, HR, SatO2 and apnea duration were performed with ANOVA
followed by a Fisher LSD post-hoc test (StatView).

Furthermore, to analyze intensity- and frequency-related
changes of cardio-respiratory parameters, Pearson correlations and
linear regression (StatEL Base) were performed to examine changes
in GH, DIA, RR, HR (see Supplementary Figs. 1 and 2). In these anal-
yses, effects were considered to be intensity- or frequency-related
when a statistical level of significance of p < 0.01 was reached.

In addition changes in RR evoked by raphe stimulation were ana-
lyzed for a quantal relation to the baseline respiratory rhythm. To
do so, the instantaneous frequency was normalized to the mean
respiratory cycle length.

2.6. Tissue processing

After the end of the physiological experiments each rat was
deeply anesthetized with pentobarbital (100 mg/kg) and intracar-
dially perfused with 300 mL of phosphate-buffered saline (PBS;
0.1 M, pH 7.4) followed by 300 mL of 4% paraformaldehyde in
phosphate buffer. Brains were removed and fixed for 2 h in 4%
paraformaldehyde, and then in 30%sucrose solution for 24 h. Neu-

ral tissues were cut into 40 �m coronal sections on a microtome at
−20 ◦C and collected in PBS. The sections were then mounted on
gelatin-coated slice and stained with cresyl-violet. Sections were
examined on an Olympus microscope. Each track and final depth of
the electrodes were visualized and documented in semi-schematic
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Fig. 1. Topographical organization of respiratory effects triggered by electrical stim-
ulation (130 Hz/160 �A) of medullary raphe nuclei. (A) 1–2: Illustration of DIA
responses evoked by an individual stimulation track trough the raphe magnus (RMg)
and pallidus (RPa). Please note that the stimulation site at the border between RMg
and RPa triggered a mixed response comprising an initial bradypnea followed by
tachypnea. Stimulation sites within the RMg caused a pure bradypnea and stimula-
tion of RPa caused a pure tachypnea. (B) Semi-schematic drawing summarizing the
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espiratory effects triggered by stimulation of the medullary raphe nuclei. Abbre-
iations: ROb, raphe Obscurus; Gi, gigantocellular reticular nucleus; Sp5, spinal
rigeminal nucleus; VII, facial motor nucleus; IRtA, intermediate reticular nucleus
ars alpha; V4, fourth ventricle; g7, genu of the facial nerve; py, pyramidal tract.

rawings of the raphe nuclei according to the Stereotaxic Brain Atlas
f Paxinos and Watson (6th edition, 2007, see Fig. 1).

. Results

Systematic investigation of high frequency stimulation (HFS)
f different medullary raphe nuclei revealed a clear topography
f evoked cardio-respiratory effects documented by recordings of
H/DIA muscle activity, RR, HR and SatO2. The different respiratory

esponses evoked from rostro-caudal and dorso-ventral variation
f the stimulation sites are summarized in Fig. 1. All stimulation
ites were tested with varying stimulation frequency and inten-
ity (See Supplementary Figs. 1 and 2). Nevertheless, it turned out
hat a stimulation intensity of 160 �A and a frequency of 130 Hz
ield the best effects. Therefore the following results are based on
ardio-respiratory effects triggered by 160 �A/130 Hz HFS.

.1. Cardio-respiratory effects evoked by stimulation of the raphe
agnus

Significant frequency- and intensity-related cardio-respiratory
ffects were observed during stimulation of the raphe magnus
RMg; Supplementary Fig. 1A and B). The highest stimulation inten-

ity and frequency (160 �A/130 Hz) initially caused apnea followed
y a decreased RR leading to a drop in oxygen saturation (Fig. 2A–C;
able 1). The decrease in RR was never accompanied by significant
hanges of amplitude, burst duration or area as measured from the
ntegrated DIA. The GH remained synchronized with DIA during
Neurobiology 165 (2009) 208–214

stimulation but showed an increased burst amplitude leading to a
significant increase in the integrated GH (Fig. 2A–C; Table 1). Dur-
ing the post-stimulation rebound, the integrated GH and HR were
still significantly elevated. An increase in integrated DIA and RR was
also observed during this rebound period, although SatO2 remained
significantly depressed. All parameters returned to baseline about
30 s after the end of the stimulation (Table 1).

Analysis of a relation to the normalized instantaneous respira-
tory cycle length showed no evidence for a quantal slowing of the
respiratory rhythm during stimulation of the RMg.

3.2. Cardio-respiratory effects evoked by stimulation of the raphe
obscurus

HFS of the raphe obscurus (ROb) revealed effects similar to those
observed with HFS of the RMg (Fig. 2D–F). In particular, the inte-
grated DIA did not change significantly during stimulation when
respiratory activity resumed after apnea. However, apnea dura-
tion was slightly more pronounced compared to RMg stimulation
(Fig. 2D–F; Table 1).

