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Abstract 46 

Transient receptor potential channel, TRPM4, the putative molecular substrate for Ca2+-activated 47 

non-selective cation current (ICAN), is hypothesized to generate bursting activity of pre-Bötzinger 48 

complex (pre-BötC) inspiratory neurons and critically contribute to respiratory rhythmogenesis. 49 

Another TRP channel, TRPC3, which mediates Na+/Ca2+ fluxes, may be involved in regulating 50 

Ca2+-related signaling including affecting TRPM4/ICAN in respiratory pre-BötC neurons. 51 

However, TRPM4 and TRPC3 expression in pre-BötC inspiratory neurons and functional roles 52 

of these channels remain to be determined. We show, by single-cell multiplex RT-PCR, mRNA 53 

expression for these channels in pre-BötC inspiratory neurons in rhythmically active medullary 54 

in vitro slices from neonatal rats and mice. Functional contributions were analyzed with 55 

pharmacological inhibitors of TRPM4 or TRPC3 in vitro as well as within mature rodent 56 

arterially-perfused in situ brainstem-spinal cord preparations. Perturbations of respiratory circuit 57 

activity were also compared with those by a blocker of ICAN. Pharmacologically attenuating 58 

endogenous activation of TRPM4, TRPC3, or ICAN in vitro similarly reduced the amplitude of 59 

inspiratory motoneuronal activity without significant perturbations of inspiratory frequency or 60 

variability of the rhythm. Amplitude perturbations were correlated with reduced inspiratory 61 

glutamatergic pre-BötC neuronal activity monitored by multi-cellular dynamic calcium imaging 62 

in vitro. In more intact circuits in situ, the reduction of pre-BötC and motoneuronal inspiratory 63 

activity amplitude was accompanied by reduced post-inspiratory motoneuronal activity, without 64 

disruption of rhythm generation. We conclude that endogenously activated TRPM4, which likely 65 

mediates ICAN, and TRPC3 channels in pre-BötC inspiratory neurons play fundamental roles in 66 

respiratory pattern formation, but are not critically involved in respiratory rhythm generation. 67 

  68 
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Significance Statement 69 

Biophysical mechanisms generating the timing and patterning of rhythmic respiratory 70 

movements in mammals remain largely undefined. Calcium signaling-based theories for 71 

respiratory rhythm generation incorporating calcium-activated non-selective cation currents 72 

(ICAN), postulated to be a type of transient receptor potential channel TRPM4, have been 73 

proposed but remain unproven. Here, we revealed that TRPM4 and TRPC3 channels are present 74 

and functionally active in rodent brainstem respiratory neurons including within the inspiratory 75 

rhythm-generating circuits of the pre-Bötzinger complex. However, we established that these 76 

channels are not fundamentally involved in rhythm generation, but critically contribute to the 77 

formation of respiratory motor patterns. These results help resolve the longstanding debate in the 78 

field about the contributions of ICAN to rhythm and pattern generation in respiratory circuits. 79 

 80 

 81 

  82 
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Introduction 83 

Members of the transient receptor potential (TRP) channel superfamily, which mediate cationic 84 

current fluxes and control cell excitability and intracellular signaling, are involved in diverse 85 

aspects of brain function. Here we investigated roles of two subtypes of TRP channels— TRPM4 86 

of the melastatin TRPM channel family and TRPC3 of the canonical TRPC channel family— in 87 

generating respiratory motor activity in the rodent brainstem-spinal cord. We established that 88 

these channels are expressed at the molecular level in populations of respiratory interneurons and 89 

motoneurons, they are endogenously activated during circuit activity, and these channels have a 90 

fundamental role in respiratory motor pattern generation. 91 

Prominent, but unproven, Ca2+-based theories involving TRPM4 have been proposed for 92 

respiratory rhythm generation (Mironov, 2009; Del Negro et al., 2010) by excitatory neurons in 93 

the mammalian brainstem pre-Bötzinger complex (pre-BötC), the established locus of 94 

interneurons in the medulla critical for inspiratory rhythm generation (Smith et al., 1991; 95 

Feldman and Del Negro, 2006). TRPM4, known to be a Ca2+-activated TRP channel (see 96 

Guinamard et al., 2014 for review), is postulated to be the molecular substrate of Ca2+-activated 97 

non-selective cation current (ICAN) in respiratory neurons (Crowder et al., 2007; Del Negro et al., 98 

2010). TRPM4-mediated ICAN is proposed to be importantly involved in rhythm generation by 99 

functionally coupling activity-dependent intracellular Ca2+ signaling to neuronal depolarization 100 

and rhythmic neuronal activity generation (Del Negro et al., 2010; Guinamard et al., 2010). 101 

Previous studies (e.g., Koizumi and Smith, 2008) have shown that the rhythmically active 102 

neurons in pre-BötC circuits as well as neurons in downstream rhythmic drive transmission 103 

circuits exhibit large transient increases of intracellular Ca2+, potentially mediating TRPM4/ICAN 104 

channel activity, during each respiratory cycle. TRPC3, on the other hand, is not directly 105 
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activated by Ca2+, but mediates Na+/Ca2+ fluxes, and as a proposed Ca2+ store-operated channel, 106 

may be involved in regulating neuronal Ca2+-related signaling (Talavera et al., 2008; 107 

Birnbaumer, 2009; Guinamard et al., 2013), potentially affecting TRPM4/ICAN in respiratory 108 

neurons. The role of TRPC3-mediated cationic currents/Ca2+-related signaling in generating 109 

respiratory neuron activity has not been investigated. 110 

TRPM4 and TRPC3 channels have been identified by mRNA/protein expression in tissue 111 

harvested from the mouse pre-BötC region (Crowder et al., 2007; Ben-Mabrouk and Tryba, 112 

2010), although not demonstrated to be expressed in functionally identified respiratory neurons. 113 

Here we examined, by single-cell RT-PCR, expression of TRPM4 and TRPC3 mRNA in 114 

functionally identified glutamatergic, glycinergic, and GABAergic inspiratory pre-BötC neurons 115 

and also inspiratory motoneurons. We also examined neuronal channel expression by antibody 116 

labeling in the pre-BötC region and motor nuclei. We then investigated if these channels 117 

contribute to respiratory circuit activity by pharmacological experiments with the selective 118 

channel inhibitors 9-phenanthrol for TRPM4 (Guinamard et al., 2014) and 3-pyrazole for TRPC3 119 

(Kiyonaka et al., 2009) in both neonatal rat and mouse slice preparations with rhythmically 120 

active pre-BötC and respiratory motor circuits in vitro. Comparative analyses for these two 121 

species was important because there are numerous studies on respiratory rhythm and pattern 122 

generation using rats (e.g., Gray et al., 2001; Onimaru and Homma, 2003; Koizumi and Smith, 123 

2008) or mice (e.g., Thoby-Brisson and Ramirez, 2001; Pena et al., 2004; Del Negro et al., 124 

2005), so it is necessary to establish commonality of Ca2+-based mechanisms for respiratory 125 

rhythm and pattern generation. We also analyzed perturbations of pre-BötC excitatory circuit 126 

activity by dynamic Ca2+ imaging of inspiratory glutamatergic pre-BötC neurons with a 127 

genetically-encoded Ca2+ sensor (Chen et al., 2013) in transgenic mice. We show that amplitudes 128 
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of inspiratory pre-BötC neuronal activity, and the correlated amplitudes of motoneuronal output 129 

in vitro, are significantly reduced by TRPM4 and TRPC3 channel inhibitors. The 130 

pharmacological profile of inspiratory activity attenuation by inhibiting TRPM4 activation 131 

matched that with another proposed blocker of ICAN (flufenamic acid, FFA), consistent with the 132 

concept that TRPM4 mediates ICAN (Launay et al., 2002). In all cases, the attenuation of 133 

inspiratory circuit activity occurred without significant perturbations of the frequency of the 134 

inspiratory rhythm. 135 

We also demonstrate critical involvement of TRPM4 and TRPC3 channels in regulating 136 

the amplitude of pre-BötC population activity and motor output patterns in more intact 137 

respiratory circuits active in arterially perfused brainstem-spinal cord in situ preparations from 138 

mature rats and mice. The reduction, by the channel inhibitors, of pre-BötC and motoneuronal 139 

inspiratory activity amplitude recorded electrophysiologically was accompanied by reductions of 140 

post-inspiratory motoneuronal activity. These amplitude perturbations also occurred without 141 

disrupting rhythm generation. In general, our results indicate that endogenous activation of these 142 

two types of TRP channels are involved in generating respiratory motor patterns, but critically 143 

not rhythm generation, in both neonatal and mature rodents. 144 

 145 

 146 

  147 
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Materials and Methods 148 

Animal procedures 149 

All animal procedures were approved by the Animal Care and Use Committee of the authors’ 150 

Institute. 151 

 152 

Immunohistochemical labeling of TRPM4 and TRPC3 channels 153 

We examined fluorescence antibody labeling for TRPM4 and TRPC3 channels to identify 154 

channel expression in pre-BötC neurons in neonatal and mature rats and mice. In addition, we 155 

examined channel expression in relation to specific neurotransmitter phenotypes of neurons 156 

within the pre-BötC, Bötzinger complex (BötC), and rostral ventral respiratory group (rVRG) 157 

regions. We used transgenic Cre-driver mouse strains crossed with Cre-dependent reporter 158 

transgenic strains to express fluorescent protein (tdTomato) in excitatory or inhibitory neurons by 159 

the cell type-specific promoters (Gong et al., 2007) vesicular glutamate transporter type-2 160 

(VgluT2) or glycine transporter type-2 (GlyT2): VgluT2-tdTomato for glutamatergic neurons, 161 

and GlyT2-tdTomato for glycinergic neurons. The VgluT2-tdTomato strain was produced by 162 

crossing a VgluT2-ires-Cre strain (Slc17a6tm2(cre)Lowl/J, IMSR Cat# JAX: 016963, RRID: 163 

IMSR_JAX: 016963, Jackson Laboratories) with a Cre-dependent tdTomato reporter strain 164 

[B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, also called Ai9(RCL-tdT), IMSR Cat# JAX: 165 

007909, RRID: IMSR_JAX: 007909, Jackson Laboratories]. The GlyT2-tdTomato mouse line 166 

was produced by crossing a GlyT2-Cre line [B6.FVB(cg)-Tg(Slc6a5-cre)KF109Gsat/Mmucd, 167 

MMRRC Cat# 036055-UCD, RRID: MMRRC_036055-UCD, MMRRC, UC Davis] with the 168 

Ai9(RCL-tdT) line. In each of these double transgenic lines, we analyzed co-labeling by TRPM4 169 

or TRPC3 channel antibody in neurons pre-labeled with tdTomato to identify expression of each 170 
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channel in glutamatergic or glycinergic neurons. 171 

 The medulla oblongata from neonatal and mature rats or mice was fixed in 4% 172 

paraformaldehyde (wt/vol) in phosphate-saline buffer, cryoprotected overnight at 4°C in 30% 173 

sucrose, 0.1 M PBS solution, and sectioned coronally (25 or 50 μm) with a freezing microtome. 174 

For fluorescent immunohistochemistry, floating sections were incubated with 10% donkey serum 175 

in PBS with Triton X-100 (0.3%) and subsequently incubated for 48 – 72 hours at room 176 

temperature with the following primary antibodies: polyclonal rabbit anti-TRPM4 (ab63080, 177 

Abcam Cat# ab63080, RRID: AB_956418, 1:1000) and polyclonal rabbit anti-TRPC3 (ACC-178 

016, Alomone Labs Cat# ACC-016, RRID: AB_2040236, 1:200). We verified the specificity of 179 

these TRPM4 and TRPC3 antibodies by confirming the absence of immunoreactivity in the 180 

mouse medullary tissue sections with the primary antibody that was preincubated for 1 hour at 181 

room temperature with saturating concentrations (10:1) of the antigenic blocking peptide 182 

(TRPM4: ab65597, Abcam, TRPC3: ACC-016, Alomone Labs). We also note that the specificity 183 

of the same TRPM4 and TRPC3 antibodies as those we used has been confirmed in a TRPM4 184 

knockout mouse (Schattling et al., 2012) and a TRPC3 knockout mouse (Feng et al., 2013), 185 

respectively. Individual sections were then rinsed with PBS and incubated for 2 hours with the 186 

secondary antibody (donkey anti-rabbit, Dylight 647). Individual sections were mounted on 187 

slides and covered with an anti-fading medium (Fluoro-Gel; Electron Microscopy Sciences). 188 

Fluorescent labeling of neurons was visualized with a laser-scanning confocal imaging system 189 

(Zeiss LSM 510). Motoneurons were identified by antibody labeling for choline acetyltransferase 190 

(ChAT) (goat anti-ChAT, Millipore Cat# AB144, RRID: AB_90650, 1:200; donkey anti-goat-191 

