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Abstract

All neuronal networks are modulated by multiple neuropeptides and biogenic amines. Yet, few
studies investigate how different modulators interact to regulate network activity. Here we
explored the state-dependent functional interactions between three excitatory neuromodulators
acting on neurokininl (NK1), alphal noradrenergic (a1 NE) and 5-HT2 serotonin receptors (5-
HT2) within the Pre-Bétzinger complex (pre-Bo6tC), an area critical for the generation of
breathing. In anesthetized, /n vivo mice the reliance on endogenous NK1 activation depended on
spontaneous breathing frequency and the modulatory state of the animal. Endogenous NK1
activation had no significant respiratory effect when stimulating raphe magnus and/or locus
ceruleus, but became critical, when a1l NE and 5-HT2 receptors were pharmacologically blocked.
The dependence of the centrally generated respiratory rhythm on NK1 activation was blunted in
the presence of a1 NE and 5-HT2 agonists as demonstrated in slices containing the pre-B6tC. We
conclude that a modulators’ action is determined by the concurrent modulation and interaction
with other neuromodulators. Deficiencies in one neuromodulator are immediately compensated by
the action of other neuromodulators. This interplay could play a role in the state-dependency of
certain breathing disorders.
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Introduction

Neuromodulators play critical roles in regulating every aspect of neuronal activity. Their
functional roles are typically identified by employing a variety of pharmacological and
genetic approaches aimed at activating or blocking the action of a specific neuromodulator
and characterizing the resulting functional consequences (Ptak et al., 2000; Ptak et al., 2002;
Pena and Ramirez, 2004; Duangdao et al., 2009; Hodges et al., 2009; Jansen et al., 2009;
Ward and Walker, 2009). However, the functional outcome of a given manipulation, be it
the activation or the deletion of a neuromodulator or ion channel is often more complex than
expected. This is most evident in genetically manipulated animals in which unexpected
results are often attributed to compensatory mechanisms (Telgkamp et al., 2002; Hilaire et
al., 2003; Swensen and Bean, 2005; Ortinski et al., 2006; Higuchi et al., 2008). The
introduction of conditional gene knockouts (Benavides et al., 2007; Djukic et al., 2007) or
the recent development of approaches such as the use of allatostatin in genetically modified
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mammalian networks helped to overcome some of the difficulties in interpreting the
potential influence of long-term compensatory mechanisms (Tan et al., 2008; Wehr et al.,
2009; Zhou et al., 2009). However, a major conceptual problem in assessing the role of
specific modulators or specific ion channel is the fact that neurons and networks are never
controlled by single types of ion channels, receptors and neuromodulators. Instead, neuronal
activity is typically the result of a complex orchestration involving multiple ion channels,
multiple receptors and multiple neuropeptides and biogenic amines (Thoby-Brisson and
Simmers, 1998; Doi and Ramirez, 2008; Grashow et al., 2009) and this orchestration is
state-dependent (Nadim et al., 2008). Thus, manipulating or lesioning a single type of ion
channel, receptor or neuromodulator will have unexpected effects, due to the interference
with multiple regulatory systems and the state of the animal. In fact, it may be wrong to
assume that any neuronal function depends on a single modulator, receptor or ion channel.
The multitude of regulatory processes is a fundamental biological property and
understanding how multiple receptors, ion channels and neuromodulators are functionally
integrated is of great basic scientific and clinical relevance.

Unfortunately, only few studies directly investigate the role and interaction between
different modulators and receptor subtypes (Peck et al., 2006; Stein et al., 2007; Fadok et al.,
2009; Grashow et al., 2009). Here, we explored the converging influence of three excitatory
neuromodulators on the mammalian respiratory network. The respiratory rhythm is
generated within the ventrolateral side of the brainstem distributed between the pontine
respiratory group (PRG), pre-Botzinger complex (pre-BotC) and rostral ventral respiratory
group (rVRG) (Onimaru and Homma, 2003; Feldman and Del Negro, 2006; Smith et al.,
2007). The pre-Botc is essential for generating rhythmic breathing activity (Achard et al.,
2005), and is thought to play a role in generating different forms of inspiratory activities
(Lieske et al., 2000).

Respiratory rhythm generation depends on classical neurotransmitters, such as amino acids,
and acetylcholine, biogenic amines (Pena and Ramirez, 2002; Pagnotta et al., 2005; Shao
and Feldman, 2005; Viemari and Ramirez, 2006), and neuropeptides (Bianchi et al., 1995).
The release of these neuromodulators varies by awake/sleep/anesthetized states
(Dringenberg and VVanderwolf, 1998; Brown et al., 2001; Ursin, 2002; Berridge and
Waterhouse, 2003). Here, we investigate the role of Substance P (SP) in relation to
norepinephrine and serotonin. Our study suggests that the relative contribution of these
modulators depends on network state, and the state-dependency of the network is partly
determined by the interplay between these neuromodulators.

The transverse slice preparation

Brain stem transverse slice preparations from CD1 mice (P6-P10, Charles River
laboratories)were obtained using a technique described in detail previously (Ramirez et al.,
1996). The most important steps are summarizedhere. Experimental procedures were
approved by the Institutional Animal Care and Use at the Seattle Children’s Research
Institute. Mice were deeply anesthetized with ether and decapitated. Isolated brainstems
were then placed in ice-cold artificial cerebrospinalfluid (aCSF) bubbled with carbogen
(95% 0,-5% CO»). The aCSFcontained (in mM): 128 NaCl, 3 KCl, 1.5 CaCl,, 1 MgCl,, 24
NaHCO3, 0.5 NaH,POy4, and 30 D-glucose (pH 7.4). Brainstems were glued rostral end-up
onto an agar block for mounting into a vibratome (Leica Microsystems, Waukegan, IL).
Brainstems were serially sliced untilthe rostral boundary of the pre-Bétc (Smith et al., 1991)
was identified by anatomical landmarks suchas disappearance of the facial nucleus, and the
first appearance of theinferior olive, the nucleus ambiguous, and hypoglossal nucleus. A
single 500-680 pwm-thick slice was then taken. Because theslices also contained regions
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caudal to the pre-Botc, we refer tothe region encompassed in the slice as the ventral
respiratory group (VRG). Slices were transferred into a recording chamber, continuously
superfused with oxygenated aCSF, and maintained at a temperature of 30 + 0.5°C. To
initiate and maintainfictive respiratory rhythmic activity the potassium concentration of the
perfusate was raised from 3 to 8 mM over 30 min (Ramirez et al., 1996; Tryba et al., 2003).

