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Abstract 44 
 45 
A subset of neurons in the retrotrapezoid nucleus (RTN) function as respiratory chemoreceptors 46 

by regulating depth and frequency of breathing in response to changes in tissue CO2/H+.  The 47 

activity of chemosensitive RTN neurons is also subject to modulation by CO2/H+-dependent 48 

purinergic signaling.  However, mechanisms contributing to purinergic regulation of RTN 49 

chemoreceptors are not entirely clear.  Recent evidence suggests adenosine inhibits RTN 50 

chemoreception in vivo by activation of A1 receptors.  The goal of this study was to characterize 51 

effects of adenosine on chemosensitive RTN neurons and identify intrinsic and synaptic 52 

mechanisms underlying this response.  Cell-attached recordings from RTN chemoreceptors in 53 

slices from rat or wild-type mouse pups (mixed sex) show that exposure to adenosine (1 μM) 54 

inhibits chemoreceptor activity by an A1 receptor-dependent mechanism.  However, exposure to 55 

a selective A1 receptor antagonist (DPCPX, 30 nM) alone did not potentiate CO2/H+-stimulated 56 

activity, suggesting activation of A1 receptors does not limit chemoreceptor activity under these 57 

reduced conditions.  Whole-cell voltage-clamp from chemosensitive RTN neurons show that 58 

exposure to adenosine activated an inward rectifying K+ conductance, and at the network level, 59 

adenosine preferentially decreased frequency of excitatory but not inhibitory postsynaptic 60 

currents.  These results show that adenosine activation of A1 receptors inhibits chemosensitive 61 

RTN neurons by direct activation of a GIRK-like conductance, and presynaptically, by 62 

suppression of excitatory synaptic input to chemoreceptors.   63 

 64 
 65 
 66 
 67 
 68 
 69 
 70 
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Significance Statement: 71 
 72 
Adenosine is a potent modulator of all aspects of breathing including chemoreception at the level 73 

of the retrotrapezoid nucleus (RTN); however, mechanisms by which adenosine regulates 74 

activity of RTN chemoreceptors is not known.  Here, we show that adenosine activation of A1 75 

receptors inhibits RTN neurons by activation of an inward rectifying K+ conductance, and by 76 

selective suppression of excitatory synaptic input to chemoreceptors.  These results identify a 77 

GIRK-like conductance as the first target of purinergic signaling in chemosensitive RTN 78 

neurons.  This work may also have clinical relevance since A1 receptor antagonists like caffeine 79 

are used to treat respiratory problems in premature infancy. 80 

 81 
  82 
 83 
 84 
 85 
 86 
 87 
 88 
 89 
 90 
 91 

92 
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Introduction 93 
 115 
Central chemoreception is the mechanism by which the brain senses changes in tissue CO2/H+ to 116 

regulate breathing (Nattie & Li, 2012).  A brainstem region called the retrotrapezoid nucleus 117 

(RTN) is an important site of chemoreception (Guyenet & Bayliss, 2015; Guyenet et al., 2016).  118 

Neurons in this region are intrinsically sensitive to H+ (Wang et al., 2013) and possibly HCO3
- 119 

(Goncalves & Mulkey, 2018); however, their activity is also subject to modulation by various 120 

transmitters including CO2/H+-evoked ATP release presumably from local chemosensitive 121 

astrocytes.  For example, ATP-purinergic signaling through P2Y receptors has been shown to 122 

activate RTN neurons directly (Mulkey et al., 2006; Gourine et al., 2010; Wenker et al., 2012; 123 

Barna et al., 2016) and indirectly by mediating vasoconstriction to maintain tissue CO2/H+ 124 

(Hawkins et al., 2017).   However, extracellular ATP can be rapidly metabolized to adenosine 125 

(Dunwiddie & Masino, 2001) which then may serve to counterbalance the excitatory effects of 126 

P2 signaling by suppressing CO2/H+-dependent output of the RTN in both awake and 127 

anesthetized rats (Falquetto et al., 2018).  This possibility is consistent with the hypothesis that 128 

adenosine signaling through A1 receptors functions as a braking mechanism during times of high 129 

chemoreceptor drive (Montandon et al., 2008).  Also, perhaps not surprisingly, adenosine 130 

inhibition of RTN chemoreception in vivo was shown to involve A1 receptors (Falquetto et al., 131 

2018) which are highly expressed in the ventrolateral medulla near the RTN (Bissonnette & 132 

Reddington, 1991); however, the cellular and network basis for A1 receptor-dependent inhibition 133 

of RTN neurons remains unknown.  134 

 135 

Adenosine A1 receptors are Gi/Go-coupled and in other brain regions are known to inhibit neural 136 

activity by pre- and post-synaptic mechanisms.  At the pre-synaptic level, activation of A1 137 
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receptors has been shown to suppress neurotransmitter release by cAMP-independent 138 

mechanisms involving inhibition of voltage gated Ca2+ channels (Cunha, 2001; Sebastiao & 139 

Ribeiro, 2009).  Interestingly, in the hippocampus (Lambert & Teyler, 1991; Yoon & Rothman, 140 