Dylight 488, 1:500). TRP channel expression in cell bodies of interneurons was identified by the 192 

presence of channel immuno-reactivity without ChAT antibody labeling. All images were 193 
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color/contrast enhanced and adjusted with a thresholding filter in Adobe Photoshop. 194 

 For tallying the numbers of TRPM4 or TRPC3 channel antibody-labeled neurons in adult 195 

(3 – 5-month-old) transgenic mice with glutamatergic or glycinergic neurons labeled with 196 

tdTomato fluorescent protein as presented in Results, we counted labeled neurons within a region 197 

(300 – 400 μm diameter depending on animal size, ventral to the nucleus ambiguus) in the 198 

coronal plane of 25 μm-thick tissue sections obtained from within the pre-BötC, BötC, or rVRG 199 

regions on both sides of the medulla. The locations and rostro-caudal extent of each region was 200 

defined from our established anatomical criteria based on previous electrophysiological 201 

recording/cell activity mapping studies (e.g., Koizumi et al., 2016) as well as the present 202 

neuronal population activity recordings in the adult transgenic mouse in situ brainstem-spinal 203 

cord preparations. The anatomical criteria included the location, in the ventrolateral medullary 204 

reticular formation, of the BötC region at the levels of the compact division of nucleus ambiguus 205 

(NAc), the pre-BötC region at the levels of the semi-compact division of NA (NAsc), and the 206 

rVRG region extending from near the level of obex to the caudal end of the pre-BötC. The 207 

rostro-caudal dimension of the pre-BötC region was ~350 μm, the BötC region was ~550 μm, 208 

and the rVRG region was ~500 μm in the 3 – 5-month-old adult mice used for the analysis. We 209 

selected 4 – 6 of the coronal sections from each region so that sections at different levels clearly 210 

within the region were included for the bilateral cell counting, and our sample included sections 211 

from both the caudal and rostral half of each region to produce the regional tally of labeled 212 

neurons presented. 213 

 214 

Rhythmically active medullary slice preparations in vitro 215 

Rhythmically active transverse slices of the medulla oblongata that contained the pre-BötC and 216 
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rostral end of the hypoglossal (XII) motor nucleus with intact XII nerve rootlets (Smith et al., 217 

1991; Koizumi et al., 2013) were cut from neonatal [postnatal day 1 to 5 (P1 to P5)] Sprague-218 

Dawley rats of either sex (350 – 400 μm thick slices) or from neonatal (P3 to P8) mice of either 219 

sex (300 – 400 μm thick slices). The slice was superfused (4 ml/min) in vitro in a recording 220 

chamber (0.2 ml) mounted on the stage of an upright laser scanning microscope with artificial 221 

cerebrospinal fluid (ACSF) containing the following (in mM): 124 NaCl, 25 NaHCO3, 3 KCl, 222 

1.5 CaCl2, 1.0 MgSO4, 0.5 NaH2PO4, 30 D-glucose equilibrated with 95% O2 and 5% CO2 (pH = 223 

7.35 – 7.40 at 27 °C). During experiments, rhythmic respiratory network activity, monitored by 224 

recording inspiratory discharge in XII nerve rootlets (see below), was maintained by elevating 225 

the superfusate K+ concentration to 8 – 9 mM. 226 

 227 

Calcium imaging and identification of pre-BötC respiratory neurons in vitro 228 

We employed Ca2+-sensors, either Ca2+-sensitive synthetic dye in slices from wild type (WT) 229 

neonatal rats and mice, or genetically encoded protein Ca2+ sensor with fast kinetics (GCaMP6f) 230 

(Chen et al., 2013) in transgenic mice, to dynamically image Ca2+ activity of pre-BötC neurons 231 

for functional identification of respiratory neurons in vitro. In experiments with WT neonatal rats 232 

or mice, the Ca2+ imaging was combined with whole-cell patch-clamp recording from the 233 

identified rhythmically active inspiratory neurons. In some of these experiments, the neurons 234 

were retrogradely labeled through their contralaterally projecting axons using membrane semi-235 

permeable acetoxymethyl (AM) dye (Oregon Green BAPTA-1 AM:  OGB, Invitrogen, Carlsbad, 236 

CA) microinjected in the midline region of the slice (Koshiya and Smith, 1999; Koizumi et al., 237 

2013). The slice was incubated overnight (12 h) in ACSF containing antibiotics (500 units/l 238 

penicillin, 0.5 mg/l streptomycin and 1 mg/l neomycin) to allow labeling of pre-BötC neurons 239 
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and utilized for optical and electrophysiological recordings throughout the following day. In 240 

other experiments, we microinjected the dyes directly into the pre-BötC to label cells non-241 

selectively regardless of their axonal projections (Koizumi et al., 2013). The microinjection 242 

pipette (tip size: 2 – 3 μm) was placed at a depth of 150 μm in the slice and ~100 μm away from 243 

the center of the pre-BötC to avoid excessive dye deposits and high background fluorescence in 244 

the imaging area of interest, and OGB was pressure injected (~20 psi, 2 min). The slice was 245 

incubated (>1 h) for sufficient dye loading before the recording experiments. 246 

 In the set of imaging experiments with GCaMP6f in transgenic mice, we selectively 247 

expressed this Ca2+ sensor in glutamatergic neurons using Cre-driven expression controlled by 248 

the VgluT2 promoter (VgluT2-GCaMP6f mice). These mice were produced by crossing the 249 

VgluT2-iris-Cre strain and a Cre-dependent GCaMP6f expressing strain [B6;129S-250 

Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/J, IMSR Cat# JAX: 024105, RRID: IMSR_JAX: 024105, 251 

Jackson Laboratories]. We imaged and quantified inspiratory-related GCaMP6f fluorescence 252 

transients in the pre-BötC glutamatergic neuronal population, which provides voltage-dependent 253 

control of inspiratory frequency and functions as the critical rhythmogenic population (Koizumi 254 

et al., 2016). 255 

 In all experiments, optical imaging was performed with a Leica multi-photon laser 256 

scanning upright microscope (TCS SP5 II MP with DM6000 CFS system, LAS AF software, a 257 

20X water-immersion objective, N.A. 1.0, and beam-splitter (560 nm), emission filter (525/50, 258 

Semrock). A two-photon Ti:sapphire pulsed laser (MaiTai, Spectra Physics, Mountain View, CA) 259 

was used at 800 – 880 nm for Ca2+-sensitive dye, or 910 – 920 nm for GCaMP6f, with DeepSee 260 

predispersion compensation. Dynamic Ca2+ fluorescence images (16 kHz bidirectional, ~28 261 

frames/s for 512x512 pixel scan) were acquired in real time along with electrophysiological 262 
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signals of inspiratory XII nerve activities (LAS AF acquisition hardware and software 263 

electrophysiology module ver. 2.60). Simultaneous recording of these signals allowed us to 264 

functionally identify pre-BötC inspiratory neurons that were rhythmically active in phase with 265 

inspiratory network activity monitored by XII discharge. The infrared excitation laser for 2-266 

photon fluorescence was simultaneously used for transmission bright-field illumination to obtain 267 

a Dodt gradient contrast structural image to provide fluorescence and structural images matched 268 

to pixels. This structural imaging also allowed us to accurately place a patch pipette on 269 

functionally identified neurons in experiments employing whole-cell recording. For experiments 270 

performed with GCaMP6f analyzing changes in dynamic fluorescence signals during application 271 

of pharmacological channel inhibitors (below), average fluorescence intensities (F) of regions of 272 

interest were quantified for each frame and dynamic fluorescence signals (ΔF) were represented 273 

as running-baseline (F0) subtracted (F - F0) values. We used ΔF not ΔF/F0 for the activity 274 

quantification because ΔF can be an order of magnitude brighter than F0 at the laser wavelength 275 

optimal for GCaMP6f (910 – 920 nm) and ΔF was not proportional to F0. 276 

 277 

Arterially perfused in situ brainstem-spinal cord preparations 278 

To investigate contributions of TRPM4/TRPC3 channels in generation of respiratory activity in 279 

more intact systems, we also performed experiments with in situ arterially perfused brainstem-280 

spinal cord preparations from mature (3 – 4-week-old) rats of either sex (Sprague-Dawley, 45 – 281 

100g) or adult (3 – 5-month-old) mice of either sex (C57BL/6, 25 – 35g) (Paton, 1996; Smith et 282 

al., 2007). Preheparinized (1,000 units, given intraperitoneally) rats/mice were anaesthetized 283 

deeply with 5% isoflurane until loss of the paw withdrawal reflex, and the portion of the body 284 

caudal to the diaphragm was removed. The head and thorax were immersed in ice-chilled 285 
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carbogenated ACSF solution containing the following (in mM): 1.25 MgSO4, 1.25 KH2PO4, 5.0 286 

KCl, 25 NaHCO3, 125 NaCl, 2.5 CaCl2, 10 dextrose, and 0.1785 polyethylene glycol. The brain 287 

was decerebrated at a precollicular level, and the descending aorta, thoracic phrenic nerve (PN) 288 

and cervical vagus nerves (VN) were surgically isolated. The dorsal brainstem was exposed by 289 

craniotomy and cerebellectomy. The preparation was transferred to a recording chamber and 290 

secured in a stereotaxic head frame with the dorsal side up. The descending aorta was cannulated 291 

with a double lumen catheter (DLR-4, Braintree Scientific) for ACSF perfusion with a peristaltic 292 

roller pump (505D, Watson-Marlow) and for recording of perfusion pressure with a pressure 293 

transducer. The ACSF perfusate was gassed with 95% O2 - 5% CO2 and maintained at 31°C. 294 

Vecuronium bromide or rocuronium bromide (2 – 4 μg/ml; SUN Pharmaceutical Industries, 295 

Bryan, USA) was added to the perfusate to block neuromuscular transmission. Vasopressin (200 296 

– 400 pM as required; APP Pharmaceuticals, East Schaumburg, USA) was added to the perfusate 297 

to raise and maintain perfusion pressure between 70 and 80 mmHg (Pickering and Paton, 2006). 298 

 299 

Electrophysiological recording in vitro and in situ 300 

To monitor inspiratory network activity and motor output in the rhythmically active neonatal rat 301 

and mouse medullary slice preparations in vitro, XII motoneuron population activity was 302 

recorded from XII nerve rootlets with fire-polished glass suction electrodes (50 – 100 μm inner 303 

diameter). Extracellular recordings of inspiratory and post-inspiratory motoneuronal activity 304 

from VN, and inspiratory activity from PN, in the in situ perfused mature rat and mouse 305 

preparations were also obtained with suction electrodes (150 – 200 μm inner diameter). Signals 306 

in all cases were amplified (50,000 – 100,000X, CyberAmp 380, Molecular Devices, Union City, 307 

CA), band-pass filtered (0.3 – 2 kHz), digitized (10 kHz) with an AD converter [Power Lab, AD 308 
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Instruments, Inc., Colorado Springs, CO or Cambridge Electronics Design (CED), England] and 309 

then rectified and integrated digitally with Chart software (ADInstruments) for the in vitro slice 310 

preparations or Spike 2 software (CED) for the perfused in situ preparations. Extracellular 311 

population activity from the pre-BötC in the perfused in situ preparations was also recorded by a 312 

dorsal approach with a fine-tipped glass pipette (3 – 5 MΩ resistance) filled with 0.5 M sodium 313 

acetate (Sigma), or in some cases with a tungsten microelectrode (3 – 4 MΩ), which was 314 

positioned by a computer-controlled 3-dimensional micromanipulator (MC2000, Märzhäuser). 315 

The precise location of the pre-BötC was determined by the anatomical coordinates that we 316 

initially defined by mapping neuronal activity of medullary respiratory neurons within the ventral 317 

respiratory column. The pre-BötC is readily identified by a characteristic pattern of pre-318 

inspiratory/inspiratory population activity, and distinguishable from the more rostral BötC 319 

region, which has a characteristic profile of post-inspiratory and augmenting expiratory 320 

activities, and from the more caudal rVRG region, which has an established profile of 321 

augmenting inspiratory population activity. 322 

 For the in vitro slice experiments in which cytoplasm was harvested from rhythmically 323 

active pre-BötC neurons for molecular analyses (below), whole-cell current-clamp recordings 324 

were first obtained with a HEKA EPC-9 patch-clamp amplifier (HEKA Electronics Inc., Mahone 325 

Bay, Nova Scotia, Canada) controlled by PatchMaster software (HEKA; 2.9 kHz low-pass filter, 326 

sampled at 100 kHz). Recording electrodes (borosilicate glass pipette, 4 – 6 MΩ), positioned 327 

with microdrives (Scientifica, East Sussex, UK), contained (in mM): 130.0 K-gluconate, 5.0 Na-328 

gluconate, 3.0 NaCl, 10.0 HEPES, 4.0 Mg-ATP, 0.3 Na-GTP, and 4.0 sodium phosphocreatine 329 

