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Abstract: To clarify the contribution of KCNK3/TASK-1 channel chemoreflex in response to hypoxia 26 

and hypercapnia, we used a unique Kcnk3-deficient rat. We assessed ventilatory variables using 27 

plethysmography in Kcnk3-deficient and wild-type rats at rest in response to hypoxia (10% O2) and 28 

hypercapnia (4% CO2). Immunostaining for C-Fos, a marker of neuronal activity, was performed to 29 

identify the regions of the respiratory neuronal network involved in the observed response. 30 

Under basal conditions, we observed increased minute ventilation in Kcnk3-deficient rats, which was 31 

associated with increased c-Fos positive cells in the ventrolateral region of the medulla oblongata. 32 

Kcnk3-deficient rats show an increase in ventilatory response to hypoxia without changes in response to 33 

hypercapnia. In Kcnk3-deficient rats, linked to an increased hypoxia response, we observed a greater 34 

increase in c-Fos-positive cells in the first central relay of peripheral chemoreceptors and Raphe 35 

Obscurus. 36 

This study reports that KCNK3/TASK-1 deficiency in rats induces an inadequate peripheral 37 

chemoreflex, alternating respiratory rhythmogenesis, and hypoxic chemoreflex. 38 

 39 

Keywords: Hypoxia, Hypercapnia, c-Fos, K2P3.1, raphe obscurus 40 
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Introduction 42 

In mammals, the regulation of breathing is crucial for maintaining correct blood oxygenation and 43 

eliminating carbon dioxide (CO2). This regulation is controlled by the central and peripheral regions. 44 

The regulation of the membrane potential by ion channels contributes to breathing regulation via central 45 

and peripheral respiratory chemoreception. Among the ion channels, background K+ channels play an 46 

essential role in maintaining respiratory control (Bayliss et al., 2015; Buckler, 2015). Background K+ 47 

channels are mainly characterised by the two-pore domain potassium (K2P) channel family. K2Ps 48 

function as background K+ conductance channels that help stabilise resting membrane potentials of 49 

different cell types (Enyedi and Czirják, 2010). Moreover, non-canonical sensing mechanisms have been 50 

observed in K2P channels with rapid gating kinetics (similar to many voltage-gated K+ channels). These 51 

K2P properties suggest they contribute to rapid neuronal action potentials (Schewe et al., 2016).  52 

K2P channels comprise two subunits, each with two pore domains that form a single pore highly 53 

selective for K+ (Enyedi and Czirják, 2010). Among K2P, the potassium channel subfamily K+ member 54 

3 (KCNK3), also called TWIK-related acid-sensitive K+ (TASK-1), and KCNK9 or TASK-3 are both 55 

described in mice as contributing to the regulation of breathing, using double- or simple-deficient mice 56 

for task-1 or task-3 (Buehler et al., 2017; Jungbauer et al., 2017). TASK-1 and TASK-3 have several 57 

characteristics with the background K+ current, including minor voltage sensitivity, extracellular pH 58 

sensitivity, resistance to classic K+ channel blockers, and nonsensitivity to cytoplasmic calcium 59 

concentrations (Le Ribeuz et al., 2020). 60 

The regulation of peripheral breathing is primarily mediated by the carotid body (Rausch et al., 1991). 61 

The predominant channels in rodent carotid body glomus cells are KCNK3/TASK-1 and 62 

KCNK9/TASK-3. Electrophysiological and pharmacological approaches have highlighted their 63 

presence in the rat carotid body type-1 cells (Buckler et al., 2000; Buckler, 2007). Buckler et al. showed 64 

that the TASK channels play a central role in the response of arterial chemoreceptors to hypoxia, 65 

acidosis, and hypercapnia (Buckler et al., 2000). Later, using kcnk3/task-1 or kcnk9/task-3 knockout 66 

mice, the same group demonstrated that both KCNK3/TASK-1 and KCNK9/TASK-3 are inhibited by 67 

hypoxia, cyanide, or mitochondrial uncouplers, and that they are coupled to both oxygen and metabolic 68 

signalling pathways in these cells (Turner and Buckler, 2013). Moreover, kcnk3/task-1 knockout mice 69 
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showed an almost 50% reduction in hypoxia and CO2 (by 68%)-induced increases in carotid sinus nerve 70 

chemoafferent discharge recorded (Trapp et al., 2008). In the carotid body, a hypoxia-induced decrease 71 

in TASK-1/TASK-3 function initiates plasma membrane depolarisation, resulting in voltage-gated 72 

calcium channel activation and the consecutive activation of neurotransmitters that excite the 73 

glossopharyngeal nerve. The afferent glossopharyngeal nerve projects to the pontomedullary respiratory 74 

centre through the nucleus of the solitary tract, which allows for adjusting ventilation (López-Barneo et 75 

al., 2008). Furthermore, the KCNK3/TASK-1 channel is functionally expressed at multiple levels in 76 

brainstem respiratory-related neurones such as airway motoneurons or presumptive chemoreceptor 77 

neurones (Bayliss et al., 2001, 2015). However, controversial results have been reported regarding the 78 

role of KCNK3/TASK-1 in controlling breathing in response to hypoxia and hypercapnia in mice. task1-79 