In vivo anesthetized mouse preparation

CD1 mice (P15-23) were anesthetized with urethane (1.5 g/kg). The electrical signal of the
hypoglossal nerve and/or the electromyography (EMG) of intercostal muscles were
recorded. Mice were placed in a supine position and the head was fixed with a stereotaxic
apparatus. The neck of the mice was opened from the ventral side, the trachea was cut and
plastic Y-shaped tubing for supplying oxygen was inserted into the proximal end of the
trachea (cannulation). The bone of the skull covering the ventral brainstem was partially
removed with small scissors and forceps. In this preparation, the reverse Y-shaped basilar
artery and the branches of the hypoglossal nerve could be observed. The dura and arachnoid
membrane were removed to expose the ventral medulla. The surface of the ventral medulla
was continuously perfused with 95% 02-5% CO2 equilibrated aCSF solution at 30 + 0.5°C.
In all cases, 100% oxygen was supplied through cannulation without artificial ventilation.

Electrical measurements

Extracellular recordings—In the transverse slice preparation, population activity
recordings were obtained with suction electrodes positioned on the surface of the
ventrolateral region containing the pre-Botc. Signals were amplified 2,000x, filtered (low-
pass, 1.5 kHz; high-pass, 250 Hz), rectified, and integrated using an electronic filter (time
constant of 30-50 ms). Integrated population activity from the VRG was always in phase
with integrated inspiratory activity of the hypoglossal motor nucleus (Telgkamp and
Ramirez, 1999). All recordings were stored on a personal computer using pClamp software
(Version 9.2, Molecular Devices Corporation, Sunnyvale, CA) and analyzed off-line using
customized analysis software written with IGOR Pro and Mini Analysis (Wavemetrics, Lake
Oswego, OR and Synaptosoft Inc, FortLee, NJ) (Viemari and Ramirez, 2006). Burst
amplitude, frequency and duration were detected and calculated automatically and manually.
An irregularity score was determined for each cycle by applying the following formula for
consecutive cycle length value: Sn = 100*ABS (Pn — Pn-1)/Pn-1 with Sn = score of the nth
cycle, Pn = period of the nth cycle, Pn-1 = period of the cycle preceding the nth cycle, ABS
= the absolute value (Barthe and Clarac, 1997). Detected values were automatically sorted
into tables that were imported into Excel and graphics programs (Corel Draw). These values
were also used to analyze regularity of the VRG population.

Extracellular hypoglossal nerve or electromyography (EMG) recordings from
intercostal muscles in anesthetized mice—A glass monopolar suction electrode (tip
diameter 100-200 p.m) held in a micromanipulator was used to record from the hypoglossal
nerve. Without cutting the hypoglossal nerve, the suction electrode was placed on the nerve.
Extracellular signals were recorded using a patch-clamp amplifier (HEKA EPC8, HEKA
Electronic, Lambrecht-Pfalz, Germany). A teflon covered Ag bipolar electrode was used for
EMG recordings. The skin over the abdominal and intercostal area on the right side was
partially removed, and the bipolar electrode was placed on the surface of the intercostal
muscle. Signals were AC amplified and band pass filtered (8Hz to 3kHz)

Electrical stimulation of Raphe magnus and Locus ceruleus—After mice were
full anesthetized and immobilized, concentric bipolar stimulation electrodes (TM53CCINS,
World Precision Instruments, FL) were inserted to both Raphe magnus (RM) and Locus
ceruleus (LC) from the ventral side of the medulla. Electrical stimulation for both nuclei
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employed repetitive rectangular pulses (duration, 1ms; intensity, 10-100A). Because of the
large electrical stimulus artifacts created while RM and/or the LC were stimulated, it was
impossible to record activity from the hypoglossal nerve during electrical stimulation. EMG
activity was very stable and much less affected by the artifacts caused by electrical
stimulation. We therefore recorded EMG from intercostal muscle as a measure of breathing
activity for these stimulation experiments.

Drug application

Slice preparation—In slice preparations, a perfusion system was employed which
allowed rapid drug applications within 5 sec, using a modification of the “Y-tube technique”
(Murase et al., 1990). The Y-tube technique uses both negative vacuum pressure and
gravity. The Y-shaped tube is created from polyethylene tubing bent into a V-shape, with a
small hole made at the curve end, into which a short segment of thinner polyethylene tubing
was inserted and affixed with silicon-based glue, forming the tip of the Y-tube. One end of
the V-shaped tubing was connected to the test aCSF reservoir by silicon tubing. Separate
control and test solution reservoirs were held 50 cm above the level of the Y-tube tip, so that
solution flowed from the Y-tube tip by gravity. The other end of the VV-shaped tubing was
connected to a drain bottle through an electrical valve (Series 075T, Bio-Chem Inc,
Boonton, NJ). Constant negative pressure (6.77PSI) was maintained in the drain bottle by
the vacuum pump (VPO435A, MEDO USA Inc, Hanover, IL). Closing the valve to the
drain bottle allowed the flow of perfusate by gravity (10ml/3min), whereas opening the
valve closed this flow. The system was used as follows. The tip of the Y-tube was
positioned at a distance 1-2 mm from the pre-Botc. For control perfusions, the input end of
the Y-tubing was placed in the control aCSF reservoir, with the drain valve closed. To apply
drugs, the input end of the Y-tubing was removed from the control aCSF reservoir, wiped on
tissue paper and transferred to the test aCSF reservoir. The difference of temperature
between control and test aCSF was measured to be constant within £ 0.3 °C