(pH = 7.3 using KOH). 330 

 331 
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Single cell multiplex RT-PCR for mRNA expression profiling in functionally identified pre-332 

BötC respiratory neurons 333 

After whole cell recording, cytoplasm of the imaged and electrophysiologically identified pre-334 

BötC respiratory neurons was aspirated as completely as possible into the patch pipette under 335 

visual control and then immediately expelled into a thin-walled tube for PCR containing reverse 336 

transcription reagents (Invitrogen) (Koizumi et al., 2013). To avoid contamination, we 337 

continuously applied positive pressure to the autoclaved glass pipettes used for whole-cell 338 

recording as the pipette was advanced in the slice to the targeted neuron. Single-cell multiplex 339 

RT-PCR (scmRT-PCR) was subsequently performed on the cytoplasm to probe for mRNA for 340 

TRPM4 and TRPC3 channels, VgluT2, GlyT2, and glutamic acid decarboxylase 67 (GAD67) to 341 

identify channel expression in pre-BötC inspiratory glutamatergic and glycinergic/GABAergic 342 

neurons. First strand cDNA was synthesized for 1.5h at 50°C in a mixture of MgCl2 (2 μl, 25 343 

mM), dNTP’s (1 μl, 10 mM), BSA (0.7 μl, 143 ng/μl), random hexamers (1 μl, 50 ng/μl), 344 

oligodT (0.7 μl, 0.5 μg/μl), RNaseOUT (1.2 μl, 40 u/μl), DTT (1 μl, 0.1 M) and SuperScriptIII 345 

RT (1 μl, 200 u/μl). The entire reaction was either immediately used as template for multiplex 346 

PCR or frozen at -80°C until assayed. Following reverse transcription, the cDNA for each target 347 

mRNA was amplified simultaneously in a multiplex PCR procedure, using primers for TRPM4 348 

(forward, 5’-AAGCTCCCCTGCGCCATCGT-3’; reverse, 5’-349 

AGGGCAGGCCGCGAATGGAA), TRPC3 (forward, 5’-TGGGTTCTCGGGATGATGTGGT-350 

3’; reverse, 5’-GGGACCAGACTGAAGGGTGGAGG), VgluT2 (forward, 5’-351 

TGTTCTGGCTTCTGGTGTCTTACGAGAG-3’; reverse, 5’-TTCCCGACAGCGTGCCAACA-352 

3’), GlyT2 (forward, 5’-TCTGCATGACTGCCTATCCG-3’; reverse, 5’-353 

AACACAGGCTTGTGTGTGCG-3’), and GAD67 (forward, 5’-ACCCTGGTGCCCGCTTCC-354 
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3’; reverse, 5’-TATTGGTATTGGCAGTTGATGTC-3’). The first multiplex PCR was performed 355 

as a hot start reaction in a final volume of 50 μl containing 12 μl reverse transcription reaction, 356 

20-50 pM of each primer, 0.2 mM dNTPs, 10X High Fidelity PCR buffer with 2 mM MgCl2 and 357 

5 U of Platinum Taq High Fidelity DNA polymerase (Invitrogen). The reaction mixtures were 358 

heated to 94°C for 2 min, 30 cycles (94°C, 30 s; 55°C, 30 s; 68°C, 1 min) of PCR were followed 359 

by a final elongation period of 10 min at 68°C. The second round of PCR amplification was 360 

performed as individual reactions with primers for TRPM4 (forward, 5’-GGCCCA 361 

AGATTGTCATCGTG-3’; reverse, 5’-TTG GCA TAC TGG GAC ACA CA-3’), TRPC3 362 

(forward, 5’-CTGCAAGCCACCAAAGCGCAC-3’; reverse, 5’-363 

CATGTTGAGCAGAACGACCACCA-3’), VgluT2 (forward, 5’-364 

AGGTACATAGAAGAGAGCATCGGGGAGA-3’; reverse, 5’-CAC 365 

TGTAGTTGTTGAAAGAATTTGCTTGCTC-3’), GlyT2 (forward, 5’-366 

TCTGCATGACTGCCTATCCG-3’; reverse, 5’-CATGGTGTCAAGTCCAAGCG-3’), and 367 

GAD67  (forward, 5’- GGACTTCCACCACCCACAC-3’; reverse, 5’-368 

CTAAACCAATGATATCCAAACCAG-3’), utilizing 1 μl of the first PCR reaction product 369 

under similar conditions with the following modifications: 50 pM of each primer pair and 25 370 

thermal cycles. Aliquots (10 μl) of PCR products were separated and visualized in a SYBR 371 

Green-stained agarose gel (2%) by electrophoresis. The expected sizes of PCR-generated 372 

fragments were: TRPM4 (301 bp), TRPC3 (522 bp), VgluT2 (315 bp), GlyT2 (701 bp) and 373 

GAD67 (185 bp). To ensure that the PCR signal arose from the cytoplasm of the recorded cell, 374 

the same RT-PCR assays were run on pipette solution collected from negative control ‘mock 375 

harvests’ in each experiment (Koizumi et al., 2013). These assays were performed on the pipette 376 

solution after the pipette was advanced into the slice and withdrawn without extracting cell 377 
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contents. In all scmRT-PCR assays, 100 pg total rat brain RNA (Ambion, Austin, TX) was also 378 

run as RT template to serve as a positive control.  379 

 380 

Analyses of TRP channel contributions to respiratory rhythm and motor pattern 381 

generation in vitro and in situ 382 

We performed combined electrophysiological and pharmacological experiments to probe for the 383 

contributions of endogenously active TRPM4 and TRPC3 channels to respiratory rhythm and 384 

motor pattern generation in the in vitro slice preparations. We analyzed the time course of 385 

perturbations of the inspiratory burst frequency, amplitude, and duration of integrated XII 386 

inspiratory motor output following application to the slice bathing solution of the putative 387 

selective TRPM4 channel inhibitor (9-phenanthrol, Millipore, 10 – 50 μM) (Guinamard et al., 388 

2014), the selective TRPC3 channel inhibitor (Pyrazole compound-3: Pyr3, Millipore, 10 – 50 389 

μM) (Kiyonaka et al., 2009), and for comparison, the putative ICAN blocker flufenamic acid  390 

(FFA, Sigma, 20 – 75 μM) (Teulon, 2000; Guinamard et al., 2013). In experiments with mouse 391 

slices expressing GCaMP6f in glutamatergic neurons, the dynamic Ca2+ activity within the pre-392 

BötC (regional and single-neuron ΔF) was measured for 2.5 minute intervals before and starting 393 

at 5, 10, 20, and 30 min after drug application to analyze local perturbations of neuronal activity 394 

within the pre-BötC rhythm-generating circuit accompanying perturbations of XII activity, which 395 

was continuously recorded throughout the experiments. Mean peak ΔF values computed for the 396 

2.5 min periods were normalized to the mean peak ΔF values during control (pre-drug 397 

application) 2.5 min periods. 398 

 Contributions of TRPM4 and TRPC3 channels to respiratory rhythm and motor pattern 399 

generation in the mature rat and mouse arterially perfused brainstem-spinal cord preparations in 400 
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situ were also analyzed by adding 9-phenanthrol (20 – 50 μM) and Pyr3 (50 μM) to the perfusion 401 

solution. Perturbations of the inspiratory PN motor output as well as VN inspiratory and post-402 

inspiratory activity were analyzed. Throughout these experiments, the perfusion pressure was 403 

maintained with vasopressin added to the perfusion solution as required or by adjusting the 404 

perfusion pump speed to avoid possible effects of perfusion pressure changes on respiratory 405 

activity, since 9-phenanthrol and Pyr3 caused reductions (10 – 20 mm Hg) in perfusion pressure, 406 

consistent with the proposed role of TRPM4 and TRPC3 channels in the control of vascular 407 

smooth muscle tone (Brayden et al., 2008). 408 

 409 

Signal analyses of respiratory parameters 410 

All digitized electrophysiological signals were analyzed by automated procedures to extract 411 

respiratory parameters from integrated nerve or neuronal population activities, performed with 412 

IDL (Exelis VIS) and MATLAB (R2016a, MATLAB, RRID: SCR_001622) software utilizing 413 

the NIH high-performance computing Biowulf cluster. Inspiratory events were detected from the 414 

smoothed integrated XII (in vitro) or PN (in situ) signals via a 300-ms window moving average 415 

and peak detection algorithm that calculated a threshold-based zero derivative (positive peak) 416 

point. Following peak detection, inspiratory activity time (TI), expiratory interval time (TE), 417 

respiratory period (TTOT), and frequency (fR = 1/TTOT) were computed. TI was measured as the 418 

original integrated burst width at 20% of the peak height above baseline; TE was calculated as 419 

TTOT – TI. Inspiratory amplitude was calculated by subtracting the local baseline value from the 420 

peak value of the integrated signals. The endpoint of the parameter quantification was defined 421 

when inspiratory amplitude declined to either a quasi-steady state value as assessed by 422 

inspection, or to noise level with the disappearance of inspiratory activity. Representative time 423 
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courses of these parameters were extracted by a 300-s window, time-based moving median. Data 424 

were then pooled per experimental condition, and summary time courses were computed with the 425 

parameter values normalized to mean values during the control period (from 300 to 0 s before 426 

drug application). 427 

We also quantified effects of the pharmacological manipulations on the regularity of the 428 

inspiratory rhythm by analyzing Poincaré plots of periods for 80 inspiratory bursts before and 429 

after drug application as the integrated inspiratory amplitude reached the defined 430 

endpoint.  Short- and long-term period variability was quantified by plotting each TTOT as a 431 

function of the preceding TTOT and fitting a Gaussian distribution to these points projected onto 432 

the line perpendicular to the y = x line (with standard deviation SD1) and the points projected 433 

onto the y = x line (with standard deviation SD2). SD1 represents total burst-to-burst period 434 

variability and SD2 represents total variability minus burst-to-burst variability, serving as 435 

measurements of short- and long-term rhythm regularity, respectively (Tulppo et al., 1996; 436 

Fishman et al., 2012). Values of SD1 and SD2 during periods of drug application were 437 

normalized to control values. Coefficients of variation of inspiratory burst periods were also 438 

calculated to measure mean normalized variability of TTOT over the same time intervals used to 439 

determine SD1 and SD2. 440 

  For the in situ experiments, in addition to quantifying the respiratory parameters 441 

indicated above (TTOT, TI, TE, fR), we analyzed perturbations of amplitudes and durations of 442 

individual phases of the respiratory cycle. Amplitudes and durations of inspiratory activity in PN 443 

and VN recordings and post-inspiratory activity in VN recordings were analyzed from integrated, 444 

cycle phase-triggered neurograms aligned at the onset of inspiration defined by PN activity. 445 

Successive cycle-triggered traces were either overlaid (PN and VN separately), or represented as 446 



 

 20 

a dynamic raster plot to depict temporal profiles of activity before, during, and after drug 447 

application periods. 448 

 For statistical analysis (Table 1), the endpoint values, as described above, of each 449 

experiment within a group were compared with the control values with a two-sided Wilcoxon 450 

Signed-Rank test. Correlation analyses on data from imaging experiments were performed by 451 

computing either Pearson’s (r) or Spearman’s rank (rs) correlation coefficient. In all tests, 452 

significance level was set at p < 0.05. 453 

 454 

 455 

Results 456 

Immunohistochemical labeling of TRPM4 and TRPC3 channels in pre-BötC neurons, 457 

regions of the ventral respiratory column adjacent to the pre-BötC, and motoneurons  458 

TRPM4 and TRPC3 channel antibodies labeled neurons bilaterally within the pre-BötC region 459 

(Fig. 1) in medullary slices from neonatal and mature rats/mice (n = 3 each). These channels 460 

were also labeled by antibody in: (1) motoneurons defined by ChAT immunolabeling within 461 

nucleus ambiguus (NA) and the XII motor nucleus containing subpopulations of respiratory 462 

motoneurons, (2) neurons within the medullary reticular formation zone dorsal to pre-BötC 463 

where inspiratory XII premotor neurons are distributed (Koizumi et al., 2008; Revill et al., 2015), 464 

(3) neurons within the rostral ventral respiratory group (rVRG) region, adjacent and caudal to the 465 

pre-BötC, where bulbospinal respiratory neurons are localized, and (4) neurons in the Bötzinger 466 

complex (BötC) region containing respiratory neurons rostral to the pre-BötC. TRPM4 and 467 

TRPC3 channels are not exclusively expressed in these regions but as indicated by antibody 468 

labeling are widely expressed in neurons throughout the medullary reticular formation at these 469 
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levels of the medulla. 470 

 471 

Expression of TRPM4 and TRPC3 channels in glutamatergic and glycinergic neurons  472 