1991) adenosine signaling though A1 receptors preferentially suppressed excitatory over 141 

inhibitory synaptic currents.  Post-synaptically, A1 receptor activation can hyperpolarize 142 

membrane potential and inhibit neural activity by cAMP-dependent inhibition of HCN channels 143 

(Li et al., 2011) and βγ subunit- dependent activation of G-protein regulated inward-rectifier K+ 144 

(GIRK; Kir3) channels (Luscher et al., 1997; Cunha, 2001; Dunwiddie & Masino, 2001).  It 145 

should also be noted that A1 receptors can interact with other G proteins as well as ionotropic 146 

receptors (Sichardt & Nieber, 2007) and so have the potential to influence neuronal excitability 147 

by a multitude of mechanisms.  The main goal of this study was to characterize effects of 148 

adenosine on chemosensitive RTN neurons and identify intrinsic and synaptic mechanisms 149 

underlying this response.   150 

 151 

Consistent with our previous in vivo results (Falquetto et al., 2018), we find at the level of the 152 

RTN that adenosine strongly inhibits activity of RTN neurons by an A1 receptor-dependent 153 

mechanism.  We also show that mechanisms contributing to this response involve activation of 154 

an inward rectifying K+ conductance, and selective suppression of excitatory synaptic input to 155 

chemoreceptors.  These results are consistent with known mechanisms by which adenosine and 156 

A1 receptors inhibits neural activity in other brain regions (Cunha, 2001; Dunwiddie & Masino, 157 

2001).  These results may be clinically relevant since they identify chemosensitive RTN neurons 158 

as potential cellular targets for the respiratory-stimulating effects of caffeine (D'Urzo et al., 159 

1990; Pianosi et al., 1994), an A1 and A2 receptor antagonist used therapeutically to mitigate 160 
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breathing problems in premature infants (Stevenson, 2007).  Furthermore, these results also 161 

suggest that activation of A1 receptors as a treatment for controlling seizure activity in epilepsy 162 

(Etherington et al. 2004) may suppress output of the RTN and increase the risk of respiratory 163 

problems, which are a leading cause of sudden unexpected death in epilepsy (SUDEP) (Devinsky 164 

et al., 2016).   165 

 166 

Methods 167 

Animals 168 

Animal use was in accordance with guidelines approved by the University of Connecticut and 169 

Trinity College Institutional Animal Care and Use Committee.  The majority of in vitro 170 

experiments were performed using brain slices isolated from mixed sex neonatal Sprague-171 

Dawley rat pups (7-12 days old; N = 75 rats) (Charles River Laboratories, Kingston, NY). A 172 

parallel series of in vitro experiments were performed in brain slices from age matched mixed 173 

sex C57/B6 mice (N = 6 mice) (Jackson Laboratories, Bar Harbor, ME).  All efforts were made 174 

to minimize animal discomfort and the number of animals used. 175 

  176 

Electrophysiological Recordings in Brainstem Slices 177 

Slices containing the RTN were prepared as previously described (Kuo et al., 2016; Goncalves & 178 

Mulkey, 2018). In short, rats were anesthetized by administration of ketamine (375 mg/kg, I.P.) 179 

and xylazine (25 mg/kg; I.P.) and rapidly decapitated; brainstems were removed and transverse 180 

brain stem slices (300 μm) were cut using a microslicer (DSK 1500E; Dosaka) in ice-cold 181 

substituted Ringer solution containing the following (in mM): 260 sucrose, 3 KCl, 5 MgCl2, 1 182 

CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, and 1 kynurenic acid.  Slices were incubated for 183 
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30 min at 37°C and subsequently at room temperature in a normal Ringer’s solution containing 184 

(in mM): 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose. Both 185 

substituted and normal Ringer’s solutions were bubbled with 95% O2 and 5% CO2 (pH=7.30). 186 

 187 

Individual slices containing the RTN were transferred to a recording chamber mounted on a 188 

fixed-stage microscope (Olympus BX5.1WI) and perfused continuously (~2 ml/min) with a bath 189 

solution containing (in mM): 140 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose 190 

(equilibrated with 5% CO2; pH=7.3).  All recordings were made with an Axopatch 200B patch-191 

clamp amplifier, digitized with a Digidata 1322A A/D converter, and recorded using pCLAMP 192 

10.0 software (Molecular Devices, Sunnyvale, CA). Recordings were obtained at room 193 

temperature (~22° C) with patch electrodes pulled from borosilicate glass capillaries (Harvard 194 

Apparatus, Molliston, MA) on a two-stage puller (P-97; Sutter Instrument, Novato, CA) to a DC 195 

resistance of 5–7 MΩ when filled with a pipette solution containing the following (in mM): 120 196 

KCH3SO3, 4 NaCl, 1 MgCl2, 0.5 CaCl2, 10 HEPES, 10 EGTA, 3 MgATP, and 0.3 NaGTP- (pH 197 

7.20). Electrode tips were coated with Sylgard 184 (Dow Corning, Midland, MI).  Neural 198 

activity was measured in the cell-attached voltage-clamp configuration with holding potential 199 

matched to the resting membrane potential (Vhold = −60 mV) and with no current generated by 200 

the amplifier (Iamp = 0 pA). Firing rate histograms were generated by integrating action potential 201 

discharge in 10 to 20-second bins using Spike 5.0 software (Cambridge Electronic Design, CED, 202 

