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Hypoxia-sensing properties of the newborn rat ventral
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The ventral medullary surface (VMS) is a region known to exert a respiratory stimulant effect
during hypercapnia. Several studies have suggested its involvement in the central inhibition
of respiratory rhythm caused by hypoxia. We studied brainstem-spinal cord preparations
isolated from newborn rats transiently superfused with a very low O, medium, causing reversible
respiratory depression, to characterize the participation of the VMS in hypoxic respiratory
adaptation. In the presence of 0.8 mm Ca’*, very low O, medium induced an increase in
c-fos expression throughout the VMS. The reduction of synaptic transmission and blockade
of the respiratory drive by 0.2 mm Ca?* —1.6 mm Mg?* abolished c-fos expression in the medial
VMS (at the lateral edge of the pyramidal tract) but not in the perifacial retrotrapezoid
nucleus/parafacial respiratory group (RTN/pFRG) VMS, suggesting the existence of perifacial
RTN/pFRG hypoxia-sensing neurons. In the presence of Ca?* (0.8 mMm), lesioning experiments
suggested a physiological difference in perifacial RTN/pFRG VMS between the lateral VMS
(beneath the ventrolateral part of the facial nucleus) and the middle VMS (beneath the
ventromedial part of the facial nucleus), at least in newborn rats. The lateral VMS lesion,
corresponding principally to the most rostral part of the pFRG, produced hypoxia-induced
stimulation, whereas the middle VMS lesion, corresponding to the main part of the RTN,
abolished hypoxic excitation. This may involve relay via the medial VMS, which is thought

to be the parapyramidal group.
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The ventral medullary surface (VMS) is known to be
involved in chemical respiratory control, providing an
adapted response to hypercapnia and hypoxia. During
the 1960s, the pH-sensitive site (Mitchell et al. 1963) was
thought to be responsible for the central hypercapnic
stimulation of respiration (Mulkey et al. 2004; Guyenet
et al. 2005a,b; Takakura et al. 2006). The VMS also
seems to be involved in respiratory adaptation to hypoxia,
consisting of an initial increase in respiration followed by
adecrease (Vizek et al. 1987; Larnicol et al. 1994; Bodineau
et al. 2000a,b). The initial increase is due primarily to an
increase in the activity of peripheral O, chemoreceptors
(Vizek et al. 1987). Hypoxic excitatory mechanisms have
been detected in the pre-Botzinger complex (Solomon
et al. 2000). This hypoxic increase in respiratory drive
increases the amount of O, taken in. The mechanisms
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responsible for the subsequent decrease probably originate
in the brainstem and remain poorly understood (Vizek
et al. 1987; Dillon et al. 1991; Voituron et al. 2005). It
is thought that this decrease reflects the activation of
‘central oxygen detectors’ in the ventral medulla, actively
inhibiting respiratory neurons (Reis et al. 1994; Sun &
Reis, 1994; Neubauer & Sunderram, 2004; Pena et al.
2004). It has been shown that the VMS is specifically
involved in the secondary decline in respiratory drive due
to hypoxia (Bodineau et al. 2000a, 2001; Voituron et al.
2005). However, the reasons for respiratory stimulation
during hypercapnia (Nattie, 1999; Mulkey et al. 2004;
Guyenet et al. 2005a; Takakura et al 2006) and for
hypoxic respiratory depression by the VMS remain
unclear. Some studies have provided evidence for the
existence of pH- or CO,-sensing neurons in the VMS
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(Okada et al. 2002; Mulkey et al. 2004; Guyenet et al.
2005a,b), but hypoxia-sensing properties remain to be
demonstrated for VMS neurons. It has been suggested
that hypoxia affects local metabolism and hypercapnic
chemoreceptors (Nattie, 1999), although this seem
unlikely as there is evidence to suggest that hypoxia and
hypercapnia activate different structures (Belegu et al.
1999; Berquin et al. 2000; Okada et al. 2002; Voituron et al.
2005).

There is therefore a need to determine whether the
neurons of the VMS have hypoxia-sensing properties and
to characterize further the parts of the VMS involved
in adaptation to hypoxia. The VMS contains several
identified groups of neurons: the parafacial respiratory
group (pFRG) and retrotrapezoid nucleus (RTN) in the
perifacial VMS, and the parapyramidal group (PP) in
a more medial position. The pFRG is a small cluster
of pre-inspiratory neurons located in the lateral part of
the VMS, in the most rostral area. It has recently been
identified in neonates and is important for generating
respiratory rhythm (Mellen et al 2003; Onimaru &
Homma, 2003; Borday et al. 2004; Onimaru et al. 2004,
2006; Janczewski & Feldman, 2006). It has been suggested
that two distinct, independent respiratory oscillators are
responsible for respiratory rhythm: the pFRG and the
pre-Botzinger complex (Mellen et al. 2003; Janczewski
& Feldman, 2006; Onimaru et al. 2006). The pFRG is
located close to the RTN, a thin layer of neurons located
in the middle part of the VMS. The RTN has been defined
in adult cats as a group of neurons projecting heavily
into the ventral respiratory group and less heavily into
the nucleus of the solitary tract (Smith et al. 1989).
In adult rats, it was subsequently redefined as having a
more caudal extension (Ellenberger & Feldman, 1990). As
there is currently no known objective basis for anatomical
or physiological distinction between RTN and pFRG,
they are considered as a whole entity: the perifacial
RTN/pFRG area (Onimaru & Homma, 2003; Weston et al.
2004; Guyenet et al. 2005a; Janczewski & Feldman, 2006;
Takakura et al. 2006). The PP is located at the lateral
edge of the pyramidal tract in the more medial part
of the VMS (Connelly et al. 1989; Berquin et al. 2000;
Pelaez et al. 2002; Stornetta et al. 2005). PP neurons have
been reported to display tonic discharge (Mulkey et al.
2004) and to participate in autonomic regulatory processes
such as thermogenic control (Blessing, 2005), defensive
response to haemorrhage (Pelaez et al. 2002) and chemical
respiratory reflexes (Erickson & Millhorn, 1994; Berquin
et al. 2000; Okada et al. 2002).