In the transgenic mouse strains with Cre-dependent, cell-type specific expression of tdTomato 473 

fluorescent protein, we established by immunolabeling that TRPM4 and TRPC3 channels are 474 

present in both glutamatergic and glycinergic neurons within the pre-BötC, as well as other 475 

ventral medullary respiratory-related regions examined (BötC, rVRG). The majority of tdTomato 476 

labeled pre-BötC glutamatergic neurons (73%, n = 1487/2049 cells) examined were co-labeled 477 

by TRPM4 channel antibody in medullary sections from VgluT2-tdTomato mice (Fig. 2A). In 478 

sections from other VgluT2-tdTomato mice (n = 2), 71% (n = 589/826) of tdTomato-labeled pre-479 

BötC glutamatergic neurons were labeled by TRPC3 channel antibody (not shown). We also 480 

examined immunolabeling of TRPM4 or TRPC3 channels in sets of glutamatergic neurons 481 

within the BötC and rVRG regions. The majority of tdTomato labeled glutamatergic neurons 482 

expressed TRPM4 and TRPC3 channels in the BötC [63% (n = 750/1185) and 70% (n = 483 

372/527) of neurons examined, respectively] and rVRG [74% (n = 830/1120) and 62% (n = 484 

165/265 neurons), respectively].  485 

Since glycinergic neurons are also functional components of respiratory pattern 486 

generation circuits within the pre-BötC, BötC, and rVRG regions (Morgado-Valle et al., 2010; 487 

Richter and Smith, 2014; Shevtsova et al., 2014), we also examined immunolabeling of TRPM4 488 

and TRPC3 channels in glycinergic neurons in these regions in GlyT2-tdTomato mice (n = 2 489 

each). In the pre-BötC, 50 % (n = 340/674) of the GlyT2-positive neurons examined were 490 

immunolabeled with TRPM4 channel antibodies (Fig. 2B), whereas 35% (n = 171/486) of 491 

GlyT2-positive neurons were labeled by TRPC3 channel antibodies. In the BötC, 67% (n= 492 
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633/942) and 65% (n = 387/587) of GlyT2-tdTomato labeled neurons were, respectively, co-493 

labeled by TRPM4 and TRPC3 channel antibodies, whereas in the rVRG region only 27.4% 494 

(79/288) and 15.5% (31/200), respectively, of these neurons were co-labeled. 495 

 496 

TRPM4 and TRPC3 channel mRNA in glutamatergic, glycinergic/GABAergic pre-BötC 497 

inspiratory neurons and cranial motoneurons detected by single-cell multiplex RT-PCR 498 

To confirm that respiratory neurons express TRP channels, we probed for TRPM4 and TRPC3 499 

channel mRNA in single functionally identified pre-BötC inspiratory neurons in rhythmically 500 

active in vitro medullary slice preparations from WT neonatal rats and mice. Pre-BötC 501 

inspiratory neurons were identified by imaging neuronal Ca2+ dynamics with OGB at depths up 502 

to 150 μm in these slices in which inspiratory neurons exhibit rhythmic Ca2+ fluorescence 503 

transients in phase with the inspiratory XII nerve activity (Koizumi et al., 2013). Under current-504 

clamp recording, all optically identified pre-BötC inspiratory neurons exhibited spike discharge 505 

synchronized with rhythmic XII activity. In the cytoplasm harvested from these neurons (n = 41 506 

neurons in total; n = 33 from 8 rat slices and n = 8 from 3 mouse slices) during whole-cell 507 

recording, we probed for TRPM4 and TRPC3 channel mRNA as well as VgluT2, GlyT2, and/or 508 

GAD67 mRNA to identify neuronal transmitter phenotype (Fig. 3). Only neurons with clean 509 

negative controls from “mock harvests” in the slice and appropriate positive controls (see 510 

Materials and Methods) were utilized for the analysis. In this sample, we identified 32 excitatory 511 

pre-BötC inspiratory neurons expressing only VgluT2 mRNA (28 neurons from rat slices; 4 512 

neurons from mouse slices), and 9 inhibitory neurons expressing either GlyT2 mRNA only (n = 1 513 

each from rat and mouse slices), GAD67 mRNA only (n = 1 each from rat and mouse), or co-514 

expression of GlyT2 and GAD67 mRNA (n = 3 from rat and n = 2 from mouse slices), a 515 
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phenotype previously documented for pre-BötC inhibitory interneurons (Koizumi et al., 2013). 516 

No VgluT2 mRNA was detected in these inhibitory neurons. Most of the TRP channel mRNA-517 

positive pre-BötC inspiratory neurons in this sample were glutamatergic (n = 32/41, 78%), and 518 

almost half of these excitatory neurons (n = 15/32, 47%) co-expressed both TRPM4 and TRPC3 519 

mRNA, while other excitatory neurons expressed either TRPM4 mRNA only (n = 5) or TRPC3 520 

mRNA only (n =12). Inhibitory pre-BötC inspiratory neurons also expressed TRPM4 mRNA 521 

only (n = 2), TRPC3 mRNA only (n = 5), or both TRPM4 and TRPC3 mRNA (n = 2). 522 

 We also analyzed expression of TRPM4 and TRPC3 channel mRNA in NA and XII 523 

motoneurons identified electrophysiologically as inspiratory motoneurons from whole-cell 524 

recording in rhythmically active slice preparations from both neonatal rats (n = 4) and mice (n = 525 

2). We identified co-expression of TRPM4 and TRPC3 channel mRNA in all NA (n = 5 526 

motoneurons in total; n = 2 from rats and n = 3 from mice) and XII inspiratory motoneurons (n = 527 

10 total; n = 7 from rats and n = 3 from mice) sampled. Thus, these mRNA expression patterns 528 

are consistent with our results from immunolabeling demonstrating prominent TRPM4 and 529 

TRPC3 channel antibody labeling in all NA and XII motoneurons, and are consistent with 530 

previous results showing TRPM4 channel mRNA in laser-captured XII motoneurons (Alvares et 531 

al., 2014). 532 

 533 

Perturbations of inspiratory motor output in vitro by pharmacological inhibitors of TRPM4 534 

and TRPC3 channels 535 

The expression of TRPM4 and TRPC3 channel mRNA in identified pre-BötC inspiratory 536 

neurons and inspiratory cranial motoneurons, and extensive antibody labeling of these channels 537 

in the pre-BötC region and adjacent respiratory-related regions as well as motor nuclei suggests 538 
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possible functional roles of these channels in rhythm and motor pattern generation. To test for 539 

functional endogenous activity of these channels in the rhythmically active neonatal rat and 540 

mouse slice preparations in vitro, we initially analyzed perturbations of the inspiratory rhythm 541 

and burst amplitude/duration of integrated XII inspiratory motor output following bath 542 

application of the TRPM4 channel inhibitor 9-phenanthrol, the TRPC3 channel inhibitor Pyr3, 543 

and the ICAN blocker FFA. In preliminary experiments, we determined that 9-phenanthrol (10 – 544 

50 μM), Pyr3 (10 – 50 μM), and FFA (20 – 75 μM) progressively reduced the amplitude of XII 545 

inspiratory activity and in some cases, could completely eliminate XII inspiratory motor output at 546 

50 μM in our rat and mouse slice preparations. We therefore routinely used a single-application 547 

of 50 μM for these drugs as a near upper bound for circuit activity perturbations.  548 

 With 50 μM 9-phenanthrol, we consistently found for both rat and mouse slices large 549 

perturbations of integrated XII burst amplitude without significant perturbations of inspiratory 550 

burst frequency (fR) relative to control values. Fig. 4A shows an example from an individual 551 

experiment, as well as the averaged, normalized time course of the reduction in XII amplitude 552 

and non-significant perturbation of normalized fR as burst amplitude reached a quasi-steady state 553 

value from a set of rat slices (n = 6).  The reduction of peak inspiratory burst amplitude for the 554 

group of experiments (57 ± 7% reduction in mean amplitude; p = 0.03) was accompanied by a 555 

significant reduction of inspiratory burst duration (TI, 29 ± 8% reduction; p = 0.03) at the defined 556 

endpoint of the time series at 32.6 ± 8.1 min. This change in amplitude and TI was accompanied 557 

by a non-significant change of fR (reduction by 6 ± 9 %, p = 0.31) due to a small, insignificant 558 

increase in TE (15 ± 12% increase; p = 0.44). Similarly, in mouse slices (n = 6, Fig. 5A) the 559 

significant reduction in peak integrated XII amplitude and TI from control values was 60 ± 8% (p 560 

= 0.03) and 28 ± 3% (p = 0.03), respectively, without a significant change in fR (8 ± 9% increase, 561 
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p = 0.44) or TE (2 ± 10% decrease, p = 0.69) at 20.28 ± 3.4 min following bath-application of 50 562 

μM 9-phenanthrol.  In these pharmacological experiments, as well as those described below, we 563 

obtained only partial recovery of XII burst amplitude after up to 1 hr of continuous drug 564 

washout. 565 

 In both rat and mouse slices (Fig. 4B and 5B), bath application of the TRPC3 channel 566 

inhibitor Pyr3 (50 μM) also reduced the integrated XII amplitude and TI without significant 567 

perturbations of fR. The Pyr3-induced reduction in group (n = 6) mean XII amplitude and TI in rat 568 

slices (Fig. 4B) was respectively 73 ± 6% (p = 0.03) and 27 ± 1% (p = 0.03), while the group 569 

mean fR was unchanged (0 ± 7% change from control, p = 0.85) at the defined endpoint values at 570 

38.8 ± 6.6 min. In mouse slices (Fig. 5B) the reduction in group (n = 6) XII mean amplitude and 571 

TI was 47 ± 6% (p = 0.03) and 27 ± 6% (p = 0.03), while the mean fR increased non-significantly 572 

above control values (20 ± 9% increase, p = 0.16) at the endpoint 28.2 ± 3.9 min post bath-573 

applied 50 μM Pyr3. 574 

 Comparable data sets for perturbations of XII amplitude and TI following bath application 575 

of the ICAN blocker FFA (50 μM) are shown, respectively, for rat and mouse slices in Fig. 4C and 576 

Fig. 5C. FFA reduced the group (n = 6) mean XII amplitude and TI respectively in rat slices (Fig. 577 

4C) by 57 ± 5% (p = 0.03) and 25 ± 6% (p = 0.03), while the mean fR was unchanged (0 ± 10% 578 

change from control, p = 1.00) at the 28.3 ± 4.1 min endpoint. FFA significantly reduced the 579 

group mean (n = 6) XII amplitude in mouse slices (Fig. 5C) by 45 ± 12% (p = 0.03) although TI 580 

was not significantly reduced (5 ± 1% reduction, p = 0.06) and fR was non-significantly increased 581 

(16 ± 12%, p = 0.31) from control values at the quasi-steady state reached 17.1 ± 2.3 min post 582 

bath application of 50 μM FFA.  583 

 We also performed control experiments (n = 6 each in rats and mice), in which the XII 584 
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nerve activity was recorded for 60 min without application of any pharmacological agents, and 585 

found no significant changes in inspiratory burst amplitude of XII nerve activity (100 ± 3% in 586 

rats and 99 ± 4% in mice to the control value at 60 min; p = 0.36 in rats and p = 0.36 in mice, 587 

respectively). 588 

 In addition to establishing that 9-phenanthrol, Pyr3, and FFA did not significantly change 589 

fR while causing large reductions in XII discharge amplitude, we also determined that these 590 

amplitude perturbations were not accompanied by significant changes in variability of the 591 

inspiratory rhythm. Short-term (burst-to-burst, SD1, Fig. 6) and longer-term (SD2) period 592 

variability, quantified for TTOT from Poincaré maps (see Materials and Methods) for the time 593 

series analyzed as the amplitude perturbations approached quasi-steady state values for rat or 594 

mouse slices, were not significantly different from control values for each channel inhibitor (Fig. 595 

6). For rat slices (n = 6), SD1 = 123 ± 12% (p = 0.31), 104 ± 10% (p = 1.00), and 116 ± 19% (p = 596 

0.31) of control values for 9-phenanthrol, Pyr3, and FFA, respectively; SD2 = 138 ± 17% (p = 597 

0.69), 98 ± 13% (p = 0.44), and 124 ± 29% (p = 0.56), respectively, for these inhibitors. For 598 

mouse slices (n = 6), SD1 = 125 ± 02% (p = 0.09), 97 ± 12% (p = 0.84), and 89 ± 7% (p = 0.56) 599 

of control values for 9-phenanthrol, Pyr3, and FFA, respectively; SD2 = 107 ± 11% (p = 0.09), 600 

110 ± 12% (p = 0.84), and 93 ± 7% (p = 0.56) of control values for these inhibitors, respectively. 601 