Cambridge, U.K.).  Whole-cell voltage clamp (Vhold = -60 mV) recordings were made to 203 

characterize effects of adenosine on intrinsic cellular and synaptic mechanisms.  In the presence 204 

of tetrodotoxin (TTX, 0.5 μM) to block neuronal action potentials we followed the time course of 205 

CO2/H+- and adenosine-induced changes in holding current and conductance by delivering 206 
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intermittent (0.2 Hz) voltage steps (-100 mV).  Steady-state current-voltage (I-V) relationships 207 

were obtained using voltage steps between -40 and -130 mV (Δ 10 mV) under each experimental 208 

condition; CO2/H+- and adenosine-sensitive difference currents were determined by digital 209 

subtraction and averaged for presentation.  Synaptic currents were characterized in the absence 210 

of TTX using a Cs+-based pipette solution containing the following (in mM): 135 CsCH3SO3, 10 211 

HEPES, 1 EGTA, 1 MgCl2, 3.2 TEA-Cl, 5 Na-phosphocreatine, 4 MgATP, and 0.3 NaGTP. To 212 

record spontaneous inhibitory synaptic currents (sIPSC’s) cells were held at the reversal potential 213 

for AMPA-mediated excitatory synaptic currents (sEPSC’s; Ihold = 0 mV) and confirmed with 214 

bath application of GABA and glycine blockers. IPSC reversal was obtained under bath 215 

application of kynurenic acid at 1-5min interval voltage steps ranging from 50mv to -20mv. 216 

EPSC’s were recorded at a holding potential of the measured IPSC reversal of -60mv and 217 

confirmed with bath application of CNQX.  Spontaneous EPSC’s and IPSC’s were analyzed 218 

using the Mini Analysis Program (Synaptosoft, NJ) and detected events based on amplitude 219 

(minimum 5 pA) and characteristic kinetics (fast rising phase followed by a slow decay).  Each 220 

automatically detected event was also visually inspected to exclude obvious false responses.  All 221 

whole-cell recordings had an access resistance (Ra) < 20 MΩ, recordings were discarded if Ra 222 

varied >10% during an experiment, and capacitance and Ra compensation (70%) were used to 223 

minimize voltage errors.  A liquid junction potential of -10 mV (KCH3SO3) or +11 mV 224 

(CsCH3SO3) was corrected off-line. 225 

 226 

Drugs 227 

Tetrodotoxin (TTX, 0.5 μM) was purchased from Alomone Labs (Bethlehem, Israel); all other 228 

chemicals were obtained from Sigma (St. Louis, MO), unless otherwise stated.  Drugs were bath 229 
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applied at the following concentrations: adenosine (1 μM) to activate adenosine receptors; 8-230 

phenyltheophylline (8PT, 10 μM) to non-selectively block adenosine receptors; 8-cyclopentyl-231 

1,3-dipropylxanthine (DPCPX, 30 nM) to selectively block A1 receptors; 6-cyano-7-232 

nitroquinoxaline-2,3-dione (CNQX, 10 μM) to block AMPA receptors; kynurenic acid (1 mM) 233 

to block ionotropic glutamate receptors; strychnine (2 μM) to block glycine receptors; gabazine 234 

(10 μM) or bicuculine (10 μM) to block GABAA receptors; tetraethylammonium (TEA, 10 mM) 235 

and 4-aminopyridine (4AP, 50 μM) to block voltage dependent K+ channels; and Ba2+ (100 μM) 236 

to block inward rectifying K+ channels.    237 

 238 

Data Analysis 239 

Data are reported as mean ± SE. All statistical analysis was performed in GraphPad Prism 7 240 

(GraphPad Software, Inc., La Jolla, CA). Data were normally distributed (Shapiro-Wilk 241 

normality test) and comparisons were made using t-test or two-way repeated measure ANOVA 242 

followed by Tukey or Dunnett multiple comparison test as appropriate.  Relevant values used for 243 

statistical analysis are included in the results section as follows: (t-test) T subscript degrees of 244 

freedom = T statistic; (ANOVA) F subscript between-groups degrees of freedom, within groups 245 

degrees of freedom = F statistic.  246 

 247 

Results 248 

We characterized the effects of adenosine on a total of 66 chemosensitive RTN neurons isolated 249 

from the same number of pups (we typically isolate 2 RTN slices per animal and obtain a 250 

successful recording with ~50% efficiency) from 30 different litters.  These cells were 251 

functionally identified based on their firing response to CO2/H+.  Neurons were considered 252 
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chemosensitive if they were spontaneously active under control conditions (5% CO2, 26 mM 253 

HCO3
-, pHo 7.3) and responded to 15% CO2 (pHo ~ 6.9) with at least 1.5 Hz increase in firing.  254 