During ventilatory depression induced by HFS of ROb, different
effects were observed for the GH activity. Contrary to stimulation
of the RMg, activation of the ROb caused a marked tonic activa-
tion of GH (Fig. 2D–F; Table 1). The evoked tonic activation was
intensity- and frequency-related (Supplementary Fig. 1C and D).
Analyses of the parameters during the rebound period showed that
integrated DIA/GH activities were significantly elevated, although
RR and SatO2 remained depressed immediately after stimulation
(Table 1). These parameters returned to baseline about 30 s after
the end of the stimulation (Table 1). The cardiac response to HFS
of ROb also clearly differed from that observed during RMg stim-
ulation, since no significant change in HR was measured during or
after ROb stimulation (Table 1). Again, no quantal relation between
baseline and stimulus-associated respiratory rhythm was detected.

3.3. Cardio-respiratory effects evoked by stimulation of caudal
and rostral raphe pallidus

Stimulation of the rostral parts of raphe pallidus (rRPa)
induced significant intensity- and frequency-related increases in
RR (Supplementary Fig. 2A and B), as indicated by an increase in
GH/DIA amplitude and burst rate (Fig. 3A–C; Table 1). The integrated
DIA and GH, HR and SatO2 remained unchanged during and after
rRPa stimulation (Table 1). The RR remained elevated and then pro-
gressively returned to baseline during the post-stimulation periods
(Table 1).

Stimulation of more caudal aspects (see Fig. 1B) of raphe pallidus
(cRPa) also triggered significant tachypnea in relation to stimulation
intensity and frequency (Supplementary Fig. 2C and D). However,
the simultaneous recording of GH and DIA revealed a differential
response pattern. While DIA showed a massive increase in burst-
ing frequency on top of tonic discharge, phasic GH activity was
clearly depressed or even switched off (Fig. 3D–F). The HR and
SatO2 were unchanged during HFS (Table 1). During the initial post-
stimulation period, the RR and DIA activity returned to baseline,
whereas GH activity remained decreased. All parameters were simi-
lar to the control period 30 s to 1 min after the end of the stimulation
(Table 1).

4. Discussion
In this study, electrical stimulation of the raphe nuclei was used
to analyze concomitant changes in respiratory activity of the genio-
hyoid (GH) and diaphragm (DIA) muscles in the anesthetized rat.
Basically in accordance with previous studies (Holtman et al., 1986;
Cao et al., 2006b), electrical stimulation of various raphe nuclei
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Fig. 2. Original recording of the cardio-respiratory response pattern to electrical stimulation (130 Hz/160 �A) of the raphe magnus (RMg) and obscurus (ROb). (A–C) Overview
of the cardio-respiratory response to stimulation of the RMg. (A) From top to bottom: diaphragm EMG (DIA), geniohyoid EMG (GH), heart rate (HR) and oxygen saturation
(Sat). Enlarged traces of DIA and GH are shown during the stimulation (B), and during the post-stimulation rebound (C). (D–F) Original recording of the response to ROb
stimulation, with the same organization and abbreviations as in (A–C). Please note the differential response of DIA and GH induced during ROb stimulation.

Table 1
Summary of cardio-respiratory effects triggered by electrical stimulation of the raphe magnus, obscurus, rostral and caudal pallidus during stimulation, post-stimulation
rebound, and recovery. All presented data relate to stimulation with 130 Hz/160 �A and are presented as % change to baseline, except for heart rate (HR) expressed as beats
per minute (bpm). Abbreviations: DIA, diaphragm EMG; GH, geniohyoid EMG; RR, respiratory rate; SatO2, oxygen saturation.

Raphe magnus
DIAemg (%) +1.7 ± 17.7 +11 ± 8* +3.7 ± 5.3
GHemg (%) +33.2 ± 28.6* +13.3 ± 14.7* −2.1 ± 2.9
RR (%) −58.9 ± 18.9* +11.2 ± 15* −0.6 ± 1.1
Apnea (s) 13 ± 5 – –
Sat02 (%) 75.7 ± 21.8* 88.8 ± 11.9* 98.5 ± 1.7
HR (bpm) (basal = 160.8 ± 25.8) 201.4 ± 17.1* 186.7 ± 11.1* 162 ± 16.0

Raphe obscurus
DIAemg (%) −7.1 ± 27.7 +31 ± 21.3* +3.1 ± 5.4
GHemg (%) +146.1 ± 84.3* +47.3 ± 36.2* +2.1 ± 3.4
RR (%) −50.4 ± 17.8* −39.7 ± 20* 0.0 ± 0.9
Apnea (s) 19 ± 5 – –
Sat02 (%) 75.6 ± 14.6* 85.3 ± 20.5* 99 ± 0.8
HR (bpm) (basal = 173.2 ± 26.7) 179.9 ± 28.1 176.8 ± 28.6 184.9 ± 16.9