Similarly, the mean coefficient of variation (CV) for the time series for each inhibitor was not 602 

significantly different from control values (Fig. 6). CV = 120 ± 12% (p = 0.22), 99 ± 8% (p = 603 

1.00), and 120 ± 21% (p = 0.56) of control values for 9-phenanthrol, Pyr3, and FFA, respectively, 604 

for rat slices. For mouse slices, CV = 113 ± 7% (p = 0.16), 107 ± 10% (p = 1.00), and 98.0 ± 5% 605 

(p = 0.69) of control for 9-phenanthrol, Pyr3, and FFA, respectively. 606 

 607 
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Simultaneous perturbations within pre-BötC excitatory circuits and hypoglossal motor 608 

output in vitro with bath-applied channel inhibitors  609 

Since TRPM4 and TRPC3 channels were expressed in pre-BötC and XII inspiratory neurons, 610 

reductions in XII activity amplitude could potentially reflect reduced excitability of XII 611 

motoneurons. To establish contributions of pre-BötC neurons, we analyzed correlations between 612 

the observed perturbations in motor output amplitude and perturbations of pre-BötC excitatory 613 

neuron population activity. For these experiments, we utilized in vitro rhythmic slices from 614 

VgluT2-GCaMP6 transgenic mice expressing the fluorescent Ca2+-sensor GCaMP6f in 615 

glutamatergic neurons to image neuronal and population activity within the pre-BötC (see 616 

Materials and Methods) during simultaneous recording of XII motor output (Fig. 7). Application 617 

of 50 μM 9-phenanthrol, Pyr3, or FFA to the transgenic mouse slice preparations significantly 618 

decreased the amplitude of the field ΔF (i.e., F - Fo), indicating reduced excitatory neuron 619 

population activity, which typically reached quasi-steady state by 20 min post drug application 620 

(e.g., see Fig. 7D) and was accompanied by a significant reduction in amplitude of integrated XII 621 

activity. The time-dependent reductions of ∆F and ∫ XII amplitudes (XII Amp) were linearly 622 

correlated (see regression lines and Pearson correlation coefficients for data in Figs. 7D and 8C). 623 

The reduction in amplitude of field ΔF normalized to control values with 9-phenanthrol (n = 5), 624 

Pyr3 (n = 5), and FFA (n = 4) was 49 ± 7%, 52 ± 6%, and 39 ± 8%, respectively, at 20 min post 625 

drug administration (Fig. 8B). These amplitude reductions were significant over time in all cases: 626 

for 9-phenanthrol the Spearman correlation coefficient rs = -0.88 (p = 0.017), for Pyr3 rs = -0.63 627 

(p = 0.0028), and for FFA, rs = -0.72 (p = 0.031). The ΔF amplitude perturbations were 628 

accompanied by non-significant changes in normalized fR for the imaged population (Fig. 8B) of 629 

14 ± 6%, -17 ± 18%, and 5 ± 6% at 20 min with 9-phenanthrol (rs = -0.14, p = 0.52), Pyr3 (rs = -630 
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0.11, p = 0.60), and FFA (rs = -0.30, p = 0.22), respectively. We performed control experiments 631 

(Fig. 8A, n = 5 mice) to test for possible photobleaching or time-dependent changes in 632 

population activity, in which calcium imaging was performed without any drug application with 633 

exactly the same protocol of image acquisition as the pharmacological experiments.  The results 634 

showed that there were no significant changes in the pre-BötC field F (102 ± 3% of control at 635 

20 min, Spearman correlation coefficient rs = 0.11; p = 0.62), integrated XII amplitude (99 ± 3%, 636 

rs = -0.078; p = 0.74), and respiratory frequency (100 ± 2%, rs = 0.092; p = 0.70). 637 

 We also tracked perturbations of Ca2+ transients of individual pre-BötC glutamatergic 638 

neurons (cell ΔF) in relation to population-level (field ΔF) perturbations (Figs. 9, 10). The 639 

reduction in mean amplitude of cell ΔF (normalized to control amplitudes) for sets of imaged 640 

neurons with inspiratory Ca2+ transients was correlated with the reduction in normalized field ΔF 641 

over time after drug application. We note that some inspiratory neurons in these experiments 642 

exhibited normalized ΔF values that were unaffected or increased during drug application 643 

(outlier points in Fig. 10). Regardless, the mean cell ΔF for the entire group of inspiratory 644 

neurons analyzed was strongly correlated (see identity lines in Fig. 10) with the mean field ΔF.  645 

 646 

Perturbations of pre-BötC activity and motor output by TRPM4 and TRPC3 channel 647 

inhibitors in perfused brainstem-spinal cord preparations in situ 648 

We analyzed contributions of endogenously active TRPM4 and TRPC3 channels to rhythm and 649 

motor pattern generation in mature rat and mouse arterially perfused brainstem-spinal cord 650 

preparations in situ to assess functional roles in more intact respiratory circuits generating a 3-651 

phase rhythmic activity pattern similar to that in vivo. We analyzed perturbations of 652 

extracellularly recorded pre-BötC and PN nerve inspiratory activities as well as VN inspiratory 653 
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and post-inspiratory (post-I) activities following systemic application of 9-phenanthrol and Pyr3 654 

in the brainstem-spinal cord via perfusion solution.  655 

Perturbations of respiratory pattern and frequency caused by 9-phenanthrol are illustrated 656 

by examples in Fig. 11 for rat (Fig. 11A-C) and mouse (Fig. 11D-F) preparations, which show 657 

time courses of the perturbations of normalized amplitudes of integrated PN and VN respiratory 658 

motor output and simultaneously recorded pre-BötC inspiratory population activity, and fR by 659 

PN. Mean normalized time courses summarizing the perturbations by 9-phenanthrol and Pyr3 for 660 

the groups of rat and mouse preparations analyzed are presented in Fig. 12. In general, these data 661 

sets show that systemic administration of 9-phenanthrol (50 μM for n = 6 rat preparations, and 20 662 

– 50 μM (pooled) for n = 7 mouse preparations) reduced the quasi-steady state amplitudes 663 

(analyzed at 8 and 14 min, respectively, for rat and mouse preparations) of integrated inspiratory 664 

activity of the pre-BötC (rat: 78 ± 16 % decrease, p = 0.03; mouse: 39 ± 21% decrease, p = 0.03), 665 

and PN (rat: 77 ± 16 % decrease, p = 0.03; mouse: 74 ± 7% decrease, p = 0.016).  The amplitude 666 

of integrated VN inspiratory activity (e.g., Fig. 11) and post-I activity was also strongly reduced 667 

(rat post-I:  81 ± 14% decrease, p = 0.03; mouse post-I:  62 ± 11% decrease, p = 0.02). Mean 668 

normalized inspiratory fR increased significantly after application of 50 μM 9-phenanthrol in 669 

both rats and mice (by 49 ± 15%, p = 0.03 and 129 ± 43%, p = 0.03, respectively), due to a 670 

reduction in expiratory phase duration (TE) in the rat in situ preparations by 44.5 ± 8.5% (p = 671 

0.03) and mouse preparations by 57 ± 2.4% (p = 0.03), accompanied by relatively small 672 

perturbations of TI (rat: 8 ± 11 % increase, p = 0.44; mouse: 24 ± 3% decrease, p = 0.03).  673 

Pyr3 (50 μM, n = 8 rat and 6 mouse preparations) reduced the normalized amplitudes of 674 

integrated inspiratory activity of the pre-BötC (rat: 58 ± 9% reduction, p = 0.01; mouse:   26 ± 675 

7% reduction, p = 0.03), and PN (rat:  43 ± 11% reduction, p = 0.02; mouse:  61 ± 15%, p = 0.03) 676 
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(Fig. 12). The amplitude of integrated VN post-I activity was reduced by 64 ± 9% (p = 0. 01) and 677 

69 ± 10% (p = 0.03) in rat and mouse preparations, respectively. These perturbations were 678 

accompanied by a decrease in the group mean fR by 33 ± 8% (p = 0.01) from control values in rat 679 

preparations but no significant perturbations of fR in mouse preparations (10 ± 14% increase, p = 680 

0.44).  681 

 682 

Discussion 683 

Biophysical mechanisms generating and transmitting rhythmic activity within excitatory pre-684 

BötC circuits remain undefined despite extensive experimental and modeling studies 685 

investigating possible Na+- and Ca2+-based mechanisms of rhythmic pre-BötC cellular and 686 

population-level bursting activity (see Rybak et al., 2014 for review). Ca2+ signaling-based 687 

theories incorporating ICAN, postulated to be mediated by Ca2+-activated TRPM4 channels 688 

(Mironov, 2008; Del Negro et al., 2010), have been proposed. However, TRPM4 and other 689 

potentially important TRP channels mediating non-selective cationic currents involved in Ca2+-690 

related signaling such as TRPC3, although proposed, have not been identified in pre-BötC and 691 

other respiratory neurons. Furthermore, their functional roles in respiratory circuits have not been 692 

clearly defined.  693 

We obtained evidence for TRPM4 and TRPC3 channel mRNA in pre-BötC inspiratory 694 

neurons as well as medullary respiratory motoneurons. The pharmacologically-induced 695 

perturbations of circuit activity by their putative selective channel inhibitors indicate endogenous 696 

activity of these channels with major functional roles in formation of inspiratory and post-697 

inspiratory respiratory activity. However, our results indicate these channels do not contribute to 698 

the generation and stability of inspiratory rhythm in pre-BötC circuits. These results therefore do 699 
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not support previous Ca2+ signaling-based hypotheses incorporating TRPM4/ICAN in pre-BötC 700 

neurons as a fundamental mechanism for rhythm generation. 701 

 702 

TRPM4 and TRPC3 channels in respiratory neurons 703 

Our initial survey of neuronal expression of TRPM4 and TRPC3 channels by antibody-labeling 704 

in neonatal/adult rats and mice, including in genetically-specified excitatory and inhibitory 705 

neurons in mice, established that these channels are present in neurons in the pre-BötC region 706 

and adjacent medullary respiratory-related regions as well as in motor nuclei known to contain 707 

respiratory neurons. We assayed for TRPM4 and TRPC3 channel mRNA in identified inspiratory 708 

pre-BötC neurons and motoneurons, which has previously not been performed, although the 709 

presence of these channels has been suggested by TRPM4/5 mRNA or TRPC3/C7 channel 710 

protein detection in bulk tissue obtained from the pre-BötC region (Crowder et al., 2007; Ben-711 

Mabrouk and Tryba, 2010). Similarly, TRPM4 channel mRNA has been detected in laser-712 

captured XII rat motoneurons (Alvares et al., 2014), and immunolabeling of  TRPM4 channel 713 

protein in mouse NA has been reported (Del Negro et al., 2010). These approaches have not 714 

specifically established channel expression in respiratory neurons.  715 

Our scmRT-PCR and immunohistological analyses identified TRPM4 and/or TRPC3 716 

mRNA in both excitatory and inhibitory pre-BötC inspiratory neurons in slices from neonatal 717 

rats and mice. Co-expression of mRNA for these two channels in single pre-BötC inspiratory 718 

neurons was found in nearly half of the excitatory neurons. Our sample of inspiratory pre-BötC 719 

inhibitory neurons was not sufficient to allow conclusions about channel co-expression in these 720 

neurons. Although TRPM5 mRNA (Crowder et al., 2007) and TRPC7 channel protein (Ben-721 

Mabrouk and Tryba, 2010) in the pre-BötC region has been reported, we did not systematically 722 
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probe for other TRPM/C channels in our sample of pre-BötC inspiratory neurons. Consistent 723 

with our immunolabeling results, we also found mRNA for TRPM4 and TRPC3 channels in 724 

functionally identified XII and NA inspiratory motoneurons. In general, our findings imply that 725 

TRPM4/C3 channels may be functionally involved at multiple levels within medullary 726 

respiratory circuits. 727 

 728 

 729 

Role of TRPM4 and TRPC3 channels in respiratory pattern generation in vitro 730 

We analyzed functional contributions of TRPM4 and TRPC3 channels with the selective 731 

pharmacological inhibitors 9-phenanthrol and Pyr3, respectively, initially within rhythmically 732 

active in vitro slices from neonatal rats and mice. Perturbations of circuit activity were compared 733 

with those caused by FFA, a blocker of ICAN and TRPM4 (Guinamard et al., 2013) that has been 734 

used previously to evaluate roles of this current in generating rhythmic bursting activity of 735 

respiratory neurons and circuits in vitro (e.g., Pena et al., 2004; Del Negro et al., 2005). We 736 

empirically determined from initial in vitro studies and subsequently employed concentrations 737 