/- mice have a relatively normal CO2-chemoreflex, suggesting that these channels are not essential for 80 

central respiratory chemosensitivity (Mulkey et al., 2007). In contrast, Trapp and co-workers showed in 81 

task1-/- and task1/task3 double knockout mice a 50% and 68% reduction in ventilatory responses to 82 

hypoxia and CO2, respectively, compared to wild-type mice. The ventilatory responses to hypoxia and 83 

CO2 were unchanged in task3-/- mice, suggesting that the TASK-3 channel is not required for central 84 

respiratory responses while TASK-1 is crucial for the ventilatory regulation in responses to hypoxia and 85 

hypercapnia (Trapp et al., 2008). As rats and mice have different adaptation mechanisms in breathing 86 

(Arias-Reyes et al., 2021). Moreover, KCNK3/TASK-1 is not functional in mouse pulmonary 87 

vasculature contrary to humans and rats (Manoury et al., 2011; Antigny et al., 2016; Kitagawa et al., 88 

2017; Lambert et al., 2019). task1-/- mice developed hyperaldosteronism (Heitzmann et al., 2008), 89 

whereas aldosterone production is unchanged in Kcnk3-deficient rats (Lambert et al., 2019). These 90 

examples highlight crucial differences between mice and rats concerning KCNK3/TASK-1, which could 91 

exist for ventilatory response to hypoxia or hypercapnia in rats. Moreover, gain-of-function mutations 92 

in the KCNK3 gene were recently identified in patients with sleep apnoea (Sörmann et al., 2022). 93 

Patients with sleep apnoea have altered breathing during sleep and develop pulmonary hypertension in 94 

17%–50% of patients with sleep apnoea (Bady et al., 2000; Yan et al., 2021), and KCNK3/TASK-1 95 

dysfunction leads to pulmonary hypertension (Antigny et al., 2016; Lambert et al., 2019). 96 



5 
 

To clarify the role of KCNK3/TASK-1 in the control of breathing and to determine the role of KCNK3 97 

in the regulation of breathing in rats, we used Kcnk3-deficient rats. This study employed a recent and 98 

unique Kcnk3Δ94ex1/Δ94ex1 rat line with a deficiency in the KCNK3 protein (Lambert et al., 2019, 2021) 99 

and characterised the consequence of Kcnk3 deficiency in the control of breathing in rats. 100 

Methods 101 

Animals and surgical procedures - The animal facility was licenced by the French Ministry of 102 

Agriculture (agreement N° C92-019-01). This study was approved by the Committee on Ethics of 103 

Animal Experiments (CEEA26; CAP Sud). Animal experiments were approved by the French Ministry 104 

of Higher Education, Research, and Innovation (N°7757). Animal experiments were performed in 105 

accordance with the guidelines from Directive 2010/63/EU on 22 September 2010 of the European 106 

Parliament on the protection of animals used for scientific purposes, and complied with the French 107 

institution's animal care and handling guidelines.  108 

Kcnk3-deficient rats 109 

Kcnk3-deficient rats were generated using the CRISPR/Cas 9 technique with a specific sgRNA-110 

rKCNK3 and Cas9 mRNA (Remy et al., 2017; Lambert et al., 2019, 2021) targeting the first exon of the 111 

Kcnk3 gene, to induce a shift in the reading frame of exon 1 of the Kcnk3 gene. We used a strain with 112 

94 bp deleted in the first exon of Kcnk3 (Δ94ex1), as previously described (Lambert et al., 2019, 2021). 113 

In one new-born rat, a deletion of 94 bp (Δ94ex1) was found, which resulted in an out-of-frame shift in 114 

the open reading frame, leading to a premature stop codon and generation of a completely different aa 115 

(amino acid) sequence. However, premature stop codons can cause mRNA degradation (Chang et al., 116 

2007). The deletion of 94 bp in the mRNA was not associated with the absence of mRNA, indicating 117 

the absence of mRNA degradation (Chang et al., 2007). We studied homozygous rats (Kcnk3Δ94ex1/Δ94ex1, 118 

also called Kcnk3-deficient rats) and wild-type (WT) littermates. Only male rats were analysed in this 119 

study at three months old.  120 

As we described (Lambert et al., 2019, 2021), a putative translation of the truncated mRNA could 121 

produce a truncated 90-aa protein instead of the 411 aa of the wild-type (WT) protein and share only the 122 

first 14 aa with the WT protein. Sequencing of the Kcnk3 mRNA from Kcnk3+/+ and Kcnk3Δ94ex1/Δ94ex1 123 
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rats confirmed the deletion of the 94 bp and an aberrant protein sequence with eight potential premature 124 

stop codons (Lambert et al., 2019). 125 

The founder animal with the Δ94ex1 deletion was crossed with a WT partner, and the deletion was 126 

transmitted to the offspring, as shown by genotypic DNA analysis, demonstrating that the rats were 127 

either Kcnk3+/+, heterozygous Kcnk3Δ94ex1/+, or homozygous Kcnk3Δ94ex1/Δ94ex1. In this study, we used only 128 