Note that RTN neurons exhibit a linear firing response over this pH range (Guyenet et al., 2005) 255 

and all cells included in this study exhibited a CO2/H+ response profile similar to what has been 256 

reported for rat pups (Wenker et al., 2012; Hawkins et al., 2015) and type 1 chemoreceptors in 257 

mice (Lazarenko et al., 2009; Wang et al., 2013).  Neurons that showed < 1.5 Hz firing response 258 

to 15% CO2 were considered non-chemosensitive.   259 

  260 

To determine whether and how adenosine modulates activity of chemosensitive RTN neurons, 261 

we first characterized the effects of adenosine on CO2/H+-sensitivity of RTN neurons in slices 262 

from rat pups under control conditions and in the presence of adenosine receptor blockers.  263 

Based on our previous results suggesting adenosine blunts CO2/H+-dependent output of the RTN 264 

in adult rats (Falquetto et al., 2018), we expected adenosine to also be inhibitory at the cellular 265 

level, and since chemosensitive neurons have low basal activity (0.7 ± 0.3 Hz, N=6), we tested 266 

adenosine on CO2/H+-stimulated activity.  We found that bath application of adenosine (1 μM) 267 

decreased chemoreceptor activity by 1.2 ± 0.17 Hz (T9 = 6.923; p < 0.0001) and it did so in a 268 

reversible and repeatable manner (Figs. 1A-B).  Although not systematically tested, we also 269 

found that neurons that did not respond to CO2/H+ also did not respond to adenosine (adenosine 270 

Δ in activity 0.1 ± 0.02 Hz; T2= 3.291; p = 0.081).  To control for potential CO2/H+-dependent 271 

effects, we confirmed that adenosine also inhibits neural activity at a control CO2 level of 5% but 272 

with neural activity increased 1.5 Hz by DC current injection (T3=12.13, p<0.01).  Consistent 273 

with our recent in vivo results from adult rats (Falquetto et al., 2018), we also found the 274 

inhibitory effects of adenosine on chemoreceptor activity was largely eliminated by bath 275 
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application of a broad spectrum adenosine receptor blocker (8PT; 10 μM) (T2 = 4.528; p < 0.05) 276 

or a selective A1 receptor blocker (DPCPX; 30 nM) (T4 = 6.964; p < 0.01) (Figs. 1C-D).  277 

However, contrary to our in vivo results (Falquetto et al., 2018), neither 8PT (T4 = 1.34; p = 278 

0.2514) nor DPCPX (T4 =0.9284; p = 0.4057) alone potentiated the firing response to CO2 (Fig. 279 

1E), suggesting endogenous adenosine does not limit CO2/H+-sensitivity of RTN neurons under 280 

these experimental conditions.   281 

 282 

Based on evidence for species differences in A1 receptor modulation of respiratory activity at the 283 

level of the pre-bötzinger complex (Zwicker et al., 2011), we also wanted to determine if 284 

adenosine inhibits RTN chemoreceptor activity by an A1 receptor dependent mechanism in 285 

slices from wild-type mice.  We found that adenosine (1 μM) also inhibited activity of RTN 286 

neurons by an A1 dependent mechanism (Figs. 1F-G) (T5 = 6.489, p<0.01).  Also, consistent 287 

with evidence that respiratory rhythm generation by the pre-bötzinger complex is more sensitive 288 

to A1 receptor inhibition in mice compared to rat (Zwicker et al., 2011), we found that adenosine 289 

inhibition of chemoreceptor activity was more pronounced in mice than rat (Figs. 1D and G) (T15 290 

=2.253, p< 0.05).  However, despite the more robust response to adenosine, these cells showed 291 

minimal change in activity during exposure to DPCPX alone (Fig. 1H) (T4 = 0.9284, p = 292 

0.4057).  These results are consistent with evidence from rat and so further suggest that in both 293 

species endogenous adenosine does not limit CO2/H+-sensitivity of RTN neurons under these 294 

experimental conditions.  We also did not observe residual responses to adenosine in the 295 

presence of DPCPX, suggesting blockade of A1 receptors did not reveal roles for A2- or A3-296 

receptors that were otherwise masked by A1 receptor inhibition.  Together, these results identify 297 

A1 receptors as the primary target for adenosine modulation of chemosensitive RTN neurons in 298 
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both rats and mice.  For consistency with our previous in vivo study in rats (Falquetto et al., 299 

2018), we chose to use this species (rat) for all subsequent cellular experiments to characterize 300 

mechanisms contributing to A1 inhibition of RTN neurons. 301 

 302 

Adenosine/A1 receptor signaling activates a GIRK-like conductance in chemosensitive RTN 303 

neurons 304 

To identify mechanisms contributing to A1 receptor inhibition of RTN neurons, we initially 305 

focused on post-synaptic mechanisms involving activation of K+ channels.  Since GIRK 306 

channels are a primary downstream target of A1 receptors (Luscher et al., 1997; Cunha, 2001), 307 

we tested the effects of adenosine on RTN chemoreceptor activity in the presence of high CO2 308 

before and after bath application of Ba2+ to block inward rectifying K+ channels including GIRK 309 