Microinjection studies in in vivo anesthetized mice—Micro syringes (Hamilton
micro-syringe No. 80330) with 33-gauge needles contained neurokininl (NK1) receptor
antagonist (100pM RP67580 1pL) or a1l noradrenergic (a1l NE) receptor antagonist (60LM
prazosin 0.5uL) or cocktail of NE receptor antagonist (a1l NE antagonist 30,M prazosin,
a2 NE antagonist 1M yohimbine, BNE antagonist 30p.M alprenelol total 0.6p.L) and/or 5-
HT2 serotonin (5-HT2) receptor antagonist (ketanserin 80tM 0.5.L) were positioned with
micro manipulators (KITE, World Precision Instruments, FL). The needles of the micro
syringes were inserted into the right pre-Botc from the ventral side. During hypoglossal
nerve recording or intercostal EMG recordings, these antagonists were microinjected into
the right pre-Botc at a rate of 0.3 pL/min. We did not attempt to perform bilateral needle
injections to limit the damage to the pre-Bétc which would have compromised respiratory
rhythm generating mechanisms.

Identification of drug injection and electrical stimulation sites in in vivo
preparations—Anodal electrolytic lesions were made by DC currents (500LA) to mark
the stimulation sites. Evans blue (Sigma 0.1j.L) was injected into the pre-Botc to label NK1
antagonist injection sites. After electrophysiological recordings were completed, mice were
deeply anesthetized with supplemental urethane. Then, transcardial perfusions with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PBS), pH 7.4, were performed. The
medulla was removed and immersed overnight in 4% PFA with 30% sucrose. The medulla
was subsequently cut into 50m sections on a cryostat and stained with cresyl violet.

Drugs: The following drugs were used in this study: SP (Tocris Cookson), [Sar®?,
Met(0,)11]-SP (Sar, Met-SP, Tocris Cookson), (3aR,7aR)-Octahydro-2-[1-imino-2-(2-
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methoxyphenyl) ethyl]-7, 7-diphenyl-4H-isoindol (RP67580, Tocris Cookson), GR82334
(Tocris Cookson), (2S,3S)-3-[[3,5-bis (Trifluoromethyl) phenyl] methoxy]-2-
phenylpiperidine hydrochloride (L733060, Tocris Cookson), N-Acetyl-L-tryptophan 3,5-bis
(trifluoromethyl) benzyl ester (L732138, Tocris Cookson), 1-(4-Amino-6,7-dimethoxy-2-
quinazolinyl)-4-(2-furanylca rbonyl) piperazine hydrochloride (prazosin, Tocris Cookson),
3-(2-[4-(4-Fluorobenzoyl)-1-piperidinyl (ketanserin, Sigma-RBlI, St. Louis, MO),  NE
antagonist alprenolol 30M 2-[(2-Cyclopropylphenoxy) methyl (cirazoline hydrochloride,
Sigma-RBI, St. Louis, MO), ()-2,5-Dimethoxy-4-iodoamphetamine hydrochloride, (x)-D
O I, ( £)-1-(2,5-Dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride (DOI
hydrochloride, Sigma-RBlI, St. Louis, MO). All drugs were initially dissolved in
dimethylsulfoxide (DMSO, Sigma-RBI) or distilled water and were mixed to final
concentrations in aCSF. The final concentration of DMSO was below 0.3%in the aCSF.

Statistical analysis: Data were analyzed with SPSS and StatView software (SPSS 8.0,
SPSS Inc, Chicago, IL) and StatView-J5.0 (Adept Scientific Inc, Acton, MA). Burst
frequency and irregularity score were assessed by Wilcoxon signed rank test as a paired
non-parametric statistical test. The Mann-Whitney U-test was utilized for unpaired non-
parametric statistical analysis. In other cases, a one-way ANOVA was used forrepeated
measurements on the same subjects, followed by Tukey’sor Bonferroni tests for multiple-
comparison analysis. Statistical significance was assumed to be significant if p < 0.05.
Deviations from the mean are given in SE.

Endogenous SP release consistently activates respiratory activity in slice preparations
containing the pre-Boétc

The endogenous SP release and tonic NK1 receptor activation were characterized in isolated
transverse slice preparations containing the pre-Bétc. SP and the NK1 agonist Sar, Met-SP,
increased extracellularly recorded rhythmic population activity in a dose dependent manner
(Fig. 1), while NK1 receptor-specific antagonists, RP67580, L733060, L732138 and
GR82334 produced an inhibitory effect on respiratory frequency in a dose dependent
manner (Fig. 2 and supplemental fig. 1). The inhibitory effects of RP67580 on population
activity was confirmed in reduced pre-Bétc island preparations (Fig. 3), suggesting that the
source for endogenous SP release is contained within the pre-Bétc region.

Inhibition of respiratory rhythm by NK1 antagonist in hemilateral pre-Bdtc depends on the
breathing rate in anesthetized whole animals

We next investigated the effects of endogenous NKZ1 receptor activation within the pre-Bétc
on spontaneous breathing rhythms using anesthetized in vivo mice. In a series of
experiments, we directly delivered the specific NK1 antagonist RP67580 by focal
hemilateral injection into the pre-Botc region (Fig. 4A and B), while monitoring respiration
in a hypoglossal nerve recording. Control needle insertions and aCSF injections (1pnL) into
the right pre-Boétc had no significant effect on respiratory activity (Fig. 4C). Injection of the
NK1 antagonist RP67580 (100M, 1pL) in the same location significantly decreased both
the rate (Fig. 4D, E and supplemental fig. 2) and regularity of respiratory rhythm (Fig. 4G).
However, in contrast to the in vitro experiments, the effect on the respiratory rhythm was not
as consistent and we observed that blocking NK1 receptor had striking effects in some, but
not all animals. Indeed, we found a significant correlation between the degree of inhibition
on respiratory rate and initial breathing rate (Fig. 4F). This effect was most notable for slow
initial breathing rates less than 2 Hz. We observed no significant correlation between NK1
antagonist-dependent decreases in irregularity score and initial breathing rate (Fig. 4H). We
hypothesize that spontaneous breathing rates of ~2 Hz and those below 2Hz reflect different
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modulatory states of the respiratory network, determined by other excitatory
neuromodulators.