Rostral raphe pallidus
DIAemg (%) +6.7 ± 3.3 +13.1 ± 4.4 +1.4 ± 2.1
GHemg (%) −4.9 ± 13.8 −4.6 ± 15.1 −1.8 ± 3.3
RR (%) +20.4 ± 10.3* +24.2 ± 13.8* +0.3 ± 0.2
Sat02 (%) 98 ± 0 98 ± 0 98 ± 0
HR (bpm) (basal = 173.4 ± 12.6) 168.1 ± 21.6 160.8 ± 9.1 167.2 ± 11

Caudal raphe pallidus
DIAemg (%) +82.1 ± 49.1* +15.8 ± 13.8 +0.3 ± 0.4
GHemg (%) −55.3 ± 15.6* −27.3 ± 18* −1.4 ± 2.1
RR (%) +66.3 ± 32.1* −8.2 ± 6.6 −1.0 ± 0.6
Sat02 (%) 98 ± 0 99 ± 0.5 98 ± 0
HR (bpm) (basal = 166.0 ± 30.9) 195.5 ± 42 196.3 ± 39.6 177.9 ± 17.4

Stimulation at 130 Hz/160 �A Stimulation Rebound Recovery

* p < 0.05.
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ig. 3. Original recordings of the response pattern to electrical stimulation of the
ostral (A–C) and caudal (D–F) raphe pallidus (RPa). Same organization and abbre-
iations as in Fig. 2. Please note the clear differential response of DIA and GH during
achypnea evoked by stimulation of the caudal RPa.

evealed opposite influences on respiratory frequency. Stimulation
f the raphe magnus (RMg) and raphe obscurus (ROb) generated
pneas and respiratory depression, while stimulation of the raphe
allidus (RPa) always triggered tachypnea. However, the topo-
raphical analysis of the cardio-respiratory effects evoked by raphe
timulation, showed for the first time that stimulation sites within
he ROb and caudal RPa were associated with differential modu-
ation of spinal (DIA) and cranial (GH) respiratory motor outputs.
hese findings are of potential relevance for the understanding of
oth fundamental and pathological aspects of breathing.

.1. Technical considerations

It cannot be excluded that electrical stimulation could have
xcited raphe neurons as well as other neuronal populations located
n the close vicinity of the stimulating electrode. Nevertheless, the
lear topography of the effects and mixed response from stimu-
ation at nuclear borders suggest that current diffusion is rather
estricted. Also, coherent intensity- and/or frequency-relationships
ound after HFS of individual raphe subnuclei (Supplementary Figs.
and 2) further suggest that the reported effects can be attributed

o stimulation of raphe neurons located around the tip of the elec-
rode. Glutamate microinjection into the medullary raphe nuclei
an cause similar ventilatory and cardiovascular changes (Man and
iu, 1992; Dong and Liu, 1994; Mohammed et al., 1995; Haxhiu et al.,
003; Alvarenga et al., 2005) as we found with HFS. Therefore, HFS
sed in the present study probably excited similar populations of
aphe neurons without stimulating adjacent fiber tracts. Moreover,
he analyses of the topography of raphe-evoked responses do not
upport a functional separation of dorsal and ventral ROb as sug-
ested in rats by Cao et al. (2006b). In all cases, stimulation sites that
ere clearly identified within the ROb triggered apneic responses.

y contrast, only those ventral stimulation sites located near the
order between ROb and RPa evoked tachypnea (Fig. 1). Since all
esponses triggered by HFS of RPa evoked tachypnea, similar effects
btained with stimulation sites in the ventral-most aspects of the
Ob were likely due to activation of RPa neurons.
Neurobiology 165 (2009) 208–214

Another limitation of HFS is due to the simultaneous activation
of neurons with different phenotypes that are known to be present
in raphe nuclei. Thus, the effects reported in this study may not
fully correspond to the cardio-respiratory effects triggered by more
physiological inputs to the various medullary raphe nuclei.