The aim of this study on brainstem—spinal cord
preparations was therefore to investigate the influence of
the VMS on the central adaptation of respiratory rhythm
to hypoxia. The pattern of expression of c-fos, the most
effective marker of neuronal activation (Lanteri-Minet
et al. 1994), revealed sensitivity to hypoxia following
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a decrease in synaptic transmission in the perifacial
RTN—-pFRG VMS, but not in the medial VMS containing
the PP. Lesions of the lateral VMS led to hypoxia-induced
stimulation, whereas lesions of the middle VMS abolished
hypoxic excitation, possibly via a relay involving the medial
VMS, thought to be the PP.

Methods

Experiments were carried out on 100 brainstem—spinal
cord preparations from newborn (0-3 days old) Sprague
Dawley rats (Janvier, Le Genest St Isle, France). All
experiments were carried out in accordance with European
Communities Council Directive of 24 November 1986
(86/609/EEC). All efforts were made to minimize the
number of animals used and their suffering.

Surgery

Newborn rats were placed under deep ether anaesthesia
and brainstem spinal-cord preparations were dissected
out as described by Suzue (1984). Rostral cuts were
made rostral to the fifth cranial nerve at the level of
the superior cerebellar arteries and the caudal edge of the
inferior colliculi. Caudal cuts were made between the
seventh and eighth cervical spinal roots. Preparations
were placed in a recording chamber (volume, 4 ml) with
the ventral surface facing upward. They were continuously
superfused, at a rate of 7.5mlmin~!, at 26°C with
oxygenated mock cerebrospinal fluid (oxygenated CSF
(mm); 130.0 NaCl, 5.4 KCI, 0.8 CaCl,, 1.0 MgCl,, 26.0
NaHCO:s, 30.0 p-glucose) saturated with O, and adjusted
to pH 7.4 by bubbling with 95% O, and 5% CO,. The
electrical activity of a C4 ventral root was recorded,
using a suction electrode, filtered (10-3000 Hz), amplified
(x 5000), integrated (time constant 100 ms) and digitized
through a spike 2 data analysis system (CED, Cambridge,
UK), at a sampling frequency of 1010 Hz. Respiratory
frequency (Rf) was defined as the frequency of the bursts
recorded from a C4 ventral root and the amplitude of the
integrated C4 burst activity ( f C4) was used as an index of
inspiratory activity (Suzue, 1984; Okada et al. 1998). These
respiratory parameters stabilized between 5 and 10 min
after surgery.

Experimental protocols

Very low O, conditions were created by replacing the
oxygenated CSF with a solution of same composition
bubbled with 95% N, and 5% CO, (anoxic CSF; pH 7.4).
We used three experimental protocols: (i) an analysis
of c-fos expression to determine the parts of the VMS
activated by hypoxia, (ii) an analysis of central respiratory
drive after destruction of the active areas identified in ¢-fos
expression analysis, and (iii) a combination of the two
first protocols: an analysis of the c-fos expression after
selective destruction of the middle VMS. This protocol was
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designed to test a hypothesis based on the data obtained
with the two first protocols, as described in the results and
discussion.

Protocol 1, analysis of c-fos expression. After 30 min
of superfusion with oxygenated CSE, preparations were
superfused with anoxic CSF for 30 min, as previously
described (Bodineau et al. 2001; Voituron et al. 2005).
Preparations were then fixed and processed for analysis
of c¢-fos expression. Synaptic inputs were reduced,
using a mock CSF with a low calcium and a high
magnesium concentration (low Ca?’*—high Mg?*t CSF
(mm); 130.0 NaCl, 5.4 KCl, 0.2 CaCl,, 1.6 MgCl,; 26.0
NaHCO;3, 30.0 p-glucose), in which the preparations were
superfused in oxygenated (oxygenated-low Ca*"—high
Mg** CSF) and anoxic (anoxic-low Ca?’*—high Mg**
CSF) conditions. The half-life of the Fos protein is
between 90 and 100 min (Herdegen & Leah, 1998), and
basal levels depend on the history of the preparation,
including the surgical procedure used, in particular. Basal
c-fos expression is maintained under reduced synaptic
transmission, as previously described (Hausmann et al.
2001). We measured anoxia-induced c-fos expression
by comparing preparations superfused with: oxygenated
CSF for 60 min, n=38; oxygenated CSF (30 min) —
anoxic CSF (30 min), n = 9; oxygenated CSF (30 min) —
oxygenated-low Ca’*—high Mg?>™ CSF (60 min), n = 6;
oxygenated CSF (30 min) — oxygenated-low Ca*"—high
Mg** CSF (30 min) — anoxic-low Ca** —high Mg** CSF
(30 min), n =8.

We recorded C4 ventral root electrical activity
and checked respiratory parameters to ensure
that the preparations were alive. We carried out
immunohistochemical analysis for the Fos protein
immediately after these superfusions. Preparations were
incubated in 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (pH 7.4) for 48 h at 4°C and then stored at
—18°C in a cryoprotectant solution (5.4: 103 mm ethylene
glycol, 86.0 mm NaCl, 172.0 mm polyvinyl pyrolidone,
876.0 mM saccharose in 0.1 M phosphate-buffered saline)
for later use. Preparations were embedded in gelatin
to facilitate the cutting of sections. Gelatin-embedded
blocks were cooled and 40 um sections were cut with
a freezing microtome. Fos protein was detected using
standard procedures for Fos-like immunohistochemistry.
All  histochemical procedures were performed on
free-floating sections. Briefly, sections were placed in
0.1Mm phosphate-buffered saline supplemented with
0.3% Triton X-100 and 2% normal goat serum. Sections
were then incubated for 48h at 4°C with a rabbit
polyclonal antibody against the Fos protein (sc-52;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)
diluted 1/4000 in 0.1m phosphate-buffered saline
supplemented with 0.3% Triton X-100 and 1% normal
goat serum. Sections were then incubated at room
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temperature for 2 h with a biotinylated goat anti-rabbit
immunoglobulin diluted 1/200 and for 1h with an
avidin-biotin—peroxidase complex (Novostain Super
ABC kit, Novocastra Laboratories, Newcastle, UK).
Peroxidase activity was detected by incubating with 0.02%
3,3’-diaminobenzidine tetrahydrochloride, 0.04% nickel
ammonium sulphate and 0.01% hydrogen peroxide in
0.05Mm Tris buffer (pH 7.6). Sections were mounted in
sequential caudo-rostral order on gelatin-coated slides,
air-dried, dehydrated with absolute alcohol, cleared with
xylene and coverslipped with Depex.