To address this hypothesis, we manipulated the modulatory state of the respiratory network
using various pharmacological and electrophysiological approaches targeted at the pre-Botc.

In one series of experiments, we only used anesthetized mice with an initial spontaneous
respiratory rate of 2 Hz. Prior to injecting NK1 antagonist into the pre-Bétc, we pre-injected
antagonists of both a1 NE receptors (prazosin, 60pM 0.5p.L), and 5-HT2 receptors
(ketanserin, 80ptM 0.5u.L) into the same hemilateral site in the pre-Botc (Fig. 5A and B).
The combined injection of both prazosin and ketanserin decreased both the frequency and
regularity of respiratory rhythms. These results suggest that tonic activation of both [?]1 NE
receptors and 5-HT2 receptors within the pre-Bétc is required for the maintenance of both
high respiratory frequency and regularity. In the absence of tonic [?]1 NE and 5-HT2
receptor activation, subsequent injection of NK1 receptor antagonist further reduced
respiratory rate (Fig. 5B, C and D). This shows that endogenous activation of NK1 receptors
becomes critical for respiratory rhythm generation when [?]1 NE and 5-HT2 receptor
activation is decreased and baseline respiratory rate is low.

Electrical stimulation of Locus ceruleus (LC) and Raphe magnus (RM) blocks the effect of
NK1 receptor antagonist

We next performed ipsilateral electrical stimulation of locus ceruleus (LC) and raphe
magnus (RM) in combination with hemilateral injection of NK1 antagonist within the pre-
Botc, in semi-intact mice to investigate how increased aminergic drive influences the
dependency on endogenous NK1 activation. In the central nervous system, the LC and RM
provide the main sources for NE and 5-HT, respectively (Mason, 2001; VanderHorst and
Ulfhake, 2006). Both these nuclei provide strong projections to the pre-Botc (Bianchi et al.,
1995). Under control conditions, electrical stimulation of either LC or RM increased the
frequency of the breathing activity, in an intensity dependent manner (Fig. 6A, B and C,
electrical stimulation for 10 sec). Electrical stimulation-induced facilitation of respiration
was acute and reversible, suggesting that the effect was due to the neuronal stimulation and
not due to a collateral structural damage (Fig. 6D). In all of the five examined cases, the
actual increase in breathing rate caused by the simultaneous LC and RM stimulation was
smaller than the sum of the rate increases expected from the experiments in which LC and
RM were stimulated separately (Fig. 6E).

After injection of the NK1 receptor antagonist into the pre-Bétc (Fig. 7D, 2nd trace),
electrical stimulation of either LC or RM nuclei facilitated the respiratory rhythm (Fig. 7D,
3rd and 4th traces).

The respiratory frequency reduced by the NK1 receptor antagonist returned to control levels
following stimulation of LC and/or RM (Fig. 8A, B, D, E, G and H). Stimulation of LC and/
or RM significantly reduced also the breathing irregularity caused by the NK1 antagonist.
However, the regularity of the respiratory rhythm did not fully return to control levels (Fig.
8C,Fand ).

Electrical stimulation of LC induces endogenous release of NE and acts on NE receptors
presumably in the pre-Botc

To investigate the mechanisms underlying the facilitation of the respiratory rhythm by LC
electrical stimulation (Fig. 6), we compared the increase of the respiratory frequency in the
presence and absence of NE receptor antagonists. The cocktail injection of NE receptor
antagonists (a1 NE antagonist prazosin 30.M, a2 NE antagonist yohimbine 1uM and p NE
antagonist alprenolol 30iM, total 0.6p.L) into the hemilateral pre-Botc decreased the
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frequency and increased the irregularity score (Fig. 9A, D and E * p < 0.05, n = 5). Under
this condition, further LC stimulation enhanced the respiratory frequency (Fig. 9B).
However, the facilitation induced by LC electrical stimulation in the presence of NE
antagonists was significantly lower than the facilitation induced in the absence of NE
antagonists (Fig. 9F, * p < 0.05, n = 5). These results suggest that tonic activation of al, a2
and B NE receptors contributes to an increase in respiratory frequency and regularity, that
LC stimulation induces endogenous release of NE, and that the endogenous NE release
seems to activate NE receptors within the pre-Bétc.

Electrical stimulation of RM facilitates endogenous release of 5-HT and activates 5-HT2
receptor in the pre-Boétc

To explore the mechanisms underlying the increase of the respiratory rhythm by RM
electrical stimulation (Fig. 6), we compared the RM-induced frequency increase in the
absence and presence of a 5-HT2 receptor antagonist. The injection of the 5-HT2 receptor
antagonist ketanserin (80M, 0.6pLL) into the hemilateral pre-Botc decreased the frequency,
but did not significantly increase the irregularity score (Fig. 10A, D and E * p < 0.05, n = 8).
Under these conditions, further RM stimulation enhanced the respiratory frequency (Fig.
10B). However, the RM-evoked respiratory facilitation in the presence of the 5-HT2
receptor antagonist was significantly lower than the facilitation evoked in the absence of the
antagonist (Fig. 10F, * p < 0.05, n = 8). These results suggest that tonic activation of 5-HT2
receptor increases respiratory rhythm, that RM stimulation induces the endogenous release
of 5-HT, and that endogenous 5-HT release seems to activate 5-HT2 receptors within the
pre-Botc.