4.2. Differential effects on GH and DIA during raphe-evoked
bradypnea or apnea

Apneas followed by strong decreases in respiratory frequency
were evoked during HFS of the RMg and ROb. There are numerous
anatomical and electrophysiological data suggesting that this effect
on the respiratory rhythm arising from raphe nuclei is mediated via
direct influences on neurons located within the ventral respiratory
group (Lalley, 1986a,b; Holtman et al., 1986; King and Holtman,
1990; Richter et al., 1997; Haji et al., 2000; Wang et al., 2005;
Feldman and Del Negro, 2006). For example, it has been shown that
stimulation of the ROb nucleus can abolish phrenic nerve activity
and hyperpolarize other respiratory-related neurons via activation
of 5-HT1A receptors (Lalley et al., 1997). Oxygen desaturation was
associated with apnea or bradypnea suggesting secondary hypoxic
stimulation of peripheral carotid bodies chemoreceptors during the
stimulation and post-stimulation rebound. These changes in blood
gas levels are therefore expected to increase muscle contraction of
the DIA (Vizek and Bonora, 1998), however, this may account in par-
ticular for the post stimulation period. Since GH inspiratory bursts
were significantly increased at RMg and ROb stimulation sites, we
propose that during the stimulation the response to an increase in
chemical drive to the DIA was blunted, while that of the GH was not.
This may be reminiscent from the observation that the hypercap-
nic threshold of DIA is higher than those of the UAM (Dreshaj et al.,
1998). Chemoreceptor inputs are mediated and integrated within
the nucleus tractus solitarius (NTS). At the level of the NTS the medi-
ation of chemoreceptor input could be modulated via the release of
5-HT in response to raphe stimulation (Kubin et al., 2006) leading
to blunted hypoxic augmentation of DIA activity. However, tonic
activation in GH was triggered with onset of stimulation of ROb.
This suggests differential alteration of the firing of motoneurons
controlling the GH and DIA via direct projections onto the corre-
sponding motor nuclei (Aldes et al., 1989; Holtman et al., 1990; Li
et al., 1993; Dobbins and Feldman, 1994).

Our results also showed a clear tonic activity in GH after HFS of
ROb, whereas such an effect was never triggered after HFS of RMg.
Considering the differential responses of DIA and GH evoked by HFS
of RMg/ROb, we propose that both nuclei exert an inhibitory drive
on phrenic motoneurons, while ROb neurons exert an excitatory
drive on hypoglossal motoneurons.

Our data indicate that the cardiac response to HFS of ROb differed
from that observed during RMg stimulation. Inputs from barorecep-
tors are integrated within medullary raphe nuclei, and both RMg
and ROb neurons have been shown to contribute to baroreceptor-
induced changes in respiratory activity (Arata et al., 2000; Curran
and Leiter, 2007). Therefore, it is possible that the differential effects
observed on GH/DIA activity during HFS of RMg and ROb reflect
alterations in cardio-respiratory coupling. This is in line with the
fact that raphe and ventral medullary neurons form a dynamic
distributed network, engaged in a concurrent processing of infor-
mation from chemoreceptors and baroreceptors (Li et al., 1999;
Arata et al., 2000).

4.3. Differential effects on GH and DIA during raphe-evoked

tachypnea

Consistent increases in respiratory frequency were induced
during HFS of the RPa. As mentioned previously, similar effects
were also observed at ventral-most aspects of the ROb. In both



logy &

c
(
(
f
b
i
a
a
o
i
a
d
c
a
o
e
v
r
p
c
a
c
o
b
t
r
t
o
I
h
t
p
t
t
p
b

4

m
e
a
e
(
d
t
e
r
i
a
t
t
r

4

e
m
s
e
fi
m
n
a

S. Besnard et al. / Respiratory Physio

ases, however, no obvious sign of long-term phrenic potentiation
or facilitation) was noticed following cessation of the stimulus
Millhorn, 1986). This lack of potentiation could be due to dif-
erences in protocols of stimulation and/or experimental models
etween the two studies. Under normal conditions, tachypnea

s expected to induce hypocapnia which in turn should lead to
suppression of GH/DIA inspiratory bursts. However, phasic GH

ctivity was immediately inhibited or even suppressed right at the
nset of stimulation of the caudal RPa while the DIA activity was
ncreased. This finding strongly suggests that termination of the GH
ctivity and concomitant increases in DIA activity induced by cau-
al RPa stimulation were not secondary to changes in respiratory
hemical drive. Instead, these ventilatory effects are likely medi-
ted via specific projections from RPa nuclei to various elements
f the respiratory network. The increase in respiratory frequency
voked after RPa stimulation may arise from direct excitation of
entral respiratory group neurons (Holtman and King, 1994). The
elease of serotonin and subsequent activation of various pre- and
ost-synaptic 5-HT receptors of medullary respiratory neurons
an profoundly alter membrane potentials and neuronal discharge
ctivity (Richter et al., 1997). Alternatively, tachypnea and the con-
omitant increase in DIA activity may be due to indirect excitation
f the ventral respiratory group. Such an effect could be mediated
y retrotrapezoid neurons which are known to receive dense sero-
onergic inputs, and to exert an excitatory influence on the ventral
espiratory group (Rosin et al., 2006). We can also speculate that
he termination of inspiratory phasic GH activity upon stimulation
f caudal RPa is also due to the activation of an indirect pathway.
ndeed, glutamate injection within the Kölliker–Füse nucleus (KF)
as been shown to selectively inhibit the inspiratory discharge of
he XIIth nerve while almost no effect could be detected on the
hrenic nerve (Gestreau et al., 2005). The KF belongs to the respira-
ory CPG and hypoglossal premotoneurons have been described in
his nucleus (Roda et al., 2004). Thus, the stimulation-evoked sup-
ression of inspiratory GH activity after HFS of the caudal RPa may
e mediated by serotonergic inputs on KF neurons.