Kcnk3+/+ and homozygous Kcnk3Δ94ex1/Δ94ex1. 129 

In vivo measurement of ventilatory variables - Ventilatory variables were measured non-invasively 130 

in unanaesthetised and unrestrained animals by adapting the technique developed by Drorbaugh and 131 

Fenn (Drorbaugh and Fenn, 1955) and modified by Bartlett and Tenney (Bartlett and Tenney, 1970). 132 

Briefly, a whole-body flow barometric plethysmograph was used to obtain breathing variables using a 133 

differential pressure transducer (model DP 45-18, Validyne Engineering, Northridge, CA, USA) placed 134 

between a recording chamber and a reference chamber of the same volume. The pressure signal was 135 

sent to a demodulator (model CD15, Validyne Engineering, Northridge, CA), and the breathing 136 

variables were recorded using a Spike 2 data analysis system (CED, Cambridge, UK). Rats were placed 137 

in the recording chamber ventilated with air at room temperature (21–22°C). Thus, whole-body 138 

plethysmography provided a measurement of respiratory frequency (fR in cycle per min, c/min), mean 139 

total time of one breath (Ttot, in seconds), tidal volume (VT in µl), and minute ventilation (Ve in ml/min). 140 

Tidal volume and minute ventilation were normalised by the weight (VT, µl/g and Ve, ml/g/min). The 141 

irregularity score (IS) reflects the variability in the duration of respiratory cycles (Voituron et al., 2009). 142 

The delta of Ve was obtained by calculating the difference between the values obtained under normoxia, 143 

hypoxia, and hypercapnia at different times for each animal. The Ti/Ttot and VT/Ti ratios were also 144 

determined to indicate breathing time and an index of inspiratory drive (Milic-Emili and Grunstein, 145 

1976).  146 

To evaluate the hypoxic ventilatory response (HVR) and hypercapnic ventilatory response (HcVR), air 147 

was replaced with a hypoxic (10% O2) or hypercapnic (4% CO2) gas mixture for 10 min. Briefly, 148 

measurements were performed under normoxia (21% O2) for 30 min, followed by hypoxia for 10 min 149 

(measures performed at 1’30, 2’30, 5, and 10 min), followed by a 30 min recovery period under 150 

normoxia, then hypercapnia for 10 min (measures performed at 1’30, 2’30, 5, and 10 min), followed 151 
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again by a recovery period under normoxia (10 min) as described (Voituron et al., 2011). To analyse the 152 

response to hypoxia and hypercapnia, the ventilatory parameters were compared with the period of 153 

normoxia immediately preceding them. In this way, as the respiratory parameters are expressed as a 154 

function of the previous period of normoxia, the hypothetical influence of hypoxia was subtracted. 155 

Analysis of c-Fos expression - The rib cage was opened after anaesthetising the rats with an 156 

intraperitoneal mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). Thus, rats were placed in a 157 

box ventilated with air (Normoxic condition) or hypoxic gas (O2 10%-balanced N2) mixture for 2 hr. 158 

Transcardiac perfusion of 0.1M phosphate-buffered saline (PBS) was performed for 10 min at a flow 159 

rate of 5ml/min. The animals were then fixed by transcardial perfusion of 4% paraformaldehyde for 15 160 

min. The whole brain of each animal was kept in 4% paraformaldehyde (PFA) for 48 h to optimise post-161 

fixation. The 4% PFA was replaced by a 30% sucrose solution prepared in 0.1M PBS at 4°C. Sections 162 

of 40µm thickness were made in the cryostat and then preserved in a cryoprotector based on sucrose and 163 

0.2M PBS to be stored at -20°C. Immunostaining was performed on one of every two sections, and the 164 

c-Fos protein was detected using standard procedures for Fos-Like Immunohistochemistry on free-165 

floating sections (Perrin-Terrin et al., 2016). Endogenous peroxidases were neutralized with H2O2 3%. 166 

Sections were then placed in 0.1M PBS supplemented with 0,3% Triton X-100 and 1% bovine serum 167 

albumin (BSA). Sections were then incubated for 48h at 4°C with a mouse monoclonal primary antibody 168 

directed against the c-Fos protein (sc-166940, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) 169 

diluted 1/2000 in 0.1M PBS supplemented with 0,3% Triton X-100 and 0,5% BSA. Sections were then 170 

incubated at room temperature for 2h with a biotinylated horse anti-mouse IgG (BA 2000, Vector 171 

Laboratories) diluted 1/1000 in 0.1M PBS supplemented with 0,3% Triton X-100 and 0,5% BSA and 172 

for 1h with Avidin-Biotin-Peroxidase complex (VECTASTAIN, Elit PK-100 standard, ZE0622). 173 