The specificity of the primary antibody was checked by
the manufacturer (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA). No labelling was observed in the absence
of the primary antibody against Fos protein.

The following tests were carried out to ensure that
the effects of low Ca** —high Mg?*™ CSF superfusion for
60 min were reversible: oxygenated CSF (30 min) —
oxygenated-low Ca?t—high Mg** CSF (60 min) —
oxygenated CSF (30min), n=3; oxygenated CSF
(30min) —  oxygenated-low Ca’"—high Mg*"
CSF (30 min) — anoxic-low Ca?*—high Mg*" CSF
(30 min) — oxygenated CSF (30 min), n = 3.

In both conditions, respiratory parameter values
returned to control values during the recovery period
(Fig. 1).

Protocol 2, respiratory parameter measurement.
Respiratory parameters were measured on intact (n = 19)
or lesioned (n = 32) preparations. Lesions were made in
the VMS area displaying an increase in c-fos expression
(protocol 1): the medial part of the VMS (at the lateral
edge of the pyramidal tract; n=9), the middle part
of the VMS (ventromedial beneath the facial nucleus;
n=11) and the lateral part of the VMS (ventrolateral
beneath the facial nucleus; n =12). These areas were
destroyed bilaterally, by the creation of an electrolytic
lesion (direct current (DC) 200 A, 1-2 s) with a tungsten
microelectrode (Fig. 2). The following experiments were
carried out: intact preparations: oxygenated CSF for
120 min, n = 4; oxygenated CSF (30 min) — anoxic CSF
(30 min) — oxygenated CSF (30 min), n = 15. Lesioned
preparations: oxygenated CSF (30 min) — lesion —
oxygenated CSF (30 min) — anoxic CSF (30 min) —
oxygenated CSF (30 min).

As for protocol 1, we recorded the electrical activity of
the C4 ventral root with a suction electrode. We observed
no change in the respiratory parameters, Rf and [C4, in
intact preparations superfused with oxygenated CSF for
120 min. We checked the extent of the lesions as follows.
Preparations were incubated in a fixative solution of 4%
paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) for
48h at 4°C and then embedded in gelatine. Gelatine
blocks were cut into 40 um sections with a freezing
microtome. Sections were stained with cresyl violet,
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examined under a microscope to locate the lesion
and photographed, using a digital camera fixed to the
microscope (magnification x 100; Fig. 2). The extent of
lesion was expressed as a percentage of the whole cluster
of neurons expressing c-fos when preparations were
superfused with anoxic CSE.

Protocol 3, analysis of c-fos expression after selective
destruction of the middle part of the VMS. This protocol
was designed to assess interactions between the middle
VMS and the medial VMS in anoxic conditions. We
assessed the consistency of this interaction, by evaluating
c-fos expression after the generation of lesions in the
middle VMS (n=12). Bilateral areas were destroyed,
as in protocol 2, by an electrolytic lesion (DC 200 uA,
1-2s) with a tungsten microelectrode. The following
experiments were carried out: oxygenated CSF (30 min)
— lesion — oxygenated CSF (60 min), n = 6; oxygenated
CSF (30 min) — lesion — oxygenated CSF (30 min) —
anoxic CSF (30 min), n = 6.

C4 ventral root electrical activity was recorded and
respiratory parameters were checked to ensure that
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Figure 1. Changes in central respiratory drive induced by
reduced synaptic transmission

Superfusion with low Ca2*—high Mgt CSF progressively abolishes
central respiratory drive. Respiratory C4 activity under superfusion with
oxygenated CSF (A), 10 min (B) and 25 min (C) after the start of
superfusion with low Ca2t—high Mg?* CSF and 15 min after the
return to oxygenated CSF superfusion (D). Int C4, integrated C4
activity (upper traces); C4, C4 activity (lower traces); scale bar, 10's.
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preparations were alive. Middle VMS lesions induced
similar changes in mean Rf (P <0.1) and mean f C4
(P < 0.3) as were induced in protocol 2. Preparations were
then immediately incubated in 4% paraformaldehyde
in 0.1m phosphate-buffered saline (pH7.4) and
immunohistochemical analysis for Fos protein was
conducted on free-floating sections, as in protocol 1. After
immunohistochemical treatment, sections were stained
with neutral red and, as in protocol 2, the extent of lesions
was checked and expressed as a percentage of the whole
cluster of neurons expressing c-fos when preparations
were superfused with anoxic CSE

Data and statistical analysis

All values are expressed as mean =+ standard error of the
mean (S.E.M.).

Anatomical study. Sections were examined under a light
microscope in sequential caudo-rostral order. Sections
from all the brainstems were aligned, to ensure that
cell counts concerned the same part of VMS. This
alignment was based on a reference section: the section
containing the most rostral part of the facial nucleus.
Cells were counted in sections caudal to this reference
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Figure 2. Location of the ventral medullary surface lesions
Photomicrographs of the ventral medulla, showing a lesion of the
medial VMS (A), middle VMS (B) and lateral VMS (C). Abbreviations: 7,
facial nucleus; pyr, pyramidal tract. Scale bar, 500 um.
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section. The distribution of Fos-like immunoreactive
(FLI) neurons at the ventral medullary surface was
plotted with the aid of a drawing tube attached
to the microscope (magnification x 40). Fos-positive
neurons were also photographed, using a digital camera
fixed to the microscope (magnification x 100), and
counted by eye at high magnification (x 200), in blind
conditions. VMS cell counts were obtained in several steps.
Firstly, cells were counted throughout the medulla, in
preparations superfused with oxygenated CSF and anoxic
CSE. Secondly, when experimental conditions were known,
we preferentially distinguished the rostro-caudal extents
of Fos-positive neurons in the three subdivisions of the
VMS in anoxic conditions: (i) lateral VMS, 400 um
from the rostral part of the facial nucleus (10 sections),
(ii) middle VMS, on 600 um from the rostral part of
the facial nucleus (15 sections), and (iii) medial VMS,
on 600 um from the rostral part of the facial nucleus
(15 sections). We then compared the number of neurons
in the same rostro-caudal areas in oxygenated and anoxic
conditions. For all other groups of preparations, low
Ca?*—high Mg*" superfusions (oxygenated and anoxic)
and preparations with middle VMS lesions (oxygenated
and anoxic), we analysed Fos labelling strictly at the
rostro-caudal levels defined at the outset. We counted
Fos-positive neurons on one entire side of the neuraxis
for the facial nucleus and over the entire area for the
raphe pallidus nucleus (RPa). We analysed differences
between the mean numbers of neurons per section and
per area (parts of the VMS, RPa and facial nucleus)
obtained in previously described situations, using one-way
analysis of variance (ANOVA) followed by Fisher’s post-hoc
least squares differences (PLSD) correction. Data were
considered significant if P < 0.05.