.4. Implications for non-respiratory behaviors

Raphe neurons contribute to regulate the gain of respiratory
otor output and have reciprocal interactions with the ventrolat-

ral medullary respiratory network (Morris et al., 1996; Lindsey et
l., 1994, 1998). Lesions of the medullary raphe have been shown to
liminate cough patterns in phrenic and lumbar nerve neurograms
Jakus et al., 1998), and activities of RMg and RPa neurons are altered
uring fictive cough (Baekey et al., 2003). Therefore, it is possible
hat the respiratory effects described in the present study are rel-
vant for non-respiratory behaviors that require contraction of the
espiratory muscles, such as coughing or swallowing. Swallowing
s always associated with suppression of inspiratory DIA activity
lthough upper airway muscles including the tongue must contract
o propel the food into the esophagus. However, the precise con-
ribution of the various medullary nuclei in these motor activities
emains to be investigated.

.5. Clinical relevance of the findings

Our data based on HFS of the medullary raphe nuclei provided
vidence for opposite ventilatory effects and differential respiratory
odulation on GH/DIA. In particular, HFS of the ROb was shown to

pecifically increase tonic GH activity, while HFS of the caudal RPa

voked a clear increase in tonic DIA activity. In agreement with our
ndings, previous studies using pharmacological manipulation of
edullary raphe nuclei, or application of various serotonergic ago-

ists have also demonstrated a differential modulation of cranial
nd spinal motor outputs (Morin et al., 1992; Morin, 1993; Hilaire
Neurobiology 165 (2009) 208–214 213

et al., 1993; Haxhiu et al., 2003; Sood et al., 2006). Interestingly, a
similar effect is observed in both animals and humans during NREM
and REM sleep states, and neuronal activity of raphe neurons is
known to be dependant on sleep-wake states (Jacobs and Fornal,
1991, 1999). A decrease in activity of ROb neurons could result in a
decreased GH muscle tone, leading to an increase in upper airway
resistance. Therefore, we propose that RPa and ROb could represent
key structures involved in the differential control of respiratory-
related muscles associated with the physiological sleep-wake cycle.
In patient suffering from sleep apnea syndrome, sleep fragmen-
tation may alter the differential on/off-switching of upper airway
muscle respiratory activity from raphe nuclei, thereby increasing
the risk to develop obstructive sleep apneas.

Acknowledgements

This study was supported by a grant from Sanofi-Aventis (Sleep
Research Award “Veille-Sommeil’ French Sleep Research Society
Congress, Paris, France 2003) and a grant from Federation ANTADIR
(2005). The authors gratefully acknowledge Mr Palmer and Mr Mar-
tin (DataWave Technology) for their help in data analysis.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.resp.2008.12.004.

References

Aldes, L.D., Marco, L.A., Chronister, R.B., 1989. Serotonin-containing axon terminals
in the hypoglossal nucleus of the rat. An immuno-electronmicroscopic study.
Brain Res. Bull. 23, 249–256.

Alvarenga, R.M., Pires, J.G., Futuro Neto, H.A., 2005. Functional mapping of the car-
diorespiratory effects of dorsal and median raphe nuclei in the rat. Braz. J. Med.
Biol. Res. 38, 1719–1727.

Arata, A., Hernandez, Y.M., Lindsey, B.G., Morris, K.F., Shannon, R., 2000. Transient
configurations of baroresponsive respiratory-related brainstem neuronal assem-
blies in the cat. J. Physiol. 525, 509–530.

Baekey, D.M., Morris, K.F., Nuding, S.C., Segers, L.S., Lindsey, B.G., Shannon, R., 2003.
Medullary raphe neuron activity is altered during fictive cough in the decere-
brate cat. J. Appl. Physiol. 94, 93–100.

Bouryi, V.A., Lewis, D.I., 2003. The modulation by 5-HT of glutamatergic inputs from
the raphe pallidus to rat hypoglossal motoneurones, in vitro. J. Physiol. 553,
1019–1031.

Cao, Y., Matsuyama, K., Fujito, Y., Aoki, M., 2006a. Involvement of medullary GABAer-
gic and serotonergic raphe neurons in respiratory control: electrophysiological
and immunohistochemical studies in rats. Neurosci. Res. 56, 322–331.

Cao, Y., Fujito, Y., Matsuyama, K., Aoki, M., 2006b. Effects of electrical stimulation of
the medullary raphe nuclei on respiratory movement in rats. J. Comp. Physiol.
A: Neuroethol. Sens. Neural Behav. Physiol. 192, 497–505.

Comet, M.A., Bernard, J.F., Hamon, M., Laguzzi, R., Sévoz-Couche, C., 2007. Activa-
tion of nucleus tractus solitarius 5-HT2A but not other 5-HT2 receptor subtypes
inhibits the sympathetic activity in rats. Eur. J. Neurosci. 26, 345–354.

Curran, A.K., Leiter, J.C., 2007. Baroreceptor-mediated inhibition of respiration after
peripheral and central administration of a 5-HT1A receptor agonist in neonatal
piglets. Exp. Physiol. 92, 757–767.