Activation of al NE receptors or 5-HT2 receptors masks the inhibitory effect of NK1
antagonists on respiratory activity in the slice preparation

Our in vivo data suggested that the modulation of respiratory frequency by endogenous NK1
receptor activation is dependent on the interaction with [?]1 NE and 5-HT2 receptors (Fig.
5). We next examined whether this is also the case under in vitro conditions. We
pharmacologically manipulated these receptors using the NK1 receptor antagonist L733060,
the [?]1 NE receptor agonist cirazoline, and the 5-HT2 receptor agonist DOI. Pretreatment
with either of these drugs, suppressed the inhibitory effects of the NK1 antagonist (3 [?]M
L733060) on frequency and regularity of the respiratory rhythm (Fig. 11B and C, ns, n = 5).
These results suggest that, also in the reduced slice preparation the activation of [?]1 NE and
5-HT2 receptors can mask the effects of endogenous NK1 receptor activation.

Discussion

Our study indicates that the dependency of the respiratory rhythm on endogenous SP release
and tonic NK1 receptor activation is partly determined by the interaction with other
excitatory neuromodulators. Respiration depends on endogenous NK1 receptor activation
only at low breathing frequency (below 1.5Hz) or at decreased a1 NE and/or 5-HT2
receptor activation. At high breathing rates (about 2Hz) or when locus ceruleus or raphe
magnus are stimulated, NK1 activation is not essential for regulating breathing frequency.

However, it must be emphasized that respiratory rhythm generation will depend also on
numerous other neuromodulators. Endogenously released NE from the A5 region and LC
bind both a1 and a.2 NE receptors that contribute to respiratory rhythm generation (Hilaire
et al., 2004). These nuclei also contain acetylcholine acting on m3 Ach receptors in the pre-
Botc (Shao and Feldman, 2005). Serotonin released from RM will also activate 5HT4 and
5HT7 receptors known to exert Gs protein mediated excitatory effects on the respiratory
rhythm (Manzke et al., 2003; Kvachnina et al., 2005). RM stimulation might also release
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CCK and TRH (Ellenberger and Smith, 1999; Hodges and Richerson, 2008). Moreover,
orexin originating from hypothalamus might enhance LC and RM activity (Bernard et al.,
2003; Tao et al., 2006; Dias et al., 2009). Thus, it is likely that these and many other yet
unidentified modulatory actions will contribute to respiratory rhythm generation. To
appreciate the complexity of neuromodulation, it is insightful to learn from the elegant
studies performed in a small crustacean neuronal network (Nusbaum, 2002; Thirumalai and
Marder, 2002; Birmingham et al., 2003; Peck et al., 2006).

We focused on the concurrent modulation of NK1, a1l NE and 5HT2 receptors, because all
three receptors presumably act on Gg/11 proteins, and possibly converge on common
downstream targeted channels. Here, we demonstrated that stimulating LC and RM
facilitates release of NE and 5HT respectively. These neuromodulators bind to NE and
5HT2 receptors within the pre-Boétc (Fig. 9 and 10). The effects caused by stimulating LC
and RM were not additive (Fig. 6E), suggesting the involvement of common downstream
targets. These targets could include e.g. TRPM4/5(Crowder et al., 2007), TRPC3/7 (Ben-
Mabrouk and Tryba, 2010), NALCN (leak Na*) (Lu et al., 2009) and TASK (leak K*)
channels (Hodges and Richerson, 2008).

The localization, physiological and pharmacological properties of NK1 receptors in the pre-
Botc are well established and NK1 receptor abundance defines the pre-Boétc (Gray et al.,
1999; Guyenet et al., 2002; Liu et al., 2004; Morgado-Valle and Feldman, 2004; Hayes and
Del Negro, 2007; Fong and Potts, 2008). However, in the brainstem SP and NK1 receptors
are also expressed in the nucleus of solitary tracts (NTS), raphe nucleus and nucleus
ambiguus (Colin et al., 2002; Guyenet et al., 2002; Leger et al., 2002). These nuclei have
connections within the ventral respiratory group (VRG) which includes not only the pre-
Bétc (Bianchi et al., 1995; Zec and Kinney, 2003). To reduce the possibility of endogenous
SP diffusing from NTS and raphe, we characterized the NK1 effects also in pre-Bétc island
preparations (Fig. 3). Although, suggestive for a direct pre-Botc effect, SP may be released
also from SP-containing active presynaptic terminals from areas including NTS, raphe, or
nucleus ambiguus (Guyenet et al., 2002). This applies not only to the island but to all in
vitro slices irrespective of size and thickness; pre-synaptic terminals from other areas may
still be active and effective. Thus, we can not exclude the possibility that some effects
caused in this study (in vivo and in vitro) were mediated by areas other than the pre-Bétc.

Blocking endogenous NK1 activation affected respiratory frequency and regularity. The
frequency decreased by approximately 30% in response to NK1 antagonists, suggesting that
endogenous NK1 activation contributes only partly to the regulation of the respiratory
frequency. LC and RM stimulation was capable of restoring the respiratory frequency and
also reducing respiratory irregularity /n vivo. But, some irregularity remained. By contrast,
exogenously applied a1l NE and 5-HT2 agonists were capable of fully restoring respiratory
frequency and regularity /n vitro. A possible explanation is that LC and RM stimulation
caused more complex modulatory effects and the release of different modulators that
together could partly oppose the full recovery of the regularity. It could also be that the
electrical stimulation of LC and RM was not sufficiently strong to cause sufficient
neuromodulator release to fully compensate for the irregularity. However, to avoid
unspecific effects, we did not attempt to further increase the current injected into LC and
RM. Hence some irregularity remained in the stimulation experiments, while the
pharmacological application of specific agonists in the more reduced in vitro network
sufficed to fully restore frequency and regularity.