(maximally 50 μM for the data presented) of 9-phenanthrol, Pyr3, and FFA that produced large 738 

or near maximal perturbations of the amplitude of inspiratory motor outputs in vitro, and are also 739 

expected to be effective and relatively selective for TRPM4, TRPC3, and ICAN  in physiological 740 

preparations (Kiyonaka et al., 2009; Guinamard et al., 2013; Guinamard et al., 2014). The three 741 

channel inhibitors similarly reduced the amplitude of XII inspiratory motoneuronal activity in 742 

vitro without significant perturbations of inspiratory frequency and regularity of the rhythm. 743 

These amplitude perturbations indicate that currents inhibited by 9-phenanthrol, Pyr3, or FFA are 744 

endogenously active in respiratory neurons in vitro. The similar perturbations with 9-phenanthrol 745 
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and FFA are consistent with the proposal from pharmacological studies in other cells and tissues 746 

that FFA blocks TRPM4 channels (Guinamard et al., 2014), as well as the proposal that TRPM4, 747 

known to be directly activated by increases in intracellular Ca2+, mediates an ICAN (Launay et al., 748 

2002; Hofmann et al., 2003) active in respiratory neurons.  749 

In previous pharmacological studies investigating the role of ICAN in active respiratory 750 

circuits in neonatal mouse slices in vitro (Pena et al., 2004), high concentrations of FFA (500 751 

μM) reduced the amplitude/area of integrated inspiratory population activity but caused a 752 

relatively small (~20%) reduction of inspiratory burst frequency without affecting regularity of 753 

the rhythm. While these high concentrations of FFA can also depress voltage-gated Na+ currents 754 

(at  >100 μM in hippocampal neurons) (Yau et al., 2010) and voltage-gated Ca2+ currents 755 

(Shimamura et al., 2002), as well as cause other non-selective perturbations of neuronal 756 

excitability  (Guinamard et al., 2013), these observations are generally consistent with our results 757 

with FFA in both neonatal rat and mouse in vitro slices showing relatively large perturbations of 758 

the amplitude of pre-BötC and XII motoneuronal inspiratory activity and only small 759 

perturbations of inspiratory frequency without affecting stability of the inspiratory rhythm.  In 760 

other earlier in vitro mouse slice experiments, 100 μM FFA reduced inspiratory drive potentials 761 

of individual pre-BötC neurons, but without reducing the amplitude or altering the frequency of 762 

XII motor discharge (Del Negro et al., 2005; Pace et al., 2007). The lack of perturbations of XII 763 

inspiratory activity at this concentration of FFA are difficult to reconcile with our 764 

electrophysiological and Ca2+ imaging results showing correlations between the amplitude of 765 

pre-BötC inspiratory activity, as assessed by intracellular Ca2+ dynamics (below), and the 766 

reduction of XII inspiratory discharge amplitude. In these earlier studies, however, higher 767 
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concentrations (300 – 350 μM) of FFA that are considered non-selective for ICAN reduced the XII 768 

inspiratory activity amplitude and could eliminate rhythmic inspiratory XII motor output. 769 

Consistent with our scmRT-PCR results indicating TRPC3 channel mRNA expression in 770 

identified inspiratory neurons, the amplitude perturbations produced by Pyr3 suggest that TRPC3 771 

channels are also functionally activated during respiratory circuit activity in vitro. These 772 

channels are not directly Ca2+-activated, but mediate Na+/Ca2+ currents, and may be involved in 773 

regulating neuronal Ca2+-related signaling (Talavera et al., 2008; Birnbaumer, 2009; Guinamard 774 

et al., 2013) in respiratory neurons. This TRPC3 channel-mediated Ca2+ flux/intracellular Ca2+ 775 

regulation can potentially also affect TRPM4/ICAN in respiratory neurons. We found co-776 

expression of mRNA for TRPC3 and TRPM4 channels in approximately half of the excitatory 777 

pre-BötC inspiratory neurons and all of the respiratory motoneurons assayed, suggesting that 778 

such a functional interaction may be possible. The role(s) of TRPC3-mediated cationic 779 

currents/Ca2+-related signaling in generating respiratory neuron activity has not been previously 780 

investigated. Our results suggest an important functional role of these channels in activity 781 

amplitude modulation but not in rhythmogenesis, like TRPM4/ICAN channels. Whether the 782 

similar amplitude perturbations by the TRPC3 and TRPM4 channel inhibitors reflects 783 

involvement with TRPM4/ICAN activation by Ca2+-related functions of TRPC3 channels remains 784 

to be determined.  785 

In general, the optimal pharmacological strategy for probing the role(s) of TRPM4/ICAN 786 

or TRPC3 channels active in respiratory circuit neurons has not been definitively established. 787 

The major problem is to identify and analyze the neuronal current(s) attenuated by the channel 788 

inhibitors in respiratory neurons at any applied concentration(s). Measurements of whole-cell 789 

currents mediated by TRPM4/ICAN or TRPC3 channels in respiratory neurons have not yet been 790 
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performed, so that 9-phenanthrol and Pyr3 concentrations likely to be effective/selective have 791 

been inferred in part from pharmacological analyses performed in other (typically non-neuronal) 792 

cell types (Kiyonaka et al., 2009; Guinamard et al., 2014). The problem is particularly 793 

complicated for resolving the Ca2+-activated TRPM4/ICAN-mediated current(s), because the 794 

sources of Ca2+ flux activating this current(s) in respiratory neurons need to be preserved and 795 

taken into account in a detailed pharmacological analysis of currents activated endogenously 796 

during respiratory neuronal activity. Although Ca2+-flux through voltage-gated Ca2+ channels 797 

(Pena et al., 2004; Morgado-Valle et al., 2008), and/or synaptically-activated Ca2+-fluxes, 798 

including through ionotropic glutamatergic receptors and/or activation of metabotropic 799 

glutamatergic receptors to induce ER Ca2+ release have been postulated to activate ICAN (Pace et 800 

al., 2007; Mironov, 2008; Del Negro et al., 2010), these mechanisms have not been established.  801 

 802 

Correlated perturbations of pre-BötC excitatory neuronal population activity and 803 

hypoglossal motor output in vitro 804 

We initially evaluated roles of TRPM4 and TRPC3 channels by analyzing perturbations of XII 805 

inspiratory motor output in slices but this approach does not necessary allow assessment of the 806 

contributions of these channels in pre-BötC neurons to perturbations of the motor output since 807 

TRPM4 and TRPC3 channels are also expressed in XII inspiratory neurons. We also note that 808 

TRPM4 or TRPC3 channel antibody-labeling was identified in regions of the reticular formation 809 

dorsal to the pre-BötC region that contains inspiratory XII premotoneurons (Koizumi et al., 810 

2008; Revill et al., 2015). Accordingly, reductions in XII activity amplitude by channel inhibitors 811 

in our in vitro slice preparations potentially reflect reduced activity of XII motoneurons and 812 

possibly other neurons within inspiratory drive transmission circuits. We therefore more directly 813 
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established involvement of pre-BötC neurons by dynamic Ca2+ imaging of inspiratory pre-BötC 814 

neuronal activity in slices from transgenic mice expressing GCaMP6f in glutamatergic neurons 815 

during bath application of the channel inhibitors. This allowed us to assess activity perturbations 816 

of the critical population(s) of pre-BötC excitatory neurons generating inspiratory rhythm and 817 

synaptic drive in transmission circuits to XII motoneurons, and to compare simultaneous 818 

perturbations of activity of these neurons and XII motor output. All of the channel inhibitors 819 

caused reductions in the amplitude of spatially averaged GCaMP6f fluorescence transients (field 820 

F) and the fluorescence transients of individual glutamatergic inspiratory pre-BötC neurons 821 

(cell ΔF), confirming inspiratory activity perturbations at the level of pre-BötC excitatory 822 

neurons. Furthermore, we established that the field F reflects the mean cell F of sets of 823 

individual excitatory inspiratory neurons. We also found significantly correlated, linear 824 

relationships (Fig. 8) between the amplitude of field ΔF and the amplitude of integrated XII 825 

inspiratory activity. The slopes of these linear relationships for 9-phenanthrol, FFA, and Pyr3 826 

(0.86, 0.68, 0.46, respectively), particularly with Pyr3, reflect that initially the activity amplitude 827 

perturbations of our imaged sample of inspiratory glutamatergic neurons tended to occur more 828 

rapidly than the reduction in integrated XII activity, but the group mean amplitude perturbations 829 

tended to converge toward the identity line of the field F vs. integrated XII amplitude 830 

relationships as the quasi-steady state perturbations were reached. Our results suggest that the 831 

number of active pre-BötC inspiratory cells as well as burst amplitude of each active pre-BötC 832 

neuron after application of the channel inhibitors are important factors contributing to the overall 833 

reduction of pre-BötC field F and decrease of XII burst amplitude. 834 

 We conclude that the perturbations of pre-BötC inspiratory activity correlate with the 835 

perturbation of XII inspiratory activity amplitude. The ΔF amplitude perturbations occurred 836 
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without significant changes in the frequency of inspiratory-related activity within the pre-BötC 837 

and simultaneously recorded XII inspiratory activity. The extent to which activity perturbations 838 

of XII inspiratory motoneurons or neurons within the rhythmic inspiratory drive transmission 839 

premotor circuits contribute to the reduction of XII motor output remains to be determined. We 840 

also note that there is a subpopulation of pre-BötC inspiratory neurons with axonal projections to 841 

XII motoneurons (Koizumi et al., 2008; Koizumi et al., 2013) and reduced activity of these 842 

neurons may also contribute to the overall reduction of inspiratory activity in the transmission 843 

circuits without perturbing rhythm generation.   844 

 845 

 846 

Contributions of TRPM4 and TRPC3 channels to respiratory pattern generation in mature 847 

rodent brainstem circuits in situ 848 

We also analyzed functional contributions of TRPM4 and TRPC3 channels with 9-phenanthrol 849 

and Pyr3, respectively, within mature rat and mouse arterially perfused in situ brainstem-spinal 850 

cord preparations to evaluate roles of these channels in more intact circuits generating a eupneic-851 

like three-phase respiratory motor output pattern. Moreover, extending our analysis to mature 852 

animals was necessary since ICAN-dependent neuronal bursting, and accordingly potential 853 

involvement of TRPM4, has been proposed to contribute to inspiratory rhythm generation 854 

predominantly in mice older than P5 (Pena et al., 2004; Del Negro et al., 2005), although ICAN is 855 

postulated to contribute to formation of drive potentials generating inspiratory bursts throughout 856 

development (Del Negro et al., 2005). In agreement with our results obtained in vitro, 857 

presumptive inhibition of TRPM4 or TRPC3 channels in the more intact rat and mouse circuits in 858 

situ significantly reduced the amplitude of pre-BötC inspiratory activity, accompanied by 859 
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reduced amplitudes of inspiratory motor outputs as evaluated from integrated vagal and phrenic 860 

nerve inspiratory activities. In addition, the channel inhibitors, especially 9-phenanthrol, caused 861 

large reductions in vagal post-inspiratory (post-I) activity (e.g., Fig. 11), indicating an important 862 

contribution of endogenous channel activation to inspiratory-expiratory pattern generation in 863 

more intact respiratory circuits. The increase of respiratory frequency, primarily with TRPM4 864 

channel inhibition, occurred with the reduction of expiratory phase duration as post-I activity was 865 

reduced (Smith et al., 2007), although rhythm generation was not disrupted.  866 

 The reduction of post-I vagal activity could reflect contributions of TRPM4 and TRPC3 867 

channel activation at the level of vagal motoneurons, or at the interneuronal level in 868 

excitatory/inhibitory circuits in ventral medullary respiratory-related regions, including within 869 

the BötC,  that generate post-I activity (Smith et al., 2007; Richter and Smith, 2014) and where 870 

these channels may be present in excitatory/inhibitory neurons as suggested by our 871 

immunolabeling results. According to the respiratory central pattern generation (CPG) network 872 

model based on experimental analyses with in situ preparations (Rubin et al., 2009b), different 873 

types (e.g., neurotransmitter phenotypes, active phase, bursting pattern) of respiratory 874 

interneurons in the pre-BötC and BötC are functionally interacting to generate a normal three-875 

phase pattern of respiratory neural activity. Our experimental results of different effects of 876 

TRPM4 or TRPC3 channel inhibition on fR in the more intact in situ preparations (Fig. 12) 877 

suggest different sensitivity to TRPM4 or TRPC3 channel inhibitors among different types of 878 

respiratory neurons in the CPG circuits. Contributions of TRPM4 and TRPC3 channel activation 879 

in different types of excitatory and/or inhibitory respiratory neurons remain to be clarified. 880 

Our results suggest that inhibiting TRPM4/ICAN or TRPC3 in excitatory pre-BötC 881 

inspiratory neurons primarily contributes to the amplitude decrease of inspiratory motor outputs 882 
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in vitro and in situ, while inhibiting TRPM4 or TRPC3 channels in inhibitory neurons, possibly 883 