A1

Figure 3. Representative labelling illustrating |
changes in c-fos expression induced by anoxia

in conditions of active and reduced synaptic RPa
transmission

C-fos expression in medial VMS (a), middle VMS (b),
lateral VMS (c) and adjacent areas, under
oxygenated and anoxic conditions.
Photomicrographs showing FLI neurons in
oxygenated-low Ca?t—high Mg2* CSF (A1) and
anoxic-low Ca2* —high Mg?*+ CSF (A2). FLI neuron
distribution in preparations superfused with
oxygenated CSF (B1) and anoxic CSF (B2).
Abbreviations: 7, facial nucleus; RPa, raphe pallidus
nucleus; pyr, pyramidal tract. Scale bar, 500 um. RPa
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Respiratory parameter analysis. We determined control
values during the 10min preceding the test. Rf and
[ C4 were averaged over successive 5min periods and
expressed as a percentage of control values. We used this
procedure to evaluate (i) the mean effect of the lesions and
(ii) the mean effect of anoxic superfusion on respiratory
parameters. Only one exposure to anoxia was studied
for each preparation. The anoxic test was repeated with
several preparations to determine the mean effect on Rf
and f C4, and several comparisons were made. First, we
compared mean Rf and mean [C4 control values with
those obtained after lesioning. Second, we compared the
values obtained in anoxic conditions with control and
pre-anoxic values (the 10 min preceding the anoxic test)
for the three preparations with VMS lesions (medial,
middle and lateral parts of the VMS). Third, we compared
changes under anoxic conditions in mean Rf and mean
JC4 between the various types of preparation (each
preparation compared systematically with the others:
intact and lesioned preparations). We determined the
significance of any differences by Student’s paired t test
for the two first comparisons and by ANOVA followed
by Fisher’s PLSD correction for the third comparison.
Differences were considered significant if P < 0.05.

Results
c-fos expression in oxygenated and anoxic conditions

Under oxygenated conditions (n = 8), we observed basal
levels of c-fos expression in all parts of the VMS (medial,
middle and lateral), and in the adjacent RPa and facial
nucleus (Figs 3 and 4; Table 1). After superfusion of the
preparations with anoxic CSF (n=9), c-fos expression
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Table 1. C-fos expression in VMS and adjacent areas

Classic CSF Low Ca?*—high Mg?+ CSF Middle VMS lesion
Oxygenated Anoxic Oxygenated Anoxic Oxygenated Anoxic
n=8 n=9 n==6 n=28 n==6 n==6
a b a,c d e afg
Raphe pallidus nucleus 7.4+£20 5.5+0.8 6.8+ 0.4 6.9+0.5 82+13 8.8+0.6
n.s. n.s. n.s., n.s. n.s., n.s. n.s., n.s., n.s.
Medial VMS 3.1+03 6.8+0.3 27+0.2 29+03 26+05 25+0.2
P < 0.0001 n.s. n.s., P < 0.0001 n.s., n.s. n.s., P < 0.0001, n.s.
Perifacial RTN/pFRG VMS 15.3+ 0.6 29.1+2.0 15.8 £ 0.3 26.3+ 2.6 — —
P <0.03 n.s. P < 0.004, ns.
Middle VMS 85+0.38 19.4+2.38 9.8+04 15.8+2.8 — —
P < 0.005 n.s. P < 0.05, n.s.
Lateral VMS 6.8+ 0.4 9.7+ 1.1 6.0 0.3 10.5+0.7 59+0.9 11.2+0.6
P < 0.05 n.s. P < 0.0003, n.s. n.s., n.s. P < 0.0001, n.s., n.s.
Facial nucleus 71.6 £ 3.5 69.5 + 5.1 68.1 + 8.2 68.3 + 3.7 62.0 + 5.7 62.2 + 0.6
n.s. n.s. n.s., n.s. n.s., n.s. n.s., n.s., n.s.

Values are mean number (+ s.e.m.) of FLI neurons/section. a, indicates comparison between oxygenated and anoxic conditions for classic,
low CaZt—high Mg?t CSF and middle VMS lesion; b, indicates comparison between classic and low Ca2*—high Mg+ CSF oxygenated
conditions; ¢, indicates comparison between classic and low Ca2* —high Mg?* CSF anoxic conditions; d, indicates comparison between
classic-CSF and middle VMS lesion in oxygenated conditions; e, indicates comparison between low Ca?*—high Mg?t CSF and middle
VMS lesion in oxygenated conditions; f, indicates comparison between classic CSF and middle VMS lesion in anoxic conditions; g,
indicates comparison between low Ca2* —high Mg?* CSF and middle VMS lesion in anoxic conditions. n.s., not significant.

was found to have increased in all the parts of the
VMS. The number of Fos-positive neurons was 50%
higher in the lateral VMS on 400 um of rostro-caudal
extension (P <0.05) and about 130% higher in the
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middle VMS on 600 um of rostro-caudal extension
(P < 0.005) in anoxic than in oxygenated conditions. This
resulted in 90% higher levels of perifacial RTN/pFRG
c-fos expression (P < 0.03) in anoxic conditions. Besides,

Figure 4. Histograms showing the mean changes
in c-fos expression induced by anoxia in conditions
of active and reduced synaptic transmission

e Mean number of FLI neurons per section in the medial

(A), middle (B), lateral (C) and perifacial RTN/pFRG (E)
VMS in oxygenated and anoxic conditions, under
conditions of active and reduced synaptic transmission.
Significant changes induced by anoxic conditions are
indicated by * under intact synaptic transmission
conditions and # under reduced synaptic transmission
conditions (P < 0.05). Schematic diagram of a ventral