(Kim & Johnston, 2015).  Exposure to Ba2+ (100 μM) in the presence of 15% CO2 increased 310 

neural activity by 0.445 ± 0.15 Hz (T4 = 2.891, p < 0.05).  Note that Ba2+ will also block 311 

astrocyte Kir4.1 channels leading to astrocyte depolarization (Wenker et al., 2010) which may 312 

also stimulate chemoreceptor activity by facilitating ATP release (Wenker et al., 2010; Sobrinho 313 

et al., 2017) or by limiting astrocyte uptake of K+ or  glutamate (Olsen et al., 2015).  In any case, 314 

in the continued presence of Ba2+ and high CO2 subsequent application of adenosine (1 μM) 315 

decreased neural activity by 0.73 ± 0.12 Hz (T4=3.36, p < 0.05) (Fig. 2A), reflecting a 56% 316 

inhibition which is smaller than the adenosine response before addition of Ba2+ and after 317 

washing Ba2+.  To rule out potential involvement of voltage-dependent outward rectifying K+ 318 

channels, we also tested effects of adenosine in the presence of TEA and 4AP.  We found that 319 

application of TEA (10 mM) and 4AP (50 μM) during exposure to high CO2 increased neural 320 
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activity (0.60 ± .28 Hz) but minimally affected the inhibitory response to adenosine (Fig. 2B) 321 

(T2= 1.396, p=0.2975).    322 

  323 

We also characterized the voltage-dependent properties of the adenosine-sensitive current in 324 

chemosensitive RTN neurons.  These experiments were performed in whole-cell voltage-clamp 325 

mode (Vhold = -60 mV; 0.5 μM TTX) under similar high CO2 conditions as described above.  326 

Consistent with previous evidence (Mulkey et al., 2004; Kumar et al., 2015; Guyenet et al., 327 

2016), exposure to high CO2 decreased outward current and conductance (Figs. 3A-B) by 328 

inhibition of a voltage-independent K+ conductance (Figs. 3C-Di).  Once the CO2/H+ response 329 

stabilized, subsequent addition of adenosine (1 μM) to the bathing medium increased outward 330 

current and conductance by 17.5 ± 2.1 pA and 0.5 ± 0.1 nS, respectively (Figs. 3A-B).  The 331 

adenosine-sensitive current (i.e., difference current) reversed near the reversal potential for K+ 332 

(EK) and showed strong inward rectification at voltage positive to EK (Figs. 3C-Dii).  These 333 

results show that adenosine activates a K+ conductance in chemosensitive RTN neurons with a 334 

voltage and pharmacological profile reminiscent of GIRK channels.  335 

  336 

Adenosine/A1 receptor signaling preferentially inhibits excitatory synaptic input to 337 

chemosensitive RTN neurons 338 

To determine if adenosine inhibition of RTN neurons also involves a pre-synaptic mechanism, 339 

we exposed neurons to repeated bouts of adenosine, first under control conditions, and then in 340 

the presence of inhibitory receptor blockers.  As before, under high CO2 conditions, bath 341 

application of adenosine (1 μM) decreased firing rate by 1.2 ± 0.1 Hz.  Exposure to bicuculline 342 

(10 μM) and strychnine (2 μM) to block GABAA and glycine receptors respectively, minimally 343 
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affected CO2/H+-stimulated activity (T3 = 1.204; p = 0.315) or the firing response to adenosine 344 

(T3=0.8955; p= 0.4365) (Figs. 4A-B).  These results suggest adenosine-mediated inhibition of 345 

RTN neurons does not involve potentiation of inhibitory synaptic drive.    346 

 347 

To further explore this possibility, we characterized the effects of adenosine on inhibitory and 348 

excitatory synaptic input to RTN neurons.  As above, chemosensitive neurons were identified in 349 

cell-attached voltage-clamp mode by their firing response to CO2.  Once the cell type of interest 350 

has been identified, we obtained whole-cell access and in voltage-clamp, recorded spontaneous 351 

synaptic currents.  Spontaneous inhibitory postsynaptic currents (sIPSC’s) were recorded in 352 

relative isolation by holding cells at the reversal potential for AMPA-mediated excitatory 353 

postsynaptic currents (sEPSC’s; Ihold = 0 mV).  Under control conditions (5% CO2) 354 

chemosensitive RTN neurons showed sIPSC’s with an average frequency of 0.29 Hz and 355 

amplitude of 17.61 pA (Fig. 5A-D).  Bath application of adenosine (1μM) had negligible effect 356 

on sIPSC amplitude (T8 = 1.586; p = 0.1514) and frequency (T8 =1.79; p = 0.1113) (Figs. 5A, C-357 

E).  In separate experiments, we determined that sIPSC’s measured in RTN neurons have a 358 

reversal potential near the Cl- chloride reversal potential of -57 mV (based on internal and 359 

external Cl- concentrations of 15.2 mM and 141 mM, respectively) and were blocked by bath 360 

application of bicuculline (10 μM) and strychnine (20 μM), thus confirming they are mediated 361 

by GABA or glycinergic input (Fig. 5A-B).   362 

 363 

Next, we measured sEPSC’s in chemosensitive RTN neurons (Ihold = -60 mV, near the IPSC 364 

reversal potential) during exposure to high CO2 and adenosine.  We found that exposure to 15% 365 

CO2 increased frequency but not amplitude of sEPSC’s (Fig. 6A).  This is interesting because it 366 
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suggests chemosensitive RTN neurons may function as a CO2/H+-sensing network by forming 367 