Peroxidase activity was detected with 0.015% 3,34-diaminobenzidine tetrahydrochloride, 0.04% nickel 174 

ammonium sulfate, and 0.006% H2O2 in 0.05M Tris buffer (pH 7,6). The reaction was stopped by rinsing 175 

with PBS once a brown colouration was visible. Sections were washed, mounted on silane-treated slides, 176 

air-dried, dehydrated with absolute alcohol, cleared with xylene, and covered with coverslips.  177 

Control sections were treated in parallel without primary or secondary antibodies. No labelling was 178 

observed under these conditions. 179 
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Sections were examined under a light microscope (Zeiss Axioskop, Germany), and the region of interest 180 

was photographed using a digital camera (Q-Imaging Retiga-200R CDD). c-Fos positive cells were 181 

quantified at high magnification (x200) using standard landmarks of the medullary respiratory structures 182 

(Paxinos: mouse brain in stereotaxic coordinates: compact ). Thus, the c-Fos positive cells were 183 

numbered in the three sub-divisions of the nucleus of the solitary tract: commissural (cNTS), medial 184 

(mNTS), and ventrolateral (vlNTS); in the medullary raphes nuclei (raphe obscurus, ROb; raphe 185 

pallidus, RPa, and raphe magnus, RMg); the caudal and rostral part of the ventrolateral reticular nucleus 186 

of the medulla (cVLM and rVLM); and the retrotrapezoid nucleus/parafacial respiratory group 187 

(RTN/pFRG) (Joubert et al., 2016; Perrin-Terrin et al., 2016; Jeton et al., 2022; Paxinos: The mouse 188 

brain in stereotaxic coordinates: compact).  189 

We previously demonstrated that some neurones do not express c-Fos (Perrin-Terrin et al., 2016). 190 

However, this method helps determine the activation of neural pathways, such as respiratory rhythm 191 

adaptation, during chemical challenges (Dragunow and Faull, 1989; Perrin-Terrin et al., 2016). As c-192 

Fos staining could also be present in glial cells, we called these cells C-Fos + cells in the present study. 193 

 194 

Statistical analysis 195 

All statistical tests were performed using the GraphPad Prism software (GraphPad, version 9.0 for 196 

Windows). All values are reported as mean ± standard error of the mean. All data were verified for 197 

normal distribution using the Shapiro–Wilk normality test. Differences between groups were analysed 198 

using an unpaired t-test for experiments with more than six samples. When the conditions of the 199 

parametric tests were not met, we used the Mann-Whitney test. Differences between two or more groups 200 

were assessed using a two-way ANOVA. Differences were considered statistically significant at p 201 

<0.05.   202 
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Results 203 

Breathing at rest 204 

We used whole-body plethysmography to record breathing patterns of freely moving WT and 205 

Kcnk3∆94ex1/∆94ex1 rats under room air. At rest, minute ventilation was significantly increased in 206 

Kcnk3Δ94ex1/Δ94ex1 rats due to increased VT (Table 1). Neither respiratory frequency nor variability of the 207 

cycle duration expressed by the irregularity score (IS), which reflects the variability in the duration of 208 

respiratory cycles, was significantly different between WT and Kcnk3Δ94ex1/Δ94ex1 rats (Table 1). The 209 

Ti/Ttot ratio (indication of breathing time) was unchanged in Kcnk3Δ94ex1/Δ94ex1 rats as compared to that 210 

in WT rats, while the VT/Ti ratio (index of inspiratory drive) was augmented (Table 1). 211 

Consequences of Kcnk3 deficiency in rats on chemosensitivity to O2 and CO2 212 

As described in the Materials and Methods section, in our experimental protocol, we successively 213 

exposed the same animal to normoxia and hypoxia, and after the recovery time, to hypercapnia and then 214 

normoxia. Before comparing the effects of hypercapnia exposure, we compared the plethysmography 215 

values 30 min after hypoxia exposure during the recovery period. As detailed in Table 2, we found 216 

similar differences between WT and Kcnk3Δ94ex1/Δ94ex1 rats, as indicated by the increased VT, Ve, and 217 

Vt/Ti ratio (Table 2).  218 

Concerning the response to hypercapnia, we found that, in WT and Kcnk3Δ94ex1/Δ94ex1 rats, hypercapnia 219 

significantly increased VT and fR without any differences between both groups (Figure 1). Therefore, the 220 

increase in Ve in response to CO2 was similar between WT and Kcnk3Δ94ex1/Δ94ex1 rats (Figure 1). 221 

Regarding the ventilatory response to hypoxia, the behaviour of the WT and Kcnk3Δ94ex1/Δ94ex1 rats 222 

differed. Indeed, in WT rats, we observed a characteristic biphasic response with an increase in Ve 223 

(peaking 1 min after the onset of hypoxic exposure), followed by a relative decline (roll-off, Figure 2). 224 

This response was due to the biphasic evolution of VT without a change in fR. However, in 225 

Kcnk3Δ94ex1/Δ94ex1 rats, the VT remained elevated throughout the exposure to hypoxia (Figure 2), leading 226 

to a sustained response to hypoxia with an absent or delayed roll-off. 227 

Anatomical substrate responsible for the observed ventilatory response to hypoxia 228 