BötC expiratory neurons, in the more intact in situ circuits causes perturbations of post-I activity 884 

(e.g., Marchenko et al., 2016) and therefore respiratory frequency.  In summary, we suggest that 885 

endogenous activation of TRPM4/ICAN or TRPC3 plays an important role in regulating activity of 886 

excitatory and inhibitory respiratory neurons, the latter particularly in the intact in situ CPG 887 

circuits for inspiratory-expiratory pattern generation. 888 

 889 

Implications for proposed ICAN-dependent and other mechanisms of respiratory rhythm 890 

generation in pre-BötC circuits 891 

Based on previous experimental studies in neonatal mouse rhythmic medullary slices in vitro 892 

(Crowder et al., 2007; Pace et al., 2007; Pace and Del Negro, 2008), or in organotypic pre-BötC 893 

cultures (Mironov, 2008, 2013), and also computational modeling studies (Rubin et al., 2009a; 894 

Dunmyre et al., 2011), an emergent ICAN-dependent mechanism in pre-BötC excitatory circuits 895 

was postulated to play a major role in respiratory rhythmogenesis according to the “group 896 

pacemaker” hypothesis (Feldman and Del Negro, 2006; Del Negro et al., 2010). In this model, 897 

synaptically-activated Ca2+ fluxes, especially mediated by metabotropic glutamate receptors 898 

(mGluRs), were proposed to trigger ICAN activation through intracellular Ca2+ signaling involving 899 

inositol triphosphate (IP3)-mediated Ca2+ release from ER stores. Activation of ICAN is proposed 900 

to generate depolarization of excitatory inspiratory pre-BötC neurons to primarily produce 901 

synaptically-mediated (i.e., network-dependent) inspiratory drive potentials underlying 902 

inspiratory bursts (Crowder et al., 2007; Pace et al., 2007; Pace and Del Negro, 2008). During 903 

population-level inspiratory bursts, the ICAN-dependent depolarization has been suggested to 904 

cause partial voltage-dependent inactivation of neuronal spike-generating transient Na+ channels, 905 
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associated with transient depression of recurrent excitation and circuit-generated excitatory 906 

synaptic drive to deactivate ICAN and terminate inspiratory bursts (Rubin et al., 2009a; Del Negro 907 

et al., 2010). In other more complex models with multiple sources of neuronal Ca2+ flux (Jasinski 908 

et al., 2013; Rybak et al., 2014), including voltage-gated Ca2+ currents, it has been theoretically 909 

shown that ICAN-induced bursting, and subsequent burst termination sufficient for 910 

rhythmogenesis can occur by dynamic Ca2+-dependent activation-inactivation of IP3 receptor-911 

mediated Ca2+ release, without or with involvement of other burst terminating mechanisms such 912 

as Na+/K+ pump currents. The Na+/K+ pump currents can hypothetically contribute importantly 913 

to inspiratory burst termination and may be regulated by ICAN-mediated Na+ flux, linking ICAN  914 

activation to another mechanism for inspiratory burst termination critical for rhythm generation. 915 

Interfering with ER Ca2+ release mechanisms does not disturb inspiratory rhythm generation in 916 

the pre-BötC in vitro, however, indicating that normally this source of Ca2+ flux is not critically 917 

involved in rhythm generation or control of inspiratory amplitude in vitro (Beltran-Parrazal et al., 918 

2012), so that other Ca2+ sources explored in these models seem to be involved in activating 919 

ICAN. 920 

Another important hypothesis for inspiratory rhythm generation long proposed in the 921 

field is that ICAN-dependent, FFA-sensitive pre-BötC inspiratory pacemaker neurons (i.e., 922 

inspiratory neurons with intrinsic oscillatory bursting properties when isolated from synaptic 923 

inputs), with ICAN activation driven by voltage-gated, Cd+2-sensitive Ca2+ currents, have a critical 924 

rhythmogenic role (Pena et al., 2004) in pre-BötC circuits together with other populations of 925 

neurons with oscillatory bursting properties mediated by persistent Na+ current (INaP) (“dual 926 

pacemaker” hypothesis) (Thoby-Brisson and Ramirez, 2001; Pena et al., 2004; Ramirez et al., 927 

2011), following the proposal of INaP-dependent cellular and excitatory population rhythm 928 
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generation mechanisms in pre-BötC excitatory circuits (Butera et al., 1999a, b). 929 

In general, our results do not support the concept that populations of pre-BötC neurons 930 

with ICAN-mediated bursting properties are critically involved in generating inspiratory rhythm. 931 

However, they support the proposal that TPRM4/ICAN-mediated currents are functionally active 932 

in respiratory neurons and importantly contribute to inspiratory burst generation determining the 933 

amplitude of pre-BötC neuronal population activity. TRPC3 channels also have this fundamental 934 

role, possibly by providing Ca2+ flux activating TRPM4/ICAN.  Remarkably, this amplitude 935 

control is essentially independent of the inspiratory rhythm generation mechanism, and indicates 936 

there is a rhythmogenic kernel subpopulation of neurons within the pre-BötC excitatory network 937 

that rely on a fundamentally different oscillatory mechanism. Previous studies have proposed 938 

(Butera et al., 1999a, b) and presented evidence (Koizumi and Smith, 2008) that INaP-dependent 939 

mechanisms are sufficient to account for a number of features of inspiratory rhythm generation 940 

when neonatal pre-BötC circuits are isolated in vitro, as well as in reduced in situ preparations 941 

from mature rats (Smith et al., 2007).  In the more intact mature system, this INaP-dependent 942 

oscillatory mechanism may not be sufficient to explain rhythm generation, which involves more 943 

complex sets of inhibitory circuit interactions with the pre-BötC excitatory circuits (Smith et al., 944 

2007; Rubin et al., 2009b). The present studies indicate that while TPRM4/ICAN-mediated 945 

currents are functionally active in the more intact system and have a basic role in inspiratory-946 

expiratory respiratory pattern generation, they are also not essential for rhythm generation. 947 

 948 

 949 

  950 
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Legends 1103 

Figure 1. Immunolabeling of TRPM4 and TRPC3 channels in pre-BötC neurons and 1104 

motoneurons. A, B, Confocal fluorescence microscopy images of coronal sections from 1105 

neonatal mouse medulla at the level of the pre-BötC, showing widely distributed neuronal 1106 

labeling by TRPM4 (A1, low magnification; A2, higher magnification of dashed box in A1) and 1107 

TRPC3 (B) channel antibodies (red) within the pre-BötC region and motoneurons within the 1108 

semi-compact division of nucleus ambiguus (NAsc). Note extensive antibody labeling also 1109 

outside of these regions (A1). C, D, Confocal images of the pre-BötC region from adult rats, 1110 

showing neuronal labeling by TRPM4 (C) and TRPC3 (D) channel antibodies within the pre-1111 

BötC and labeling of NAsc motoneurons. E, F, Confocal images of the hypoglossal (XII) motor 1112 

nucleus on one side of the medulla at the level containing the pre-BötC from neonatal rat (E) and 1113 

mouse (F), showing TRPM4 (E) and TRPC3 (F) channel antibody labeling (red) of XII 1114 

motoneurons identified by ChAT immunolabeling (green). Merged images (right panel in E and 1115 

in F) show antibody co-labeling of XII motoneurons. A-D has the same dorso-medial anatomical 1116 

orientation. Abbreviations: d, dorsal; m, medial; V4, 4th ventricle. 1117 

 1118 

Figure 2. Glutamatergic and glycinergic pre-BötC neurons express TRPM4 channels. A, 1119 

Confocal fluorescence microscopy single plane images of a coronal section of the medulla at the 1120 

level of the pre-BötC ventral to NAsc from adult VgluT2-tdTomato transgenic mouse, showing 1121 

Cre-dependent tdTomato-labeled glutamatergic neurons (red, A1), TRPM4 antibody-labeled 1122 

neurons (green, A2) throughout the pre-BötC, and their merged image (A3). B, Single optical 1123 

plane images of VgluT2 positive (B1) and TRPM4 (B2) immunolabeled neurons in the pre-BötC 1124 

subregion marked by dashed box in A. Merged image (B3) shows a majority of VgluT2-positive 1125 
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pre-BötC neurons were co-labeled with TRPM4 antibody (white arrows) along with TRPM4 1126 

antibody-positive, but VgluT2-negative neurons (arrowheads). C, Confocal images of the pre-1127 

BötC region from adult GlyT2-tdTomato transgenic mouse showing Cre-conditional tdTomato-1128 

labeled glycinergic neurons (red, C1), TRPM4 antibody-labeled neurons (green, C2), and the 1129 

merged image (C3). D, Single optical plane images of GlyT2-positive (D1) and TRPM4 1130 

immunolabeled neurons (D2) in the pre-BötC area marked by dashed box in C. Merged image 1131 

(D3) shows GlyT2-positive pre-BötC neurons co-labeled with TRPM4 antibody (white arrows) 1132 

along with TRPM4 antibody-positive, but GlyT2-negative neurons (arrowheads) as well as 1133 

TRPM4 antibody-negative, GlyT2-positive neurons (open arrowheads). All images have the 1134 

same dorso-medial anatomical orientation. Abbreviations: NAsc, semi-compact division of 1135 

nucleus ambiguus; d, dorsal; m, medial.  1136 

 1137 

Figure 3.  Expression of TRPM4 and TRPC3 channel mRNA in glutamatergic and 1138 

glycinergic/GABAergic pre-BötC inspiratory neurons. A, Overview of experimental in vitro 1139 

neonatal rat rhythmic slice preparation showing whole-cell patch-clamp recording from the pre-1140 

BötC inspiratory neurons and suction electrode recordings from hypoglossal (XII) nerves to 1141 

monitor inspiratory activity.  NAsc, semi-compact division of nucleus ambiguus; V4, fourth 1142 

ventricle. B, Two-photon single optical plane images of pre-BötC inspiratory neuron (arrow) 1143 

targeted for whole-cell recording and subsequent harvesting of cytoplasm, showing Ca2+-1144 

sensitive dye (OGB) labeling (B1) and Dodt structural image (B2). B3, Identification of 1145 

inspiratory neuron by verifying that the Ca2+ fluorescence signals in real time are synchronized 1146 

with integrated inspiratory XII nerve activity (∫ XII). C1, Current-clamp recording (upper traces) 1147 

from excitatory pre-BötC inspiratory neuron in B illustrates inspiratory bursts synchronized with 1148 
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∫ XII . Under voltage-clamp (lower traces), the same neuron exhibited rhythmic inward synaptic 1149 

currents synchronized with ∫ XII. This neuron was shown to be excitatory (VgluT2-expressing) 1150 

by post hoc single-cell RT-PCR (below). C2, Current-clamp recording (upper traces) and 1151 

voltage-clamp recording (lower traces) from inhibitory pre-BötC inspiratory neuron illustrating 1152 

inspiratory bursts and rhythmic inward synaptic currents synchronized with ∫ XII. This neuron 1153 

was shown to be inhibitory (co-expression of GlyT2 and GAD67 mRNA) by post hoc single-cell 1154 

RT-PCR (see below). D, Representative electrophoresis gel generated by single-cell multiplex 1155 

RT-PCR from mRNA in cytoplasm harvested during whole-cell recording from two 1156 

electrophysiologically identified pre-BötC inspiratory neurons (C1 and C2) in neonatal rat slices. 1157 

In addition to cDNA probes for TRPM4 and TRPC3 channel mRNA, probes for vesicular 1158 

glutamate transporter type 2 (VgluT2), glycine transporter type 2 (GlyT2), and glutamatic acid 1159 

decarboxylase 67 (GAD67) mRNA were used to identify excitatory or inhibitory neuronal 1160 

phenotypes, examples of which are shown. Expected numbers of base pairs (bp) for reaction 1161 

products are indicated. Assays for both of these neurons had clean negative controls from “mock 1162 

harvests” in the slice and appropriate positive controls from 100 pg total rat brain RNA run as RT 1163 

template (not shown, see Materials and Methods). 1164 

 1165 

Figure 4.  Effects of TRPM4, TRPC3, and ICAN channel inhibitors on rhythmic hypoglossal 1166 

(XII) inspiratory activity in neonatal rat medullary slice preparations in vitro. A-C, Left 1167 

panels illustrate time courses of integrated XII burst activities (∫ XII), inspiratory frequency (fR), 1168 

and inspiratory activity time (TI) during application of each inhibitor (A, 50 μM 9-phenanthrol; 1169 

B, 50 μM Pyr3; C, 50 μM FFA) from representative individual experiments (dots: instantaneous 1170 

fR and TI; solid lines: running median).  Right panels show group summary of mean time course 1171 
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(solid lines) and SEM (light-color bands) of normalized integrated XII amplitude (XII Amp), fR, 1172 

and TI after drug administration (n = 6 slice preparations each). Time of drug administration is 1173 

indicated by vertical dashed lines.  1174 

 1175 

Figure 5.  Effects of TRPM4 (A), TRPC3 (B), and ICAN (C) channel inhibitors on rhythmic 1176 

hypoglossal (XII) activities in neonatal mouse medullary slice preparations in vitro. A-C, 1177 