CO2/H+-dependent recurrent excitatory connections.  Considering extracellular acidification 368 

generally suppresses neural excitability and excitatory synaptic transmission (Sinning and 369 

Hübner 2013), we do not think this response results from non-specific effects of H+ on 370 

neurotransmission.  However, this possibility remains speculative since we cannot exclude 371 

potential effects of CO2/H+ on transmitter release from synaptic terminals in the RTN from distal 372 

neurons including from other chemosensing regions. 373 

 374 

We also found that exposure to adenosine (1 μM) preferentially disrupted excitatory input to 375 

chemosensitive RTN neurons; adenosine decreased sEPSC frequency from 2.03 ± 0.54 Hz to 376 

0.85 ± 0.19 Hz (T6 = 4.251; p < 0.01) (Fig. 6B) and expanded the inter-event interval (Fig. 6D) 377 

but with no change in sEPSC amplitude (Fig. 6C) (T12 = 0.6844; p = 0.5068).  At the end of each 378 

experiment, we bath applied CNQX (10 μM) to confirm sEPSC’s are mediated by AMPA 379 

receptors (Fig. 6A).  These results are consistent with evidence from the hippocampus (Lambert 380 

& Teyler, 1991; Yoon & Rothman, 1991) and cortex (Qi et al., 2017), suggesting adenosine 381 

preferentially disrupts excitatory but not inhibitory synaptic activity.   382 

  383 

Discussion 384 

The main finding of this study is that adenosine and A1 receptor signaling inhibits 385 

chemosensitive RTN neurons by mechanisms involving direct neural inhibition by activation of 386 

an inward rectifying K+ conductance, and by selective suppression of excitatory synaptic input to 387 

chemoreceptors.  These results are consistent with known mechanisms by which adenosine and 388 

A1 receptors inhibits neural activity in other brain regions (Cunha, 2001; Dunwiddie & Masino, 389 
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2001), and identify GIRK-like conductance as the first target of purinergic signaling in 390 

chemosensitive RTN neurons.   391 

 392 

The presumed source of adenosine in the RTN is the rapid breakdown of extracellular ATP 393 

(Dunwiddie & Masino, 2001) which has been shown to increase by several μM in the region 394 

during exposure to high CO2 (Gourine et al., 2005).  There is also evidence suggesting that ATP-395 

purinergic signaling through P2 receptors (probably P2Y; Mulkey et al., 2006) enhances 396 

CO2/H+-dependent output of the RTN (Gourine et al., 2010; Wenker et al., 2012; Barna et al., 397 

2016).  Therefore, the inhibitory role of adenosine is expected to coincide with and offset the 398 

excitatory effects of CO2/H+- dependent purinergic activation of RTN neurons.  This possibility 399 

is supported by in vivo evidence from adult rats showing that blockade of A1 receptors 400 

systemically (Montandon et al., 2007) or in the RTN (Falquetto et al., 2018) potentiated the 401 

ventilatory response to CO2.  We also confirmed that the excitatory P2 receptor-dependent 402 

component of this mechanism functions in the reduced slice preparation (Wenker et al., 2010; 403 

Wenker et al., 2012).  However, we show here that A1 receptor blockade by bath application of 404 

DPCPX during high CO2 failed to potentiate activity of RTN chemoreceptors in slices from 405 

neonatal rats or mice, suggesting that endogenous adenosine does not limit the firing response of 406 

chemoreceptors under these reduced experimental conditions. 407 

 408 

A number of factors may contribute to this apparent lack of endogenous A1signaling in vitro.  In 409 

particular, solutions used for brain slice experiments are equilibrated with a high O2 gas mixture 410 

resulting in bath O2 levels ~10-fold higher than in vivo (Mulkey et al., 2001) and enhanced 411 

superoxide production (D'Agostino et al., 2007).  This is relevant because oxidative stress 412 
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including superoxide has been shown to decrease the activity of ecto-5’-nucleotidase (the 413 

enzyme responsible dephosphorylating AMP to adenosine) and limit adenosine production 414 

(Obata & Nakashima, 2017).  Therefore, it is possible that supraphysiological O2 levels used for 415 

brain slice experiments precluded adenosine production and A1 signaling.  It is also important to 416 

recognize that ventilatory suppression by adenosine in vivo may involve vasodilation and 417 

subsequent washout of tissue CO2/H+ (Hawkins et al., 2017), and since brain slices lack vascular 418 

smooth muscle tone, this inhibitory role of adenosine would not be evident in slices.  Although 419 

animals of different ages were used for in vivo (adult) and in vitro (neonatal) experiments, we do 420 

not think this contributed to the lack of A1 inhibition in vitro since respiratory suppression by 421 

adenosine and A1 receptors tends to be more pronounced at earlier developmental time point 422 

(Cunha, 2001; Montandon et al., 2008; Funk, 2013).  Other factors such as tissue damage 423 

incurred during slicing or our preference to test adenosine during exposure to high CO2 are also 424 

unlikely factors since ectonucleotidase activity and adenosine levels typically increase in 425 

response to trauma (Burnstock, 2017) and are stable over the pH range encompassed by our 426 

study (Zimmermann et al., 2012).  Based on the above caveats, we do not exclude the possibility 427 

that endogenous adenosine signaling through A1 receptors limits CO2/H+-stimulated activity of 428 