We sought to identify the ponto-bulbar structures of the respiratory network involved in the observed 229 

differences between the mutants and WT rats. Therefore, we performed immunohistochemical detection 230 
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of the c-Fos protein (black arrow) (Table 3, Figure 3), which could be considered a marker of cellular 231 

activity.  232 

Under normoxic conditions, basal c-Fos expression was observed in the studied structures (Table 3, 233 

Figure 3). Although there was no difference in most structures, we observed an increase of the c-Fos 234 

positive cells in baseline conditions between WT and Kcnk3Δ94ex1/Δ94ex1 rats in the levels of rVLM, cVLM, 235 

and RPa (Table 3, Figure 3).  236 

In WT rats, hypoxic exposure led to an increase in c-Fos expression in cNTS, rVLM, cVLM, RPa, and 237 

ROb, while in Kcnk3Δ94ex1/Δ94ex1 rats, hypoxia led to an increase in the number of c-Fos positive cells in 238 

c and mNTS, as well as in cVLM and ROb (Table 3, Figure 3).  239 

Discussion 240 

In this study, we report several essential findings related to the effects of Kcnk3 deficiency on breathing 241 

control. I) Under basal conditions, Ve increases in Kcnk3Δ94ex1/Δ94ex1 rats. II) Kcnk3Δ94ex1/Δ94ex1 rats 242 

developed a potentiated ventilatory response to hypoxia, while the ventilatory response to hypercapnia 243 

was unaltered. III) The increased response to hypoxia in Kcnk3Δ94ex1/Δ94ex1 rats is associated with a higher 244 

number of c-Fos positive cells in cNTS, cVLM, and ROb.  245 

Role of KCNK3/TASK-1 in breathing control 246 

In a mouse model, the ventilation at rest was similar between WT and task1-/- mice (Trapp et al., 2008). 247 

In task1−/− mice, only modified respiration was observed in male mice (Jungbauer et al., 2017). In 248 

task3−/− mice, however, discrete changes in respiration were observed in both sexes. Double task1/task3 249 

knockout (KO) mice exhibit increased basal ventilation caused by an enlarged tidal volume and peak 250 

expiratory and inspiratory flow (Buehler et al., 2017). This phenotype was similar to that of task1-/- mice 251 

(Jungbauer et al., 2017). 252 

In contrast, we found that Kcnk3Δ94ex1/Δ94ex1 rats had a higher Ve than WT rats. We only observe a 253 

difference in VT but not in terms of fR, which would indicate that this increase in Ve was due to a change 254 

in the gain of the motor output. This is supported by the increased VT/Ti ratio, which suggests a 255 

strengthening of ventilatory control. In parallel, we observed a difference in c-Fos expression in the 256 

cVLM. The VLM is a neuronal column ventral to the ambiguus nucleus that extends from the pyramidal 257 

decussation to the caudal edge of the facial nucleus (Voituron et al., 2006; Huckstepp et al., 2015; Baum 258 
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et al., 2018). The ventrolateral medulla contains the ventral respiratory group (VRG) (Bianchi 1971). 259 

An increase in phrenic activity amplitude was correlated with an increase in caudal VRG inspiratory 260 

neuron activity (Morris et al., 1996), suggesting that strengthening of the ventilatory drive could be 261 

linked to the increase in activity observed in the cVLM. 262 

In contrast, we observed an increase in c-Fos activity in the rVLM in the control condition. 263 

Catecholaminergic neurons (C1) in the rVLM modulate sympathetic outflow. Indeed, rVLM contains 264 

sympatho-excitatory neurones (Guyenet, 2006), which could be responsible for the increased heart rate 265 

and right ventricular systolic pressure recently observed in Kcnk3Δ94ex1/Δ94ex1 rats (Lambert et al., 2019).  266 

Normal central chemoreflex 267 

The KCNK3/TASK-1 channel and other K2P channels participate in central CO2/pH chemoreception 268 

because of their localisation in various chemosensitive central regions, including the ventrolateral 269 

medulla, medullary dorsal, caudal raphe, pontine locus coeruleus, and ventral respiratory group, and 270 

because they are sensitive to the external pH and oxygen (Bayliss et al., 2001, 2015; Washburn et al., 271 

2003). In a rat model using the non-selective KCNK3/TASK-1 blocker anandamide, Li Q and colleagues 272 

suggested that the KCNK3/TASK-1 channel may act as a chemosensor for central respiration, 273 

contributing to pH-sensitive respiratory effects (Li et al., 2020).  274 

However, the role of KCNK3/TASK-1 in the respiratory response to hypercapnia remains controversial.  275 