Although, pacemaker and non-pacemaker neurons were not intracellularly recorded in the
present study, it is known that substance P (Pena and Ramirez, 2004), serotonin (Pena and
Ramirez, 2002), and NE (Viemari and Ramirez, 2006) endogenously modulate respiratory
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neurons and differentially alter two types of bursting mechanisms described within the pre-
Botzinger complex: bursting that depends on the activation of the calcium-activated non-
specific cation current (Ican, TRPM4,5, Pena et al., 2004; Crowder et al., 2007) and
bursting that relies on the persistent sodium current (Inap) (Del Negro et al., 2002; Pena et
al., 2004). These inward currents as well as some outward currents such as the TASK
channel are present not only in pacemaker neurons, but also in many non-pacemaker
neurons and are thought to contribute to the amplification of synaptic transmission and
rhythm generation (Ramirez et al., 1996; Del Negro et al., 2002; Crowder et al., 2007;
Koizumi et al., 2010). Following blockade of Inap With riluzole, NE causes irregularities and
a break-down of respiratory rhythm generation. By contrast, the respiratory rhythm remains
stable following blockade of Ican (Viemari and Ramirez, 2006). This finding suggests that
Inap is critical for the modulatory effect on the regularity of the respiratory rhythm. Given
that Inap-dependent bursting is also modulated by NK1 and 5-HT2A receptor activation
(Pena and Ramirez, 2002, 2004; Ramirez et al., 2004) this mechanism could be involved in
some of the modulatory effects described in the present study. However, to substantiate this
hypothesis, further studies will be necessary that specifically address the convergent
endogenous modulation of respiratory nonpacemakers, pacemakers and their bursting
mechanisms. But, it is important to emphasize that the modulatory effects described in the
present study are likely more complex.

The electrical stimulation of LC and RM will also activate fibers of passage. Moreover,
neurons in LC and RM release not only NE and serotonin, but also other neuromodulators
that are co-localized in these neurons. Serotonergic neurons from raphe pallidus, raphe
magnus and raphe obscurus project to the pre-Botc (Paterson et al., 2009), and serotonin co-
localizes with SP in presynaptic terminals within the pre-Bétc (Hodges and Richerson, 2008;
Ptak et al., 2009). 5-HT- and SP-containing neurons in raphe obscurus project and excite
neurons in the pre-Botc (Ptak et al., 2009). Indeed, large proportions of 5-HT cell bodies in
the raphe region of the lower medulla contain SP (Hokfelt et al., 2000). Thus, if both 5-HT
and SP co-exist within the broad area of raphe nuclei, it is likely that both molecules may be
released not only from raphe obscurus, but also raphe magnus and raphe pallidus.
Immunohistological evidence suggests that some substance P in the pre-Bdétc appears to co-
localize with glutamatergic, serotonergic and also GABAergic presynaptic terminals
(Ribeiro-da-Silva and Hokfelt, 2000; Liu et al., 2004).

While generally accepted that NK1 receptor activation is involved in breathing, its relative
importance remained uncertain. Newborn NK1 receptor knockout mice do not exhibit
significant changes in the respiratory rhythm (Ptak et al., 2000). In light of the present study,
these results are not surprising, since the other excitatory neuromodulators remained
presumably active in these mutant mice and were thus able to compensate for the loss of
NK1 activation.

Injections aimed at selectively destroying NK1 receptor-immunoreactive (NK1R-ir) neurons
using SP-saporin (SP-SAP) had dramatic breathing effects (Gray et al., 2001; Wang et al.,
2003; McKay et al., 2005). But this approach lesions NK1R-ir neurons which eliminates not
only NK1R activation, but presumably also the very neurons that receive convergent
noradrenergic and serotonergic inputs. Interestingly, when these animals fell asleep they
stopped breathing altogether (McKay et al., 2005; McKay and Feldman, 2008). Our results
provide a possible explanation for this state-dependency: during sleep NE and 5HT
activation is low, thus rendering the network more sensitive to the loss of neuromodulatory
drive.

Our studies may have also important clinical implications. For example mutations of the
Mafb gene in mice cause respiratory arrest at birth, and result in the loss of about one-third
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of the NK1 positive cells in the pre-Bétc (Blanchi et al., 2003). Similar human mutations
may be discovered that link respiratory insufficiencies and susceptibilities to sudden infant
death syndrome (SIDS) and sleep apnea. In case of SIDS, there is increasing evidence for a
role for 5-HT (Paterson et al., 2006; Rand et al., 2007; Broadbelt et al., 2009; Kinney et al.,
2009; Duncan et al., 2010). SIDS (and also sleep apnea) occurs predominantly during sleep,
when aminergic and presumably also SP levels are reduced. Only in such a reduced
modulatory state is the respiratory network critically dependent on an individual
neuromodulator, as suggested here for the dependency on SP. In the awake state, it is
unlikely that a disruption of a single excitatory neuromodulator will have much of a critical
effect, since the modulatory state is relatively high. This may explain why children that later
died of SIDS have apparently no breathing problems during the day. Thus, understanding
the convergence of different neuromodulators is not only an interesting basic scientific issue,
but will also be important for gaining insights into the neurobiology of breathing disorders.

It is well established that gasping critically depends on persistent sodium dependent
pacemaker neurons. This was originally shown in vitro (Pena et al 2004) and subsequently
confirmed in vivo (Paton and St-John, 2007; Pena and Aguileta, 2007). However, whether
gasping, depends on a single neuromodulator (in this case 5-HT) as suggested by in vitro
experiments (Tryba et al., 2006) or on multiple modulators as suggested by an in situ
preparation (Toppin et al., 2007) remains unknown. Further studies will be necessary to
investigate how the state-dependency of these neuromodulatory systems is affected under
hypoxic conditions both in vitro and in vivo. Moreover, it will also be important to unravel
how gasping, sighs and apneas, are simultaneously controlled by neuropeptides (SP),
noradrenergic and serotonergic systems in the intact animal, and how they change during
postnatal development (Pena et al., 2008), interesting questions that go beyond the scope of
the present study.