Dobbins, E.G., Feldman, J.L., 1994. Brainstem network controlling descending drive
to phrenic motoneurons in rat. J. Comp. Neurol. 347, 64–86.

Dong, H.H., Liu, L., 1994. Effects of stimulation of ventromedian area of nucleus
hypoglossus on respiratory rhythm in rabbits. Sheng Li Xue Bao 46, 299–303.

Dostrovsky, J.O., Lozano, A.M., 2002. Mechanisms of deep brain stimulation. Mov.
Disord. 17, 63–68.

Dreshaj, I.A., Haxhiu, M.A., Martin, R.J., 1998. Role of the medullary raphe nuclei in
the respiratory response to CO2. Respir. Physiol. 111, 15–23.

Feldman, J.L., Del Negro, C.A., 2006. Looking for inspiration: new perspectives on
respiratory rhythm. Nat. Rev. Neurosci. 7, 232–242.

Fenik, V., Davies, R.O., Pack, A.I., Kubin, L., 1998. Differential suppression of upper
airway motor activity during carbachol-induced, REM sleep-like atonia. Am. J.
Physiol. 275, 1013–1024.

Feroah, T.R., Forster, H.V., Pan, L., Wenninger, J., Martino, P., Rice, T., 2001. Effect of
slow wave and REM sleep on thyropharyngeus and stylopharyngeus activity
during induced central apneas. Respir. Physiol. 124, 129–140.
Fogel, R.B., White, D.P., Pierce, R.J., Malhotra, A., Edwards, J.K., Dunai, J., Kleverlaan,
D., Trinder, J., 2003. Control of upper airway muscle activity in younger versus
older men during sleep onset. J. Physiol. 553, 533–544.

Fogel, R.B., Trinder, J., White, D.P., Malhotra, A., Raneri, J., Schory, K., Kleverlaan, D.,
Pierce, R.J., 2005. The effect of sleep onset on upper airway muscle activity in
patients with sleep apnoea versus controls. J. Physiol. 564, 549–562.

http://dx.doi.org/10.1016/j.resp.2008.12.004


2 logy &

G

G

H

H

H

H

H

H

H

H

J

J

J

J

K

K

K

K

L

L

L

L

L

L

L

14 S. Besnard et al. / Respiratory Physio

estreau, C., Dutschmann, M., Obled, S., Bianchi, A.L., 2005. Activation of XII
motoneurons and premotor neurons during various oropharyngeal behaviors.
Respir. Physiol. Neurobiol. 147, 159–176.

uyenet, P.G., Mulkey, D.K., Stornetta, R.L., Bayliss, D.A., 2005. Regulation of ventral
surface chemoreceptors by the central respiratory pattern generator. J. Neurosci.
25, 8938–8947.

aji, A., Takeda, R., Okazaki, M., 2000. Neuropharmacology of control of respiratory
rhythm and pattern in mature mammals. Pharmacol. Ther. 86, 277–304.

axhiu, M.A., van Lunteren, E., Mitra, J., Cherniack, N.S., 1987. Comparison of the
response of diaphragm and upper airway dilating muscle activity in sleeping
cats. Respir. Physiol. 70, 183–193.

axhiu, M.A., Mack, S.O., Wilson, C.G., Feng, P., Strohl, K.P., 2003. Sleep networks
and the anatomic and physiologic connections with respiratory control. Front.
Biosci. 8, 946–962.

endricks, J.C., Petrof, B.J., Panckeri, K., Pack, A.I., 1993. Upper airway dilating muscle
hyperactivity during non-rapid eye movement sleep in English bulldogs. Am.
Rev. Respir. Dis. 148, 185–194.

ilaire, G., Morin, D., Lajard, A.M., Monteau, R., 1993. Changes in serotonin
metabolism may elicit obstructive apnoea in the newborn rat. J. Physiol. 466,
367–381.

oltman Jr., J.R., Dick, T.E., Berger, A.J., 1986. Involvement of serotonin in the exci-
tation of phrenic motoneurons evoked by stimulation of the raphe obscurus. J.
Neurosci. 6, 1185–1193.

oltman Jr., J.R., Marion, L.J., Speck, D.F., 1990. Origin of serotonin-containing pro-
jections to the ventral respiratory group in the rat. Neuroscience 37, 541–552.

oltman Jr., J.R., King, K.A., 1994. Effect of activation of 5-HT1A receptors at the
ventral medulla on phrenic nerve activity. Eur. J. Pharmacol. 253, 307–310.

akus, J., Stránsky, A., Poliacek, I., Baráni, H., Bosel’ová, L., 1998. Effects of medullary
midline lesions on cough and other airway reflexes in anaesthetized cats. Physiol.
Res. 47, 203–213.

acobs, B.L., Fornal, C.A., 1991. Activity of brain serotonergic neurons in the behaving
animal. Pharmacol. Rev. 43, 563–578.