#
_ , | ,
% view of the brainstem and the two first segments of the

spinal cord (D) indicating the distribution of anoxic
Fos-positive neurons in the three parts of the VMS (a,
medial; b, middle and ¢, lateral in Fig. 2) in conditions of
active synaptic transmission (left) and reduced synaptic
transmission (right). 7, facial nucleus; V-XII, cranial
nerves; C1, C2, cervical ventral roots. Scale bar, 1 mm.
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c-fos expression was 120% higher in the medial VMS on
600 um of rostro-caudal extension (P < 0.0001; Figs 3B
and 4, Table 1) in anoxic than in oxygenated conditions.
By contrast, c-fos expression remained unchanged in the
adjacent RPa and facial nucleus (Fig. 3B, Table 1).

We reduced synaptic transmission by superfusing
preparations with a low Ca*"—high Mg?* CSE to
investigate whether the increase in c-fos expression in
the VMS was due to intrinsic neuronal properties
or to synaptic connections with O,-sensitive areas. In
oxygenated conditions, C4 activity decreased 6—-10 min
after synaptic transmission was reduced and was totally
abolished 11-15min later (n=9; Fig. 1). No change in
c-fos expression was observed in the VMS and adjacent
areas, the RPa and facial nucleus (n = 6; Figs 3A and 4,
Table 1). In conditions of reduced synaptic transmission,
the increase in c-fos expression induced by anoxia was
observed in the perifacial RTN/pFRG VMS (P < 0.004):
in the middle (P < 0.05) and lateral (P < 0.0003; Figs 3A
and4B-E, Tables 1, n = 8) parts. By contrast, noincrease in
c-fos expression was observed in the medial VMS (Figs 34,
and 4A and E, Tables 1, n = 8). We conclude that cells in
the perifacial RTN/pFRG VMS are directly sensitive to a
decrease in the O, content of mock CSFE.

Different respiratory control modes originating
in the VMS

Under control conditions, the
6.8 & 0.3 bursts min~".

mean Rf was

Effect of ventral medullary area lesions on baseline
respiratory parameters. We specifically lesioned the VMS
at three different lateral points of the medial axis: the
medial, middle and lateral parts of the VMS, as described
in the experimental protocols (Fig. 2). We then analysed
changes in respiratory parameters, to assess the effects
on respiration on these parts of the VMS, which show
an increase in c-fos expression in response to anoxia.
Mean lesion size was 240 £ 23 um, corresponding to the
destruction of ~60% of the lateral VMS showing an
increase in c-fos expression and ~40% of the middle
and medial VMS showing an increase in c-fos expression.
Lateral VMS lesions induced a decrease in the two
respiratory parameters evaluated — mean Rf and mean
JC4 — whereas lesions of the middle VMS induced only
a decrease in mean [C4 and lesions of the medial VMS
induced only an increase in mean Rf.

We therefore observed a decrease in mean Rf and mean
f C4 after lesioning of the lateral VMS (n=12). Mean
Rf and mean fC4 decreased to 84.4 +4.8% (P < 0.009)
and 89.8 & 3.4% (P < 0.04) of control values, respectively,
within 5 min of lesioning. No subsequent changes were
observed (mean Rf and mean [C4 were at 79.7 & 2.8%
(P < 0.0002) and 87.2 = 4.2% (P < 0.02) of control values,
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respectively, after 20 min). Lesioning of the middle VMS
was followed by a decrease in mean [C4, with no
significant change in Rf. Thus, mean ['C4 was 89.5 & 2.0%
of control values (P < 0.05) 5 min after lesioning of the
middle VMS (n = 23). We observed no significant change
after this time (mean f C4 was 83.4+2.4% of control
values after 20 min; P < 0.02).

Conversely, we observed an increase in mean Rf after
destroying the medial VMS, reaching 118.9 +5.5% of
control values 25 min after lesioning (P < 0.02; n=9).

Effect of ventral medullary area lesions on hypoxic central
respiratory adaptation. Inintact preparations,decreasing
the O, content of the mock CSF led to a decrease in mean
Rf, with no change in mean f C4 (n=15; Figs 5A and 6A).
Mean Rf started to decrease 6-10 min after the initiation
of superfusion with anoxic CSF (87.4 & 4.6% of control
values; P < 0.006) and reached 73.6 4= 3.1% of control
values (P < 0.0001) between 16 and 30 min after the onset
of anoxic conditions. Mean Rf returned to control values
during the recovery period.

The exposure to anoxia of preparations lesioned in the
middle VMS (n=11) and in the medial VMS (n=29)
rapidly resulted in an acceleration of respiratory rhythm
not observed in intact preparations (Figs 5B and C, 6B
and C, and 7). After the first 5 min of anoxia, mean Rf was
128.5 4 11.3% (P < 0.02) and 147.6 & 16.7% (P < 0.02)
of control values for preparations lesioned in the middle
VMS and in the medial VMS, respectively. Increases in
mean Rf were not significantly different (P <0.2) for
these preparations. Mean Rf remained higher over the
next 10 min (108.8 4= 11.4% of control values; P < 0.01)
in preparations with medial VMS lesions than in intact
preparations. During the rest of the period of exposure
to anoxia, mean Rf values were similar to those for intact
preparations, at 78.2 £4.2 and 87.7 £ 10.6% of control
values between 16 and 30 min of anoxia for preparations
with middle VMS and medial VMS lesions, respectively. As
for intact preparations, we observed no significant change
in mean [C4 for either of the two lesioned preparations
(Fig. 5Band C). Mean Rf returned to control values during
the recovery period.