Another interesting observation is that conditional KO mice for 5-HT exhibit dramatic
respiratory disturbance and excessive mortality when lesioned in neonates (Ptak et al.,
2009), while the same manipulation had much less dramatic effects in more mature mice
(Ptak et al., 2009). This difference could be explained by the differential maturation of other
modulatory systems (Murrin et al., 2007) and/or the respiratory rhythm generating network
(Pena et al., 2008).

Thus, our study emphasizes the importance of considering the convergence of different
excitatory neuromodulators when interpreting the outcome of gene knock-outs or when
considering the consequences in a patient that is missing one critical neuromodulator.
Patients may appear normal during wakefulness, but reveal irregularities at sleep, when
modulatory tone is low.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exogenous application of either SP or NK1 agonist facilitates respiratory population

activity recorded in medullary slice preparation containing the pre-Botc

Effects of substance P (SP) and NK1 agonist, Sar, Met-SP on respiratory rhythmic activity

recorded in a portion of the VRG containing the pre-Botc in vitro. A, B: Two traces of
integrated activity obtained from extracellular population activity recorded from the surface

of a portion of the VRG that contains the pre-Botc. Upward deflections reflect bursts of
fictive inspiratory activity. Note the application of 30nM SP (A) and 100nM Sar, Met-SP

(B) facilitates respiratory activity. C, D: Graphs indicating that SP (C) and Sar, Met-SP (D)

enhance respiratory rhythmic activity in a dose dependent manner (Collected number is

shown in each bar graph).
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Figure 2. Endogenous SP release activates NK1 receptors in medullary slice preparation
containing the pre-Botc

A, C: Integrated activity obtained from extracellular population activity recorded from the
surface of a portion of the VRG containing the pre-Botc. Increasing concentrations of the
NK1 antagonists RP67580 (A) and L733060 (C) cause an increased inhibitory effect on
rhythmic population activity (traces). B, D: Graphs indicating that RP67580 (B) and
L733060 (D) inhibit the frequency of respiratory rhythmic activity (ordinate) in a dose
dependent manner (abscissa; * p < 0.05, Number is shown in each bar graph). The frequency
values were normalized to the control frequency obtained before the application of the NK1
antagonists (= 100%).
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Figure 3. Endogenous SP activation persists in pre-Bétc island preparation

The effect of the NK1 antagonist on respiratory population activity recorded from a pre-Bétc
island slice. A: Schematic of a transverse slice (left schematic) which is used to isolate an
island slice (right schematic) that contains the pre-Bétc and a minimal amount of
surrounding tissue. B: Integrated population activity obtained from extracellular activity
recorded from the surface of a portion of the VRG containing the pre-Bétc under control
conditions (upper trace) and following the application of the NK1 antagonist RP67580
(lower trace). C, D: The application of the NK1 antagonist RP67580 decreases significantly
the frequency (C) and increases the irregularity of respiratory rhythmic activity (D). The
irregularity is expressed as the “irregularity score” as explained in Materials and Methods
(white bar: control, grey bar: 1uM RP67580, n = 5).
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Figure 4. The inhibitory effect of NK1 antagonist on respiratory activity depends on the
breathing frequency in the anesthetized animal

The effect of NK1 antagonist on respiratory activity in /7 vivo mice. A: Identification of the
injection site by Evans blue, which was injected together with the NK1 antagonist (left
panel). Right panel shows the tract of a single needle that was inserted into the pre-Botc
from the ventral side. B: Schematic of the medulla indicating that all injection sites were
located in the ventral medulla in the area of the pre-Botc. C: Graph indicating that the needle
insertion (white bar) and the injection of saline (green bar) have no significant effect on
respiratory activity. D: Extracellularly recorded XII activity in control (upper trace) and
following the injection of NK1 antagonist into the hemilateral pre-Botc (lower trace). E: The
injection of the NK1 antagonist (RP67580, 100iM 1pL) modulates the respiratory
frequency (* p < 0.05, n = 16). F: Scatter plot illustrates a direct relationship between the
percent change in respiratory frequency (ordinate) and the baseline breathing frequency of
the animal before the injection of the antagonist (abscissa). The percent change in
respiratory frequency describes the percentage frequency decrease caused by the NK1
antagonist compared to the control frequency before the antagonist injection. Note: the
inhibitory effect of the NK1 antagonist depends significantly on the control breathing
frequency in the anesthetized animal (y = 31.96 x —=74.11, R? = 0.633). G: The injection of
NKZ1 antagonist increases the irregularity score (* p < 0.05). H: Scatter plot illustrates that
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there is no significant relationship between the irregularity score (ordinate) and the baseline
respiratory frequency (abscissa) (y = —24.4 x —83.5, R2 = 0.11).
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Figure 5. The modulatory role of NK1 receptors depends on the activation of al NE and 5-HT2
receptors
A: Schematic illustrating the experimental protocol used for examining the relationship
between NK1, a1 NE and 5-HT2 receptors. B: EMG activity recorded from intercostal
muscles under control conditions (upper trace), following the injection of the NK1
antagonist (RP67580, second trace), control conditions of other case (3rd trace), following
the injection of a cocktail containing prazosin and ketanserin (4th trace) and following the
additional injection of the NK1 antagonist (lower trace). C, D: The effects of the NK1
antagonist (grey bars) on respiratory frequency (C) and irregularity score (D) of the
respiratory frequency is enhanced following the concurrent injection of al NE and 5-HT?2
antagonists (red bars). Inset in panel C illustrates that blocking of both a1 NE and 5-HT2
receptors decreases the respiratory frequency, indicated as a negative percentage change (red