The KCNK3/TASK-1 channel is not involved in central CO2 chemosensing. Moreover, task1-/-, task3-/,- 276 

or double task1/task3 knockout mice have a relatively normal CO2-chemoreflex, suggesting that these 277 

channels are not essential for central respiratory chemosensitivity (Mulkey et al., 2007). Mulkey et al. 278 

showed that the pH sensitivity of 5HT raphe neurones was abolished in TASK channel-null mice, 279 

indicating that 5HT raphe neurones are not involved in CO2 the chemoreflex (Mulkey et al., 2007). In 280 

contrast, Trapp et al. measured altered ventilation in task1-/- and task1/task3 double knockout mice 281 

(Trapp et al., 2008). Similarly, to the work of Mulkey et al., we found that exposure to hypercapnia led 282 

to a profound increase in ventilation in all animal groups. Furthermore, ventilatory response to 283 

hypercapnia was preserved in Kcnk3Δ94ex1/Δ94ex1 rats. Similar to that in mice, we demonstrated that 284 

KCNK3/TASK-1 was no important in the response to hypercapnia in rats. 285 
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However, our results in rats differed from those obtained in task1-/- mice, which displayed a blunted 286 

respiratory response to hypoxia (Trapp et al., 2008). These differences could be explained by the fact 287 

that rats and mice have different adaptation mechanisms (Arias-Reyes et al., 2021), without any doubt 288 

regarding our experimental methodology as we and others have already used similar experimental 289 

procedures (Voituron et al., 2011; Lucking et al., 2018). In contrast to humans and rats, KCNK3/TASK-290 

1 channels are not functional in mouse pulmonary vasculature (Manoury et al., 2011; Antigny et al., 291 

2016; Kitagawa et al., 2017; Lambert et al., 2019). Moreover, task1-/- mice are characterised by 292 

hyperaldosteronism (Heitzmann et al., 2008), whereas aldosterone production remains unchanged in 293 

Kcnk3-deficient rats (Lambert et al., 2019), confirming the crucial differences related to KCNK3/TASK-294 

1 in mice and rats. Moreover, sensitivity to CO2 differs among rat strains, highlighting the fact that 295 

physiological mechanisms, including CO2 sensitivity, are genetically regulated (Hodges et al., 2002).  296 

Impaired peripheral chemoreflex in Kcnk3-deficient rats 297 

In our WT rats, hypoxia induced the classic biphasic ventilatory response, characterised by an increase 298 

in ventilation up to a hyperventilation peak, followed by a relative "roll-off" ventilatory depression, 299 

where ventilation decreases from the hyperventilation peak but remains above pre-hypoxic values 300 

(Maxová and Vízek, 2001). In Kcnk3Δ94ex1/Δ94ex1 rats, the first hyperventilation was similar to WT rats. 301 

However, roll-off was not observed. Similarly, Trapp et al. demonstrated that after 3 min under hypoxia, 302 

the hypoxia-induced increase in ventilation in mice was reduced in task1-/- mice (Trapp et al., 2008). We 303 

found that WT rats had increased cNTS while Kcnk3-deficiency increase cNTS and mNTS. The cNTS 304 

and mNTS are significant projection sites from peripheral chemoreceptors (Torrealba and Claps, 1988; 305 

Finley and Katz, 1992), suggesting that in addition to carotid bodies, the cNTS and mNTS contribute to 306 

breathing regulation in Kcnk3-deficient rats. Indeed, carotid body function is compromised in task1-/ -307 

mice (Trapp et al., 2008). In addition, Buckler et al. demonstrated that KCNK3/TASK1 channels may 308 

be involved in regulating peripheral chemoreceptor breathing via hypoxic inhibition of KCNK3/TASK-309 

1 channels in carotid body glomus cells (Buckler, 2007, 2015). 310 

As previously mentioned, KCNK3/TASK-1 is expressed in some brainstem respiratory neurones 311 

(Bayliss et al., 2001, 2015). In Kcnk3Δ94ex1/Δ94ex1 rats (Sprague Dawley strain), we found a more marked 312 

increase of c-Fos expression in the level of the NTS. At the same time, in this rat strain, orexin neurones 313 
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sense extracellular pH changes via TASK channels and participate in ventilatory regulation via 314 

projections on the NTS (Wang et al., 2021). Further experiments in Kcnk3Δ94ex1/Δ94ex1 rats are needed to 315 

understand the consequence of Kcnk3 deficiency entirely. 316 

In WT rats, we observed an increase in the number of c-Fos positive cells in RPa and ROb, as previously 317 

observed in response to tissue hypoxia (Bodineau and Larnicol, 2001). In Kcnk3Δ94ex1/Δ94ex1 rats, ROb was 318 

more activated under hypoxic conditions than in WT rats. The RPa and ROb contain neurones that 319 

project to phrenic motoneurons (Loewy and McKellar, 1981; Holtman et al., 1990; Sasek et al., 1990) 320 

and structures that generate and modulate the CCR, such as preBötC (Ptak et al., 2009). Therefore, we 321 

cannot exclude the possibility that this activation of ROb could be implicated in the observed ventilatory 322 

response in Kcnk3Δ94ex1/Δ94ex1 rats.  323 

Possible consequences of inadequate hypoxic chemoreflex 324 

The fact that the KCNK3/TASK-1 channel contributes to breathing regulation could also have 325 

consequences in the development of sleep apnoea, a disorder that affects more than 1 billion people 326 