Preparations with lateral VMS lesions (n=12)
had a different pattern of respiratory adaptation
to anoxic conditions than in intact preparations or
preparations with medial or middle VMS lesions (Figs 5D,
6D and 7), with mean Rf remaining significantly lower than
pre-anoxic values throughout the entire period of exposure
to anoxia (P < 0.05). Mean Rf decreased to 71.9 4= 4.0%
of control values (P < 0.0001) within the first 5 min of
anoxia, remaining unchanged in intact preparations and
increasing in preparations with lesions in the medial or
middle VMS. Over the next 5 min, mean Rf decreased to a
greater extent in these lesioned preparations (68.6 £ 5.2%
of control values, P < 0.0001) than in intact preparations.
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For the rest of the period of exposure to anoxia, the
decrease in mean Rf was similar to those for intact
preparations and preparations with medial and middle
VMS lesions (72.9+3.5% of control values after
16—30 min of anoxic conditions). Anoxic conditions did
not affect the mean f C4, which remained at the level
observed after lesioning (81.4 +6.1% of control values;
P < 0.008; Fig. 5D). Mean Rf returned to pre-anoxic values
during the recovery period.

Effect of the middle VMS lesion on c-fos expression in the
other parts of the VMS. Specific destruction of middle
VMS modified the pattern of c-fos expression induced by
anoxia in the medial VMS (Table 1).

On preparations with middle VMS lesions superfused
with oxygenated CSF (n = 6), we observed no change in
c-fos expression in the medial or lateral VMS or in the RPa
and facial nucleus. Superfusion of the preparations with
anoxic CSF (n = 6) increased c-fos expression only in the
lateral VMS (P < 0.0001). Thus, destruction of the middle
VMS abolished the increase in ¢-fos expression observed in
the medial VMS in the presence of an intact middle VMS.

Discussion

In this study, we identified hypoxia-sensing neurons in
the perifacial RTN/pFRG VMS. The RTN, located in
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the middle VMS, beneath the ventromedial part of the
facial nucleus (Ellenberger & Feldman, 1990), is known
to act as a chemoreceptor in CO, detection (Nattie,
1999; Mulkey et al. 2004; Guyenet et al. 2005a; Takakura
et al. 2006) and to express c-fos in rats exposed to
hypercapnia (Teppema et al. 1997; Okada et al. 2002).
The pFRG, located in the lateral VMS in its most
rostral part, beneath the ventrolateral part of the facial
nucleus, is a cluster of pre-inspiratory neurons recently
described in neonates and shown to be important in the
generation of respiratory rhythm, at least in neonates
(Mellen et al. 2003; Onimaru & Homma, 2003; Borday
et al. 2004; Janczewski & Feldman, 2006). Lesioning of
the lateral VMS, corresponding mostly to the most rostral
part of the pFRG (Onimaru & Homma, 2003), suggests
that this area generated anoxia-induced stimulation. By
contrast, lesioning of the middle VMS, housing the
RTN (Ellenberger & Feldman, 1990), abolished anoxic
excitation, possibly via a relay involving the medial VMS,
which is thought to be the PP (Connelly et al. 1989; Pelaez
et al. 2002; Stornetta et al. 2005).

General observations

Brainstem-spinal cord preparation. Experiments were
performed on brainstem—spinal cord preparationsisolated
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Figure 5. Anoxic central respiratory drive adaptation in intact preparations and preparations with VMS

lesions

Differences in anoxic respiratory drive adaptation in intact preparations (4), and preparations with medial (B),
middle (C) and lateral (D) VMS lesions. The column on the left corresponds to the pre-anoxic period (A1, B1, C1,
D1), the middle column corresponds to the first 10 min of anoxia (A2, B2, C2, D2) and the column on the right
corresponds to the recovery period (A3, B3, C3, D3). Int C4, integrated C4 activity (upper traces); C4, C4 activity

(lower traces); scale bar, 10's.
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en bloc from newborn rats; such preparations generate a
rhythmic activity closely resembling central respiratory
drive (Suzue, 1984). A P, gradient has been shown
to exist, but respiratory neurons have been assumed to
function under aerobic conditions (Brockhaus et al. 1993;
Okada et al. 1993). One advantage of the approach used
here is that this totally deafferented brainstem—spinal
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Figure 6. Changes in mean Rf induced by anoxia in intact
preparations and preparations with VMS lesions

Two different anoxic respiratory control modes exerted by the VMS.
Effect of exposure to anoxia (black bar) on mean Rf in intact
preparations (A), and preparations with lesions in the medial (B),
middle (C), and lateral (D) VMS. Each point corresponds to the average
for a 5 min recording period. * indicates a decrease in mean Rf with
respect to control values for all types of preparation (P < 0.05), #
indicates an increase in mean Rf with respect to intact preparations for
medial- and middle-lesioned preparations (P < 0.05), and § indicates a
decrease in mean Rf with respect to intact preparations for lateral
VMS-lesioned preparations (P < 0.05).
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cord preparation constitutes an appropriate model for
investigating central mechanisms involved in respiratory
adaptation to hypoxia. In previous studies (Okada et al.
1998; Bodineau et al. 20004, 2001; Voituron et al. 2005), as
in this report, brainstem—spinal cord preparations have
been shown to display a decrease in Rf in very low
O, conditions that is reversed by reoxygenation. Thus,
neurons subjected to anoxic conditions during the test
seem to be viable when transferred to control conditions.

C-fos expression analysis. C-fos is an immediate early
gene, and the detection of its product, Fos protein, is
classically used to identify neuronal populations involved
in specific respiratory responses in vivo (Teppema et al.
1997; Berquin et al. 2000; Bodineau & Larnicol, 2001;
Takakura et al. 2006) and in vitro (Bodineau et al. 2001;
Okada et al. 2002; Saadani-Makki et al. 2004; Voituron
etal. 2005). Although some neurons do not seem to express
the c-fos gene (Dragunow & Faull, 1989), this method has
proved useful for the determination of neural pathways,
suchasthose involved in respiratory rhythm adaptation. As
Fos protein may have a half-life of 90—100 min (Herdegen
& Leah, 1998), basal levels may be strongly affected
by the history of the preparation, including surgical
procedures, for example. We used a 30 min anoxia period,
corresponding to that used for the analysis of respiratory
adaptation to low O, conditions in brainstem—spinal cord
preparations (Okada et al. 1998; Bodineau et al. 2000a,
2001; Voituron et al. 2005). This period is long enough
for the induction of detectable changes in c-fos expression
in response to neuronal activation during the first minute
of exposure to anoxia (Morgan et al. 1987; Sagar et al.
1988; Herdegen et al. 1991). Indeed, it has been shown
that 5 min of stimulation are sufficient to induce changes in
c-fos expression, which are observed after a latent period of
15-20 min (Marina et al. 2002). Thus, the c-fos expression
changes observed in our study probably reflect changes
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Figure 7. Effect of VMS lesions on Rf at the start of exposure to
anoxia