acobs, B.L., Azmitia, E.C., 1992. Structure and function of the brain serotonin system.
Physiol. Rev. 72, 165–229.

acobs, B.L., Fornal, C.A., 1999. Activity of serotonergic neurons in behaving animals.
Neuropsychopharmacology 21, 9–15.

atz, E.S., White, D.P., 2004. Genioglossus activity during sleep in normal control
subjects and children with obstructive sleep apnea. Am. J. Respir. Crit. Care Med.
170, 553–560.

ing, K.A., Holtman Jr., J.R., 1990. Characterization of the effects of activation of
ventral medullary serotonin receptor subtypes on cardiovascular activity and
respiratory motor outflow to the diaphragm and larynx. J. Pharmacol. Exp. Ther.
252, 665–674.

ubin, L., Alheid, G.F., Zuperku, E.J., McCrimmon, D.R., 2006. Central pathways of
pulmonary and lower airway vagal afferents. J. Appl. Physiol. 101, 618–627.

urtz, D., Krieger, J., Stierle, J.C., 1978. EMG activity of cricothyroid and chin muscles
during wakefulness and sleeping in the sleep apnea syndrome. Electroen-
cephalogr. Clin. Neurophysiol. 45, 777–784.

alley, P.M., 1986a. Responses of phrenic motoneurones of the cat to stimulation of
medullary raphe nuclei. J. Physiol. 380, 349–371.

alley, P.M., 1986b. Serotoninergic and non-serotoninergic responses of phrenic
motoneurones to raphe stimulation in the cat. J. Physiol. 380, 373–385.

alley, P.M., Benacka, R., Bischoff, A.M., Richter, D.W., 1997. Nucleus raphe obscurus
evokes 5-HT-1A receptor-mediated modulation of respiratory neurons. Brain
Res. 747, 156–159.

i, Y.Q., Takada, M., Mizuno, N., 1993. The sites of origin of serotoninergic afferent
fibers in the trigeminal motor, facial, and hypoglossal nuclei in the rat. Neurosci.
Res. 17, 307–313.

i, Y., Song, G., Cao, Y., Wang, H., Wang, G., Yu, S., Zhang, H., 2006. Modulation
of the Hering–Breuer reflex by raphe pallidus in rabbits. Neurosci. Lett. 397,
259–262.

i, Z., Morris, K.F., Baekey, D.M., Shannon, R., Lindsey, B.G., 1999. Responses of simul-

taneously recorded respiratory-related medullary neurons to stimulation of
multiple sensory modalities. J. Neurophysiol. 82, 176–187.

indsey, B.G., Segers, L.S., Morris, K.F., Hernandez, Y.M., Saporta, S., Shannon, R., 1994.
Distributed actions and dynamic associations in respiratory-related neuronal
assemblies of the ventrolateral medulla and brain stem midline: evidence from
spike train analysis. J. Neurophysiol. 72, 1830–1851.
Neurobiology 165 (2009) 208–214

Lindsey, B.G., Arata, A., Morris, K.F., Hernandez, Y.M., Shannon, R., 1998. Medullary
raphe neurones and baroreceptor modulation of the respiratory motor pattern
in the cat. J. Physiol. 512, 863–882.

Lu, J.W., Mann, G.L., Ross, R.J., Morrison, A.R., Kubin, L., 2005. Differential effect of
sleep-wake states on lingual and dorsal neck muscle activity in rats. Respir.
Physiol. Neurobiol. 147, 191–203.

Man, H.Y., Liu, L., 1992. Effects of electrical and l-glutamate stimulation of nucleus
raphe obscures on phrenic nerve activity in rabbits. Acta Physiol. Sin. 44, 92–97.

Mezzanotte, W.S., Tangel, D.J., White, D.P., 1992. Waking genioglossal electromyo-
gram in sleep apnea patients versus normal controls (a neuromuscular
compensatory mechanism). J. Clin. Invest. 89, 1571–1579.

Millhorn, D.E., 1986. Stimulation of raphe (obscurus) nucleus causes long-term
potentiation of phrenic nerve activity in cat. J. Physiol. 381, 169–179.

Mohammed, J.R., Saska, T.A., Chi, J., Stephens Jr., R.L., 1995. Stimulation of the nucleus
raphe obscurus produces marked serotonin release into the dorsal medulla of
fed but not fasted rats—glutamatergic dependence. Brain Res. 695, 100–103.

Morin, D., Hennequin, S., Monteau, R., Hilaire, G., 1990. Depressant effect of raphe
stimulation on inspiratory activity of the hypoglossal nerve: in vitro study in the
newborn rat. Neurosci. Lett. 116, 299–303.

Morin, D., Monteau, R., Hilaire, G., 1992. Compared effects of serotonin on cervical
and hypoglossal inspiratory activities: an in vitro study in the newborn rat. J.
Physiol. 451, 605–629.