(Benjafield et al., 2019). Interestingly and linked to our present study, Sörmann and colleagues recently 327 

identified nine de novo gain-of-function mutations in KCNK3 that lead to global developmental delay, 328 

hypotonia, a range of structural malformations, and sleep apnea (Sörmann et al., 2022). Until this 329 

discovery, and due to its expression in the hypoglossal motor nucleus, the link between KCNK3/TASK-330 

1 and sleep apnoea had already been hypothesised (Gurges et al., 2021) but not demonstrated. 331 

Furthermore, patients with sleep apnoea experience abnormal, interrupted breathing during sleep, and 332 

17–50% of patients with sleep apnoea develop pulmonary hypertension (Bady et al., 2000; Yan et al., 333 

2021). Although the link between pulmonary hypertension and sleep apnoea remains controversial, 334 

nocturnal oxygen drops damage nitric oxide synthesis and cause vascular remodelling, possibly leading 335 

to pulmonary hypertension (Dempsey et al., 2010). Moreover, heterozygous loss-of-function mutations 336 

in KCNK3 have been identified in patients with pulmonary arterial hypertension (Ma et al., 2013; Higasa 337 

et al., 2017; Olschewski et al., 2017; Le Ribeuz et al., 2020), and we found that Kcnk3-deficient rats 338 

were predisposed to the development of pulmonary hypertension. Indeed Kcnk3Δ94ex1/Δ94ex1 rats 339 

developed more severe pulmonary hypertension than WT rats after chronic hypoxia exposure (3 weeks 340 

at 10% of O2) (Lambert et al., 2019). Here we found that in Kcnk3Δ94ex1/Δ94ex1 rats, unlike in WT-rats, an 341 
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absence of the roll-off respiratory response to hypoxia exposure indicates that Kcnk3 deficiency 342 

impaired response to hypoxia which could contribute to increased susceptibility to the development of 343 

lung diseases, including pulmonary hypertension (Lambert et al., 2019, 2021) and possibly sleep apnoea. 344 

The increased response to hypoxia in Kcnk3-deficient rats could predispose animals to the activation of 345 

hypoxia-inducible factor 1 (HIF-1𝛼). HIF-1α is a crucial factor of pulmonary vascular remodelling 346 

occurring in PAH (Ryan and Archer, 2015; Lei et al., 2016), and we found an overactivation in HIF-1α 347 

in the lung from Kcnk3-deficient rats compared to that in WT, which predispose Kcnk3-deficient rats to 348 

severe PH under chronic-hypoxia exposure (Lambert et al., 2019). 349 

In patients with PAH, a more pronounced increase in minute ventilation than in healthy subjects has 350 

been reported during acute hypoxia. This phenomenon is also observed during exercise-induced hypoxia 351 

in patients with PAH, which could ameliorate with ventilation-perfusion ratio abnormalities induced by 352 

pulmonary vascular disease (Groth et al., 2018). However, further experiments are required to clarify 353 

this point. 354 

 355 

Conclusions 356 

Using unique Kcnk3Δ94ex1/Δ94ex1 rats, we reported that the KCNK3/TASK-1 deficiency alters the 357 

effectiveness of structures involved in respiratory rhythmogenesis and the hypoxic chemoreflex arc, 358 

probably independently of carotid body structures. These alterations could have profound consequence 359 

for patients lacking functional KCNK3/TASK-1, including sleep apnoea and pulmonary hypertension. 360 

Nevertheless, further studies are needed to fully elucidate the contribution of KCNK3/TASK-1 to 361 

breathing control and sleep apnoea. 362 

Limitations 363 

All commercially available anti-KCNK3 antibodies tested were unusable because when tested in kcnk3-364 

knockout mice or in our Kcnk3-deficient rats, they were either nonreactive or yielded the same signal as 365 

that in WT mice or WT rats (Schmidt et al., 2015; Murtaza et al., 2017; Lambert et al., 2019). This 366 

prevented any measurement of KCNK3 protein expression in Kcnk3-deficient rats (Lambert et al., 367 

2019). Thus, we could not confirm the localisation of the KCNK3 protein in Kcnk3-deficient rats. 368 
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Moreover, we found that the ventilatory responses to WT and Kcnk3-deficient rats 30 min after hypoxia 369 

protocol differ between basal normoxia conditions. To avoid misinterpretation regarding the role of 370 

KCNK3/TASK-1 channel in the ventilatory response to hypercapnia, further experiments should be 371 

done in different animals to ensure that KCNK3/TASK-1 is not involved in the hypercapnia response. 372 
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Table 1: Breathing variables of WT and Kcnk3Δ94ex1/Δ94ex1 rats in baseline conditions 604 

 