Histogram showing the mean Rf of intact preparations (white bar), and
preparations with medial (black bar), middle (dark grey bar) and lateral
(light grey bar) VMS lesions for the first 5 min of exposure to anoxia.
# indicates an increase in mean Rf with respect to intact preparations
for medial VMS- and middle VMS-lesioned preparations (P < 0.05),
and 1 indicates a decrease in mean Rf with respect to intact
preparations for lateral VMS-lesioned preparations (P < 0.05).
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in neuronal activity occurring within the first 10 min
of respiratory adaptation to very low O, conditions. If
neurons anywhere in the brainstem—spinal cord present
changes in activity later in the period of exposure to anoxia,
these changes cannot be detected by c-fos analysis.

Lesioning experiments. Selective discrete lesions were
created throughout the VMS: in its medial, middle and
lateral parts. The areas destroyed were smaller than the
areas displaying changes in ¢-fos expression in response to
anoxia. The contribution of the VMS was thus minimized.
However, the destruction of ~60% of the lateral VMS and
~40% of the middle and medial VMS are sufficient to
alter certain respiratory parameters. The areas selectively
destroyed were neighbouring areas, raising the question
of the effects of neural damage in parts of the VMS
located in the vicinity of the lesion. Following lesioning
of the middle VMS, we observed no change in basal c-fos
expression in the neighbouring lateral or medial VMS,
suggesting that lesions do not affect adjacent parts of the
VMS. In addition, as electrolytic lesions destroy both pools
of neurons in the targeted region and axons of neural
pathways passing through the area, the interpretation of
results may be difficult. When the lateral VMS is lesioned,
some neuronal fibres originating from the A5 region may
also be destroyed. As previously demonstrated (Hilaire
et al. 1989, 2004), destruction of the A5 region induces an
increase in Rf by abolishing the moderator control exerted
by the noradrenergic A5 neurons. We demonstrate here a
decrease in Rfafter lesioning of the lateral VMS. It therefore
seems unlikely that the observed effect depends on the
destruction of these A5 neuronal fibres. The medial VMS
has been shown to be crossed by neurons descending from
the hypothalamic and midbrain structures (Beitz, 1995;
Simerly, 1995). In the brainstem—spinal cord preparation
studied here, which lacked supra-pontine areas, this
interruption of neural pathways is unlikely to be
responsible for the observed effects. It would also appear
unlikely that the possible destruction of connections
between the dorsal pons and the ventral column, passing
through the VMS, are responsible for the difference in
respiratory drive adaptation to very low O, conditions
because, as previously reported, no pontine regions seem
to be activated by anoxia in these in vitro conditions
(Voituron et al. 2005).

Hypoxia-sensing properties of the VMS

Very low O, conditions induced an increase in c-fos
expression in the VMS that was not affected by a decrease
in synaptic transmission in the perifacial RTN/pFRG VMS
and was abolished in the adjacent medial VMS. This
suggests that hypoxia is directly detected by cells in the
perifacial RTN/pFRG VMS.
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The molecular basis of direct central hypoxia detection
is unknown. Mulkey et al. (2004) recently identified
a pH-sensitive K* current contributing to the CO,
chemosensitivity of RTN neurons suggested by the results
of previous studies (Teppema et al. 1997; Li & Nattie, 2002;
Okada et al. 2002). Mulkey et al. (2004) and Guyenet
et al. (2005a,b) suggested that this current may involve
TASK channels. TASK channels have been implicated in
peripheral chemoreceptor functioning in both O,- and
pH-sensing mechanisms (Patel & Honore, 2001). They
may therefore be involved in the detection of hypoxia
by perifacial RTN/pFRG neurons, but this hypothesis
remains to be tested. Alternatively, the population
of hypoxia-sensing neurons may be different from
the population of CO,-sensing neurons. For example,
HERG-like K*, Kurp or Ca®*-activated KT channels are
thought to be involved in O, sensitivity (Overholt et al.
2000; Lépez-Barneo ef al. 2004; Mironov et al. 2005)
and may play a part in the hypoxia-sensing properties
of perifacial RTN/pFRG VMS. Alternatively, ATP, which
is released in the VMS, may be involved, leading to the
hypoxia-induced slowing of Rf (Gourine et al. 2005).
The possible involvement of such a mechanism in the
hypoxia-sensing properties of perifacial RTN/pFRG VMS
should also be considered.

Our results and those of previous studies (Teppema et al.
1997; Li & Nattie, 2002; Okada et al. 2002; Mulkey et al.
2004; Guyenet et al. 2005a,b; Kawali et al. 2006; Takakura
et al. 2006) suggest that perifacial RTN/pFRG VMS is a
major site for the chemical control of respiration. As it
innervates the region of the pre-Botzinger complex and the
rostral part of the ventral respiratory group (Pearce ef al.
1989; Smith et al. 1989; Weston et al. 2004 ), the perifacial
RTN/pFRG VMS may be a source of integrated chemical
drive playing a major role in respiratory adaptation to
hypoxic and hypercapnic conditions.

The lateral VMS, but not the adjacent middle
and medial VMS, stimulates respiration
in very low O, conditions

In oxygenated baseline conditions, bilateral lesions of
the lateral VMS decreased both Rf and [C4. These
findings are consistent with those of Onimaru & Homma
(2003). This positive influence on Rf is consistent with
the glutamatergic character of perifacial RTN/pFRG VMS
neurons (see Figs2H and 4 in Weston et al. 2004).
Similarly, bilateral destruction of the middle VMS, which
also contains glutamatergic neurons (Weston et al. 2004),
decreased [C4. This depressive effect of middle VMS
lesions suggests that the positive respiratory influence of
this region linked to its reported CO,-sensing properties
(Nattie, 1999; Mulkey et al. 2004; Guyenet et al. 2005a)
affected only [C4 in our experimental conditions. By
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contrast, bilateral lesion of the medial VMS increased Rf,
suggesting that medial VMS neurons inhibit respiratory
rhythm generation. This is consistent with the GABAergic
nature of these neurons (Weston et al. 2004; Stornetta et al.
2005).