Morin, D., 1993. Compared effects of serotonin on the inspiratory activity of glos-
sopharyngeal, vagal, hypoglossal and cervical motoneurons in neonatal rat brain
stem-spinal cord preparations. Neurosci. Lett. 160, 61–64.

Morris, K.F., Arata, A., Shannon, R., Lindsey, B.G., 1996. Long-term facilitation of
phrenic nerve activity in cats: responses and short time scale correlations of
medullary neurones. J. Physiol. 490, 463–480.

Mulkey, D.K., Rosin, D.L., West, G., Takakura, A.C., Moreira, T.S., Bayliss, D.A., Guyenet,
P.G., 2007. Serotonergic neurons activate chemosensitive retrotrapezoid nucleus
neurons by a pH-independent mechanism. J. Neurosci. 27, 14128–14138.

Penatti, E.M., Berniker, A.V., Kereshi, B., Cafaro, C., Kelly, M.L., Niblock, M.M., Gao, H.G.,
Kinney, H.C., Li, A., Nattie, E.E., 2006. Ventilatory response to hypercapnia and
hypoxia after extensive lesion of medullary serotonergic neurons in newborn
conscious piglets. J. Appl. Physiol. 101, 1177–1188.

Richerson, G.B., 2004. Serotonergic neurons as carbon dioxide sensors that maintain
pH homeostasis. Nat. Rev. Neurosci. 5, 449–461.

Richerson, G.B., Wang, W., Hodges, M.R., Dohle, C.I., Diez-Sampedro, A., 2005. Hom-
ing in on the specific phenotype(s) of central respiratory chemoreceptors. Exp.
Physiol. 90, 259–266.

Richter, D.W., Lalley, P.M., Pierrefiche, O., Haji, A., Bischoff, A.M., Wilken, B., Hanefeld,
F., 1997. Intracellular signal pathways controlling respiratory neurons. Respir.
Physiol. 110, 113–212.

Roda, F., Pio, J., Bianchi, A.L., Gestreau, C., 2004. Effects of anesthetics on hypoglos-
sal nerve discharge and c-Fos expression in brainstem hypoglossal premotor
neurons. J. Comp. Neurol. 468, 571–586.

Rosin, D.L., Chang, D.A., Guyenet, P.G., 2006. Afferent and efferent connections of the
rat retrotrapezoid nucleus. J. Comp. Neurol. 499, 64–89.

Sauerland, E.K., Harper, R.M., 1976. The human tongue during sleep: electromyo-
graphic activity of the genioglossus muscle. Exp. Neurol. 51, 160–170.

Sood, S., Raddatz, E., Liu, X., Liu, H., Horner, R.L., 2006. Inhibition of serotoner-
gic medullary raphe obscurus neurons suppresses genioglossus and diaphragm
activities in anesthetized but not conscious rats. J. Appl. Physiol. 100, 1807–1821.

Taylor, N.C., Li, A., Green, A., Kinney, H.C., Nattie, E.E., 2004. Chronic fluoxetine
microdialysis into the medullary raphe nuclei of the rat, but not systemic
administration, increases the ventilatory response to CO2. J. Appl. Physiol. 97,
1763–1773.

Taylor, N.C., Li, A., Nattie, E.E., 2005. Medullary serotonergic neurones modulate the
ventilatory response to hypercapnia, but not hypoxia in conscious rats. J. Physiol.
566, 543–557.

Veasey, S.C., Fenik, P., Panckeri, K., Pack, A.I., Hendricks, J.C., 1999. The effects of tra-
zodone with l-tryptophan on sleep-disordered breathing in the English bulldog.

Am. J. Respir. Crit. Care Med. 160, 1659–1667.

Vizek, M., Bonora, M., 1998. Diaphragmatic activity during biphasic ventilatory
response to hypoxia in rats. Respir. Physiol. 111, 153–162.

Wang, G., Song, G., Tin, C., Poon, C.S., 2005. Nonassociative learning in expiratory
inhibition of inspiratory motor output: an experimental and modeling study.
Conf. Proc. IEEE Eng. Med. Biol. Soc. 6, 5843–5846.


	Stimulation of the rat medullary raphe nuclei induces differential responses in respiratory muscle activity
	Introduction
	Methods
	General procedures
	Recording of cardio-respiratory parameters
	Electrical stimulation of raphe nuclei
	Experimental protocols
	Data analysis
	Tissue processing

	Results
	Cardio-respiratory effects evoked by stimulation of the raphe magnus
	Cardio-respiratory effects evoked by stimulation of the raphe obscurus
	Cardio-respiratory effects evoked by stimulation of caudal and rostral raphe pallidus

	Discussion
	Technical considerations
	Differential effects on GH and DIA during raphe-evoked bradypnea or apnea
	Differential effects on GH and DIA during raphe-evoked tachypnea
	Implications for non-respiratory behaviors
	Clinical relevance of the findings

	Acknowledgements
	Supplementary data
	References