Mean time course (solid line) and SEM (light-color band) of the amplitude of normalized 1178 

integrated XII burst activities (XII Amp), inspiratory frequency (fR), and inspiratory activity time 1179 

(TI) during drug application (n = 6 slices each). Time of drug administration (A, 50 μM 9-1180 

phenanthrol; B, 50 μM Pyr3; C, 50 μM FFA) is indicated by vertical broken lines.  1181 

 1182 

Figure 6.  Pharmacological inhibition of TRPM4, TRPC3, and ICAN does not affect 1183 

variability of inspiratory rhythm in vitro. A, B, Poincaré maps (A) from a representative in 1184 

vitro rat slice experiment with inhibition of TRPM4 and TRPC3 channels, respectively, by 9-1185 

phenanthrol (9-Phen in B) and Pyr3, illustrating geometric fits of XII inspiratory period data and 1186 

representations of short-term (SD1) and long-term (SD2) variability measures (see Methods for 1187 

definitions), and summary data (B) for the analyzed group (n = 6 each). C, D, Equivalent sets of 1188 

data from in vitro mouse slice experiments. Variability measures normalized to control values 1189 

were not statistically significant in all cases in B and D.   Abbreviations: TTOT, respiratory period. 1190 

 1191 

Figure 7. Perturbations of imaged pre-BötC inspiratory Ca2+ activity and 1192 

electrophysiologically recorded hypoglossal motor output in the VgluT2-GCaMP6f 1193 

transgenic mouse in vitro slice during application of TRPM4 channel inhibitor. A, Example 1194 
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of two-photon single optical plane image showing Cre-dependent GCaMP6f expression in pre-1195 

BötC glutamatergic neurons. B, Background subtracted (F – F0) ∆F image showing increased 1196 

GCaMP6f fluorescence of individual neurons for the optical plane shown in A. C, Integrated 1197 

inspiratory hypoglossal activity (∫ XII) and the spatially averaged field GCaMP6f fluorescence 1198 

transients (∆F), quantified as F – F0, of the optical plane shown in A during control time, and 10 1199 

and 15 min after bath-application of 9-phenanthrol (50 μM). D, Inspiratory burst-wise 1200 

correlations of the field fluorescence ∆F and ∫ XII amplitudes (XII Amp) (colored dots), and their 1201 

grouped averages (circles with error cross bars: mean values ± SEM), normalized to their control 1202 

values, for time windows at 5, 10, 15, and 20 min after 9-phenanthrol application. Note that the 1203 

15 and 20 min point clusters are nearly superimposed indicating quasi-steady state of the 1204 

perturbations were achieved by 20 min. The identity line (dashed) and linear regression line 1205 

(solid; Pearson correlation coefficient r = 0.74), indicating significant correlation between peak 1206 

field ∆F and XII Amp, are shown.  1207 

 1208 

Figure 8.  Time-dependent changes in the amplitude of integrated XII inspiratory burst 1209 

activities (XII Amp) and the field GCaMP6f fluorescence transients (∆F) of the pre-BötC 1210 

glutamatergic population after TRPM4, TRPC3, and ICAN inhibitors. A, Control experiments 1211 

(n = 5 mice) to test for possible photobleaching and time-dependent changes in population 1212 

activity, in which calcium imaging was performed without any drug application with exactly the 1213 

same protocol of image acquisition as the pharmacological experiments. The results (mean 1214 

normalized values ± SEM) shows that there were no significant changes in the pre-BötC field 1215 

F amplitude, XII Amp (normalized to control values) and normalized inspiratory burst frequency 1216 

(fR). B, Group summary data (mean normalized values ± SEM) for 9-phenanthrol, Pyr3, and FFA 1217 
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(n = 5, 5, and 4, respectively) shows reduction in both XII Amp and the pre-BötC field ∆F 1218 

amplitude, while fR changed non-significantly after applying channel inhibitors in all cases. C, 1219 

Time-dependent reductions of XII Amp and field ∆F amplitudes after drug application were 1220 

positively correlated (solid lines: linear regression; Pearson linear correlation coefficient for 9-1221 

phenanthrol, Pyr3, and FFA: r = 0.864, 0.845, and 0.749, respectively). The linear regression on 1222 

mean amplitude reduction between XII Amp and field ∆F for 9-phenanthrol, Pyr3, and FFA 1223 

yielded corresponding linear models with slopes m = 0.859, 0.463, and 0.676, and intercepts b = 1224 

0.103, 0.499, and 0.277, respectively.  Dashed lines represent the identity line. 1225 

 1226 

Figure 9.  Single-neuron GCaMP6f fluorescence signal tracking during TRPM4 channel 1227 

inhibition.  A, Single optical plane image of the pre-BötC region with cells of interest (1–8) in a 1228 

rhythmically active neonatal medullary in vitro slice preparation from the VgluT2-GCaMP6f 1229 

transgenic mouse. Regions of interest detected algorithmically (see Methods) for quantifying 1230 

somal fluorescence transients are outlined in cyan.  Color-scale of pixels immediately 1231 

surrounding some of the cells (2, 3, 7, 8) was adjusted to more clearly delineate neuron soma in 1232 

this image. B, Examples of time series of single neuron GCaMPF6f fluorescence transients 1233 

synchronous with integrated inspiratory hypoglossal activity (∫ XII, red) used for single-neuron 1234 

∆F analysis during control period, and 10 and 20 min after bath application of 50 μM 9-1235 

phenanthrol.  1236 

 1237 

Figure 10. Effects of TRPM4, TRPC3, and ICAN channel inhibitors on inspiratory Ca2+ 1238 

activity of the pre-BötC field and glutamatergic neurons expressing GCaMP6f.  A. Example 1239 

of relationship between normalized pre-BötC peak field GCaMP6f ∆F and normalized individual 1240 
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inspiratory cell ∆F, 10 and 20 min after bath-applied 50 μM 9-phenanthrol. Eight neurons 1241 

(shown in Fig. 9) were tracked through time (connected green dots) within the 2-photon optical 1242 

section using automated ROI detection.  Group mean values ± SEM of the normalized 1243 

fluorescence transients are plotted (green filled circles with error bars) and the identity line 1244 

(dashed) is indicated. Note that two of the neurons showed augmented fluorescence transients in 1245 

this example, but the mean group cellular ∆F nevertheless followed the field ∆F.  B. Group 1246 

summary of effects of TRPM4, TRPC3, and ICAN inhibitors on the inspiratory pre-BötC field ∆F 1247 

and cellular ∆F.  Left panel: mean values of cellular ∆F (red, n = 6 neurons; green, n = 8, same 1248 

as A) ± SEM during control period, 10 min, and 20 min after bath-applied 9-phenanthrol from 1249 

two slices are indicated (diamonds and error crosses).  Inspiratory neurons with unaffected or 1250 

increased ∆F amplitude included in the group statistics are plotted individually at the top.  1251 

Middle panel: three-experiment summary for Pyr3 (red, n = 6 neurons; green, n = 13; blue, n = 1252 

4).  Right panel: two-experiment summary for FFA (red, n = 12 neurons; green, n = 6). Identity 1253 

line (dashed) is indicated.  1254 

 1255 

Figure 11. Time courses of perturbations of respiratory neural activities by TRPM4 1256 

channel inhibitor in mature rat and mouse arterially perfused in situ brainstem-spinal cord 1257 

preparations. A-C, Time courses of integrated burst amplitudes (normalized to mean control 1258 

amplitudes, pink mountain plots) of inspiratory pre-BötC neural population activity (pre-BötC) 1259 

obtained by extracellular recordings, vagus nerve (VN) inspiratory (Insp) and post-inspiratory 1260 

(post-I) activity (solid black line in middle panel in A), phrenic nerve (PN) inspiratory activity, 1261 

and respiratory frequency (fR) in perfused preparation from mature (4-week old) rat. TRPM4 1262 

inhibitor 9-phenanthrol (50 μM) was added to the perfusate at the vertical dashed line.  B, Cycle-1263 
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triggered overplots of the three neurograms (pre-BötC, VN, and PN) digitally triggered at the 1264 

onset of PN activity (vertical solid line) before (red, corresponding to time points marked by 1265 

arrow a in panel C) and after the inhibitor (black traces, at arrow b in C).  C, Dynamic raster 1266 

plots of cycle-triggered PN inspiratory (red) and VN including post-I (cyan, right side) activities.  1267 

After 9-phenanthrol, TI (red) was prolonged, PN and VN inspiratory amplitude declined 1268 

(darkened red), and fR increased (see A) as post-I activity amplitude declined. D-F, Same type of 1269 

data sets and analysis for an adult (4-month old) mouse preparation showing perturbations of 1270 

pre-BötC, VN, and PN activity, including loss of VN post-I activity, and associated increase of 1271 

fR, following administration of 9-phenanthrol (20 μM). 1272 

 1273 

Figure 12.  Summary of effects of TRPM4 and TRPC3 channel inhibitors on respiratory 1274 

activities in arterially perfused brainstem-spinal cord preparation in situ from mature rats 1275 

and adult mice. A, B, Summary time courses (solid lines: mean values; lighter color bands:  ± 1276 

SEM) of the amplitudes of integrated inspiratory pre-BötC neural population activity, VN post-1277 

inspiratory (post-I) activity, and PN inspiratory activity from rat (A, 9-phenanthrol, n = 6; Pyr3, n 1278 

= 8) and mouse (B, 9-phenanthrol, n = 7; Pyr3, n = 6) preparations, showing significant 1279 

reduction of all amplitudes (normalized to mean control values) by both TRPM4 (9-phenanthrol, 1280 

red) and TRPC3 (Pyr3, blue) channel inhibitors. Bottom panels show group summaries for 1281 

inspiratory frequency (fR), and inspiratory activity time (TI). Time of drug administration (9-1282 

phenanthrol, 20-50 μM; Pyr3, 50 μM) is indicated by vertical dashed lines. 1283 
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Figure Parameter Type of test P value 

4A 9-Phen: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 0.31, 0.031 

4B Pyr3: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 0.85, 0.062 

4C FFA: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 1.00, 0.031 

5A 9-Phen: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 0.44, 0.031 

5B Pyr3: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 0.16, 0.031 

5C FFA: XII Amp, fR, TI Two-sided Wilcoxon Signed Rank 0.031, 0.31, 0.062 

6B 9-Phen: SD1, SD2 Two-sided Wilcoxon Signed Rank 0.31, 0.69 

 Pyr3: SD1, SD2 Two-sided Wilcoxon Signed Rank 1.00, 0.44 

 FFA: SD1, SD2 Two-sided Wilcoxon Signed Rank 0.31, 0.56 

6D 9-Phen: SD1, SD2 Two-sided Wilcoxon Signed Rank 0.094, 0.094 

 Pyr3: SD1, SD2 Two-sided Wilcoxon Signed Rank 0.84, 0.84 

 FFA: SD1, SD2 Two-sided Wilcoxon Signed Rank 0.56, 0.56 

8A Control: fR, XII Amp, ∆ F Spearman's Rank Correlation 0.70, 0.74, 0.62 

8B 9-Phen: fR, XII Amp, ∆ F Spearman's Rank Correlation 0.52, 0.00000048, 0.017 

 Pyr3: fR, XII Amp, ∆ F Spearman's Rank Correlation 0.60, 0.0011, 0.0028 

 FFA: fR, XII Amp, ∆ F Spearman's Rank Correlation 0.22, 0.00070, 0.031 

8C 9-Phen: XII Amp vs ∆ F Pearson's Linear Correlation 0.000032 

 Pyr3: XII Amp vs ∆ F Pearson's Linear Correlation 0.0000052 

 FFA: XII Amp vs ∆ F Pearson's Linear Correlation 0.0013 

12A 9-Phen: pre-BötC, VN, PN, 

fR, TI 

Two-sided Wilcoxon Signed Rank 0.031, 0.031, 0.031, 

0.031, 0.44 

 Pyr3: pre-BötC, VN, PN,  

fR, TI 

Two-sided Wilcoxon Signed Rank 0.0078, 0.0078, 0.016, 

0.016, 0.25 

12B 9-Phen: pre-BötC, VN, PN, 

fR, TI 

Two-sided Wilcoxon Signed Rank 0.031, 0.016, 0.016, 

0.031, 0.031 

 Pyr3: pre-BötC, VN, PN, 

fR, TI 

Two-sided Wilcoxon Signed Rank 0.031, 0.031, 0.031, 

0.44, 0.031 

 

Table 1.  Summary of statistics from figures 