RTN chemoreceptors. 429 

 430 

In many brain regions adenosine signaling through A1 receptors inhibits neural activity by both 431 

pre- and post-synaptic mechanisms.  We identified a similar paradigm in the RTN; under 432 

experimental conditions designed to isolate post-synaptic mechanisms (in TTX to block neural 433 

action potentials), we found that exposure to adenosine activated an outward K+ conductance 434 

reminiscent of GIRK channels; the adenosine-sensitive current reversed near EK and showed 435 
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strong inward rectification at voltages positive to ~-90 mV.  Also, consistent with evidence 436 

suggesting intrinsic CO2/H+ sensing by RTN neurons involves inhibition of one or more 437 

background K+ channels (Guyenet & Bayliss, 2015; Kumar et al., 2015; Guyenet et al., 2016), 438 

we found that exposure to high CO2/H+ decreased outward current and conductance by inhibition 439 

of a voltage-independent K+ current.  Importantly, the adenosine -sensitive current was retained 440 

during exposure to high CO2, thus allowing this mechanism to temper CO2/H+-stimulated 441 

chemoreceptor activity.  In addition to activation of GIRK channels, A1 receptors have also been 442 

shown to inhibit neural activity by cAMP-dependent inhibition of hyperpolarization-activated 443 

cyclic nucleotide-gated (HCN) channels (Li et al., 2011).  Although HCN channels regulate 444 

basal activity of RTN chemoreceptors (Hawkins et al., 2015), based on the pharmacology (Fig. 445 

2) and voltage-dependent properties of the adenosine -sensitive current (Fig. 3), we do not think 446 

HCN channels are targets of A1 signaling in the RTN.  HCN channels are also inhibited by 447 

depolarization (Biel et al., 2009) and do not contribute to CO2/H+-sensitivity of RTN neurons 448 

(Hawkins et al., 2015; Mulkey et al., 2015); therefore, the preferential A1 targeting of GIRK 449 

channels but not HCN channels is consistent with the role of A1 receptors serving as a brake to 450 

CO2/H+-stimulated activity. 451 

 452 

At the network level, we find that adenosine and A1 signaling preferentially suppressed 453 

spontaneous excitatory but not inhibitory synaptic input to chemosensitive RTN neurons.  All 454 

EPSCs were eliminated by bath application of CNQX, confirming they are mediated by 455 

glutamatergic AMPA receptors.  These results are consistent with evidence from the 456 

hippocampus (Lambert & Teyler, 1991; Yoon & Rothman, 1991) and cortex (Qi et al., 2017) 457 

and suggest pre-synaptic A1 receptors or the machinery associated with suppression of 458 
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transmitter release are preferentially expressed in excitatory terminals.  Previous work has shown 459 

that inhibitory neurons within the ventrolateral medulla in the vicinity of the RTN express A2 460 

receptors (Zaidi et al., 2006) and systemic application of an A2 receptor agonist has been shown 461 

to suppress breathing by a GABAergic-dependent mechanism (Thomas & Spyer, 1999; Wilson 462 

et al., 2004).  Although this A2-dependent mechanism may suppress respiratory activity at other 463 

levels of the circuit, and perhaps contribute to the respiratory suppression observed in A1R-/- 464 

mice, we do not think this mechanism contributes to adenosine modulation of the RTN since 465 

adenosine minimally affected inhibitory input to chemosensitive neurons.  466 

    467 

In sum, adenosine is a potent modulator of respiratory function including RTN chemoreception 468 

where activation of A1 receptors has been shown to inhibit RTN chemoreceptor function adult 469 

rats and in slices from neonatal rats and mice.  Mechanisms contributing to A1 inhibition of RTN 470 

neurons involve activation of a GIRK-like K+ conductance and suppression of excitatory 471 

synaptic input.  These results may be clinically relevant since they identify chemosensitive RTN 472 

neurons as candidates for the respiratory-stimulating effects of caffeine (D'Urzo et al., 1990; 473 

Pianosi et al., 1994), an A1 and A2 receptor antagonist used therapeutically to mitigate breathing 474 

problems in premature infants (Stevenson, 2007).   475 

  476 

477 
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Figure Legends: 657 

Figure 1.  Adenosine strongly inhibits chemosensitive RTN neurons in slices from rat and 658 

mouse pups by an A1-receptor dependent mechanism.  A, trace of firing rate (Hz) and 659 

segments of holding current from a chemosensitive neuron in a brainstem slice from a rat pup 660 

shows that exposure to adenosine (1 μM; ado) decreases activity in a reversible and repeatable 661 

manner. B, summary data (n = 6) shows ado inhibits CO2/H+ (15% CO2) stimulated activity. C, 662 

trace of firing rate from a chemosensitive RTN neuron in a brainstem slice from a rat pup shows 663 

that bath application of an selective A1 receptor blocker (DPCPX, 30 nM) had negligible effect 664 

on CO2/H+-stimulated activity but completely eliminated the inhibitory effects of ado (1 μM).  D, 665 