In anoxic conditions, lesions of the middle or medial
VMS revealed an early acceleration of Rf not observed
in intact preparations, whereas lesions of the lateral VMS
accentuated the decrease in Rf in anoxic conditions. We
suggest that the early anoxic stimulation caused by lesions
of the middle or medial VMS is linked to the activation
of intact lateral VMS neurons. Lateral VMS neurons
increase Rf during anoxia through direct sensitivity to
hypoxia.

The medial VMS causes anoxic depression
and eliminates anoxic excitation

As previously reported, the in vitro hypoxic decrease in Rf
was accompanied by an increase in c-fos expression in the
middle and medial VMS in the presence of active synaptic
transmission (Bodineau et al. 2001; Voituron et al. 2005).
This is consistent with in vivo studies performed in
adult cats and rats showing that this part of the VMS
is involved in central respiratory hypoxic adaptation
(Bodineau et al. 2000b; Bodineau & Larnicol, 2001). RTN
neurons in the middle VMS increase their firing rate
during hypoxia, reaching a maximum level at the start
of hypoxic respiratory depression, suggesting that strong
RTN excitation depends on the activation of central
hypoxic mechanisms (Bodineau et al. 2000b).
Furthermore, central CO hypoxia, which caused a
steady decrease in O, delivery to tissues without activating
peripheral O, chemoreceptors, increases c-fos expression
in the middle and medial VMS (Bodineau & Larnicol,
2001). As anoxia did not change c¢-fos expression in
medial VMS neurons following the reduction of synaptic
transmission in vitro, the activation of these neurons
may require intact synaptic transmission. Neuronal
activation in the medial VMS, which is thought to be the
PP (Connely et al. 1989; Berquin et al. 2000; Pelaez et al.
2002; Stornetta et al. 2005), may be driven by excitation of
the hypoxia-sensing neurons of the middle VMS. Indeed,
we found that selective destruction of the middle VMS
abolished the increase in c-fos expression in the medial
VMS in anoxic conditions. In this way, tracing studies
might provide evidence of medial VMS neuron activation
by the contralateral middle VMS neurons (Cream et al.
2002). In addition, the perifacial RTN/pFRG VMS is
the only region in brainstem—spinal cord preparations
that displays an increase in c-fos expression in anoxic
conditions and is likely to activate medial VMS neurons
(Bodineau et al. 2001; Voituron et al. 2005). An alternative
possibility is the presence of hypoxia-sensing neurons

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

Ventral respiratory medullary areas and hypoxia 65

that do not express the c-fos gene in anoxic conditions, in
another brainstem region.

The hypoxia-sensing neurons of the middle VMS are
glutamatergic and project onto the pre-Botzinger complex
(Weston et al. 2004). Our data suggest that they exert
a negative effect on central respiratory drive in anoxia.
The excitatory pathway described by Weston et al. (2004)
is therefore unlikely to be responsible for the observed
effect. It is more likely that middle VMS neurons excite
the medial VMS neurons responsible for moderating Rf
(Fig. 8). This hypothesis is supported by the following
observations: (i) similar respiratory responses to anoxia
were observed following selective destruction of the
middle and medial VMS; (ii) selective destruction of the
middle VMS abolished the increase in c-fos expression in
the medial VMS in anoxic conditions; (iii) projections
from the middle VMS to the medial VMS have been
observed (Cream et al. 2002); (iv) projections from the
medial VMS to the rostral ventral respiratory group have
been observed (Holtman et al. 1990); and (v) the detection
of GAD-67 mRNA is consistent with the GABAergic nature
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Figure 8. Schematic diagram showing the possible involvement
of superficial ventral respiration-related structures in hypoxic
respiratory adaptation

The lateral and middle parts of the VMS (perifacial RTN/pFRG area) are
thought to have hypoxia-sensing properties, whereas no such
properties are ascribed to the medial part of the VMS. In low O,
conditions, lateral VMS neurons seem to exert a direct positive
influence on respiratory drive. By contrast, the middle and medial VMS
neurons seem to co-operate in the decrease in respiratory drive
observed in anoxic conditions. Hence, the possible direct influence of
the middle VMS, as suggested by previous studies (Weston et al.
2004), is overcome by the moderating effect of the middle/medial
VMS.
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of the medial VMS neurons (see Fig. 2B in Weston et al.
2004; Stornetta et al. 2005). Serotoninergic medial VMS
neurons have been described (Erickson & Millhorn, 1994;
Stornetta et al. 2005), and may be involved in hypoxic
respiratory adaptation. Nevertheless, this seems unlikely
here because, as previously reported, serotoninergic
systems are not involved in hypoxic respiratory adaptation
in brainstem—spinal cord preparations (Cayetanot et al.
2001). As anoxic c-fos expression in the middle and lateral
VMS is similar in the presence of reduced and active
synaptic transmission, medial VMS inhibition is unlikely
to have a direct effect on perifacial RTN/pFRG somata
neurons (Fig. 8). Medial VMS neurons may directly inhibit
ventral respiratory neurons and/or perifacial RTN/pFRG
axonal excitatory projections by presynaptic modulation.
Finally, the suggested hypoxic coupling between the
middle and medial VMS has no effect on the previously
reported strong hypercapnic respiratory stimulant effect
of the middle VMS (Guyenet et al 2005a). This
apparent discrepancy may be due to two different
middle VMS neuron populations. Further studies on the
molecular basis of hypoxia detection should clarify this
point.

In conclusion, our study identifies perifacial RTN/pFRG
VMS hypoxia-sensing neurons, and a trans-synaptic
activated area, the medial VMS. Specific lesioning
experiments suggest that these areas have different roles,
atleast in neonates. Middle VMS lesioning revealed anoxic
excitation as effectively as medial VMS lesioning. As the
increase in c-fos expression in the medial VMS seems to
depend on the presence of the middle VMS, we suggest that
the excitatory middle VMS neurons (Weston et al. 2004)
are responsible for activating the medial VMS neurons,
thereby mediating hypoxic inhibition. In the absence of
the middle VMS, the intact hypoxia-sensing neurons of the
lateral part of the VMS fully stimulate respiratory drive.
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