dots).
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Figure 6. Electrical stimulation of LC or RM facilitates respiratory activity in an intensity
dependent manner
A: EMG activity obtained from intercostal muscles under control condition (upper trace), in

the presence of O A LC stimulation (2nd trace), 10nA LC stimulation (3rd trace), 20nA LC
stimulation (4th trace), 30pA LC stimulation (5th trace), 30pA RM stimulation (6th trace)
and 30pA LC plus RM stimulation (lower trace). B, C: Bar graphs illustrating that electrical
stimulation of LC (pink bar) and/or RM (blue bar) increase respiratory activity in an
intensity dependent manner (B and C: * p < 0.05). D: Graph illustrating that the effect on
respiratory activity is completely reversible upon termination of the stimulation (pink bar:
LC, blue bar: RM stimulation). E: Graph illustrating the percent increases in respiratory
frequency caused by separate LC stimulation (pink bar) and RM stimulation (blue bar), the
sum calculated from the sum of each of these separate stimulations, and the actual increases
caused by the simultaneous stimulation of LC and RM. Each dot represents a stimulation
experiment. Experiments conducted in the same animals are connected by lines.
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Figure 7. Electrostimulation of locus ceruleus (LC) or raphe magnus (RM) blunts inhibitory
effects of NK1 receptors

A: Schematic illustrating the experimental protocol for the electrical stimulation of LC (pink
bars) and RM (blue bars) in the absence and presence of NK1 antagonist (grey bar). B, C:
Stimulation sites of LC (B, pink circles) and RM (C, blue circles) were labeled at the end of
each experiment by injecting a high current amplitude into the stimulation electrode
(Anatomical labeling is indicated by arrows in the histological sections shown in B and C).
D: EMG activity obtained from intercostal muscles under control conditions (upper trace),
during the injection of the NK1 antagonist (2nd trace), during electrical stimulation of LC
while injecting the NK1 antagonist (3rd trace) and during RM electrical stimulation while
injecting the NK1 antagonist (lower trace).
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Figure 8. Effects of electrical stimulation of LC and/or RM on the frequency and regularity

changes caused by NK1 antagonists

A, D and G: The inhibitory effect of the NK1 antagonist on respiratory frequency is

abolished by electrical stimulation of LC (A, * p < 0.05 and ns; no significance, n = 6), RM
(D, * p<0.05and ns, n =6) or both (G, * p <0.05 and ns; no significance, n = 5). B, E and
H: Scatter plots illustrating the relationship between percent change in respiratory frequency

(ordinate) and baseline respiratory frequency (abscissa) before manipulating the

preparations. The ordinate reflects the percentage change in frequency compared to the
control frequency (= 100%) in any given preparation. Note the electrical stimulation of LC
and/or RM significantly reduces the irregularity score caused by the NK1 antagonist, but
does not fully recover the regularity when compared to control conditions (C, Fand I: * p <

0.05).
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Figure 9. Electrical stimulation of LC induces endogenous release of NE and acts on NE
receptors presumably within the pre-Boétc

A: Integrated EMG activity obtained from intercostal muscle under control conditions
(upper trace) and following the injection of a cocktail of NE antagonists containing prazosin
(30pM), yohimbine (1.M) and alprenolol (30 M, total 0.6LL, lower trace). B: EMG
activity recorded during LC stimulation under control conditions (upper trace) and following
the injection of the cocktail containing NE antagonists (lower trace). C-E: Bar graphs
illustrating the effects of NE antagonists on integrated respiratory amplitude (C, ns, n =5),
frequency (D, * p < 0.05) and regularity of respiratory frequency (E, * p < 0.05). F, G: Bar
graphs illustrating that LC stimulation (pink bars) affects only respiratory frequency (F, * p
< 0.05, n = 5), but not the regularity of the frequency (G, irregularity score, ns) under control
conditions (white bars) and following the injection of the cocktail containing NE antagonists
(red bars).
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Figure 10. Electrical stimulation of RM facilitates endogenous release of 5-HT and activates 5-
HT2 receptor presumably in the pre-Botc

A: Integrated EMG activity obtained from intercostal muscle under control conditions
(upper trace) and following the injection of the 5-HT2 antagonist (ketanserin 80M, 0.6.L,
lower trace). B: EMG activity recorded during RM stimulation under control conditions
(upper trace) and following the injection of ketanserin (lower trace). C—E: Bar graphs
illustrating the effects of ketanserin on integrated EMG amplitude (C, ns, n = 8), frequency
(D, * p <0.05) and regularity of respiratory frequency (E, ns). F, G: Bar graphs illustrating
that RM stimulation (blue bars) affects respiratory frequency (F, * p < 0.05, n = 8) and the
regularity of the frequency (G, irregularity score, * p < 0.05) under control conditions (white
bars) and following the injection of ketanserin (green bars).
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Figure 11. Interactions between NK1, al NE and 5-HT2 receptors in slice preparations

A: Integrated activity obtained from population activity recorded extracellularly from the
surface of a portion of the VRG containing the pre-Boétc. Note the slice exhibited
spontaneously normal respiratory activity (small upward deflections) as well as large
amplitude deflections that reflect fictive sigh activity (Lieske et al. 2000). Integrated activity
was recorded in the presence of the a 1NE agonist cirazoline before (upper trace, white bar)
and during the application of the NK1 antagonist L733060 (2nd trace, grey bar), as well as
in the presence of the 5-HT2 agonist DOI before (3rd trace, green bar) and during the
application of the NK1 antagonist L733060 (4th trace, grey bar). B, C: Bar graphs
quantifying the effects on frequency (B) and irregularity score (C) under the conditions
before (white bars) and during the application of the NK1 antagonist (3xM L733060; black
bars). The bar graphs from left to right illustrate the effects of the NK1 antagonist under
control conditions, in the presence of 1uM cirazoline, 1uM DOI, and 0.3uM DOI plus
0.3uM cirazoline (bar graphs from left to right, * p < 0.05, n = 5).
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