Summary data shows the inhibitory effects of ado RTN chemoreceptors in slices from rat pups 666 

was eliminated by pre-incubation (~ 10 min) in a non-specific ado receptor blocker (8PT, 10 μM; 667 

N = 3) (Di) or a selective A1 receptor blocker (DPCPX, 30 nM; N = 5) (Dii).  E, summary data 668 

shows bath application of 8PT or DPCPX alone minimally affected CO2/H+-stimulated activity 669 

of RTN chemoreceptors in slices from rat pups, suggesting endogenous ado does not limit 670 

chemoreceptor activity under these experimental conditions. F, firing rate (Hz) trace from a 671 

chemosensitive RTN neuron in a brainstem slice from a mouse pup shows that exposure to ado 672 

(1 μM) inhibited CO2/H+-stimulated activity under control conditions but not in the presence of 673 

DPCPX (30 nM).  G-H Summary data (N = 3) shows in mouse that DPCPX blocked the effect 674 

of adenosine, and when applied alone did not affect the CO2/H+-stimulated activity.  *, p<0.05; 675 

**, p < 0.01; ***, p<0.001 676 

 677 

Figure 2. Adenosine inhibition of RTN chemoreceptor activity was blunted by barium.  A, 678 

trace of firing rate (Hz) from a chemosensitive RTN neuron in a brainstem slice from a rat pup 679 
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shows that exposure to adenosine (1 μM; ado) alone caused a near complete suppression of 680 

CO2/H+ (15% CO2)-stimulated activity.  Application of Ba2+ (100 μM) in the continued presence 681 

of high CO2 caused a modest increase in neuronal activity and blunted subsequent responses to 682 

adenosine.  Summary data (N = 5) to the right shows that 100 μM Ba2+ blunted the inhibitory 683 

effect of ado by ~50%.  B, trace of firing rate (Hz) and summary data to the right show that ado 684 

(1 μM) inhibition of RTN chemoreceptor activity was retained in the presence of TEA (10 mM) 685 

and 4AP (50 μM).  These results suggest that ado inhibits activity of RTN chemoreceptors by 686 

activation of an inward rectifying K+ channel.  *, p<0.05; **, p < 0.01.   687 

 688 

Figure 3.  Adenosine activates an inward rectifying K+ conductance in chemosensitive RTN 689 

neurons.  A, traces of holding current (top) and conductance (bottom) (Vhold = -60 mV; TTX) 690 

from a chemosensitive RTN neuron in a brainstem slice from a rat pup shows that exposure to 691 

15% CO2 decreased outward current and conductance.  In the continued presence of high CO2 692 

subsequent exposure to ado (1 μM) increased outward current and conductance.  B, Summary 693 

data (N=5) shows the effects of high CO2 alone and CO2 plus ado on holding current (Bi) and 694 

conductance (Bii).  C, current responses to voltage steps from -60 mV to between -40 and -130 695 

mV during exposure to high CO2 alone and CO2 plus ado.  D, average (N = 5) current–voltage 696 

(I–V) relationships of the CO2/H+- (Di) and ado-sensitive (Dii) currents; difference currents were 697 

isolated by subtracting I-V relationships recording during exposure to 15% CO2 or ado from those 698 

recorded under control conditions.  **, p < 0.01.   699 

 700 

Figure 4.  Adenosine modulation of RTN chemoreceptors was retained when GABA and 701 

glycine receptors are blocked.  A-B, firing rate trace from a chemosensitive RTN neuron (A) 702 
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and summary data (B, N = 4) shows the inhibitory effects of adenosine (1μM) are retained in the 703 

presence of bicuculine and strychnine.  704 

 705 

Figure 5. Adenosine minimally affects inhibitory synaptic input to RTN chemoreceptors.  706 

A, traces of holding current (Ihold= 0 mV) from a RTN chemoreceptor shows spontaneous IPSC  707 

events under control conditions and during 15% CO2 alone and with adenosine or bicuculine and  708 

strychnine. B, traces of holding current at holding potentials ranging from -40 to -80 mV (Δ 10 709 

mV steps) and in the presence of kynurenic acid (block glutamate receptors) show that 710 

spontaneous IPSCs reverse near -60 mV.  This holding potential will be used to isolate EPSCs.  711 

C-D, summary data show effects of ado (1 μM) on IPSC freq (C) and amplitude (D) during high 712 

CO2.  E, plot of IPSC events vs inter-event interval shows ado minimally affected the occurrence 713 

of IPSC’s.  714 

 715 

Figure 6.  Adenosine decreased excitatory synaptic input to RTN chemoreceptors. A, traces 716 

of holding current (Ihold= -60 mV) from a chemosensitive RTN neuron shows spontaneous 717 

EPSC events under control conditions and in 15% CO2 alone and with ado (1 μM) or CNQX. B-718 

C, summary data show effects of ado on EPSC freq (B) and amplitude (C) during high CO2.  D, 719 

plot of EPSC events vs inter-event interval show that EPSC in ado occurred less frequently. Note 720 

that for the data set shown in panel B, two outlier data points were identified using ROUT 721 

method and excluded from analysis. **, p<0.01.   722 