WT  

n=10 

Kcnk3Δ94ex1/Δ94ex1 

n=9 

fR (c/min) 170 ± 20 159 ± 29 

VT (µl/g) 6.7 ± 1.7 9.6 ±2.2** 

Ve (ml/g/min) 1.1 ± 0.3 1.4 ± 0.3* 

Ttot (sec) 0.36 ± 0.04 0.39 ± 0.06 

Ti/Ttot 0.62 ± 0.46 0.46 ± 0.13 

VT/Ti 36.8 ± 14.8 60.8 ± 30.9* 

IS 7.7 ± 3.9 9.7 ± 5.0 

 605 

Values are means ± SEM of the respiratory frequency (fR, c/min), tidal volume (VT; µl/g), minute 606 

ventilation (Ve, ml/g/min), mean total time of one breath (Ttot, sec), breathing time (Ti/Ttot), index of 607 

the inspiratory drive (Vt/Ti) and the, Irregularity score (IS). Data were analysed using an unpaired 608 

parametric t-test. * indicates p<0.05; ** indicates p<0.01. 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 
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Table 2: Breathing variables of WT and Kcnk3Δ94ex1/Δ94ex1 rats in normoxia condition measured 30 620 

min after hypoxia exposure  621 

 

WT  

Normoxia 30min after Hypoxia 

n=10 

Kcnk3Δ94ex1/Δ94ex1 

Normoxia 30min after Hypoxia 

n=9 

fR (c/min) 129.9 ± 32 119.5 ± 17 

VT (µl/g) 5.38 ± 0.7 8.5 ±0.85* 

Ve (ml/g/min) 0.7 ± 0.09 1.1 ± 0.1* 

Ttot (sec) 0.48 ± 0.09 0.51 ± 0.06 

Ti/Ttot 0.41 ± 0.02 0.43 ± 0.056 

VT/Ti 29.7 ± 3.8 42.8 ± 5.3* 

IS 9.6 ± 2.4 12.9 ± 1.6 

 622 

Values are means ± SEM of the respiratory frequency (fR, c/min), tidal volume (VT; µl/g), minute 623 

ventilation (Ve, ml/g/min), mean total time of one breath (Ttot, sec), breathing time (Ti/Ttot), index of 624 

the inspiratory drive (Vt/Ti) and the, Irregularity score (IS). Data were analysed using an unpaired t-test. 625 

* indicates p<0.05; ** indicates p<0.01. 626 

 627 

  628 
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Table 3: Average number of c-Fos-positive cells in the medulla oblongata respiratory areas under 629 

normoxia and hypoxia in WT and Kcnk3Δ94ex1/Δ94ex1 rats.  630 

 

WT  

 

Kcnk3Δ94ex1/Δ94ex1 

 

Normoxia 

n = 4 

Hypoxia 

n = 9 

Normoxia 

n = 10 

Hypoxia 

n = 8 

cNTS 1.8 ± 1.3 5.5 ± 2.4* 3.3 ± 1.2 9.4 ± 3.1*; # 

mNTS 2.4 ± 1.6 3.3 ± 1.0 3.9 ± 1.7 6.0 ± 1.9*; # 

vlNTS 0.7 ± 0.3 2.3 ± 0.8 1.7 ±1.4 3.5 ± 2.4 

cVLM 2.5 ± 1.3 7.6 ± 2.2* 8.3 ± 1.9#  11.0 ± 1.8*; # 

rVLM 2.5 ± 0.6 9.7 ± 2.0* 8.6 ± 2.8# 10.9 ± 3.0 

RTN/pFRG 4.2 ± 2.9 5.3 ± 1.8 5.2 ± 1.8 3.8 ± 1.6 

RPa 2.0 ± 1.4 6.3 ± 1.6* 5.4 ± 1.6# 4.8 ± 1.0 

ROb 3.0 ± 0.8 7.6 ± 2.5* 5.5 ± 1.1 9.6 ± 3.6* 

RMg 2.0 ± 1.3 4.0 ±1.7 3.4 ± 1.7 4.4 ± 1.8 

 631 

Mean ± SD. VLM, ventrolateral reticular nucleus of the medulla; RTN/pFRG, retrotrapezoid 632 

nucleus/parafacial respiratory group; RPa, raphe palidus nucleus; RMg, raphe magnus nucleus; ROb, 633 

raphe obscurus nucleus; PP: Parapyramidal area; cNTS, commissural part of the nucleus tractus solitary; 634 

mNTS, medial part of the nucleus tractus solitary; vlNTS, ventrolateral part of the nucleus tractus 635 

solitary. Experiments were analysed using 2-way ANOVA completed by Tukey’s post hoc test for 636 

multiple comparisons. * p<0.05 Normoxia vs Hypoxia (same genotype); # p<0.05 WT vs 637 

Kcnk3Δ94ex1/Δ94ex1 rats. 638 

  639 
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Figure Legends 640 

 641 

Figure 1: KCNK3/TASK-1 dysfunction did not modify the central chemoreflex. (A) 642 

Plethysmographic traces from the same WT and Kcnk3Δ94ex1/Δ94ex1 rats when breathing air (normocapnia) 643 

or hypercapnic (Hc) gas mixture at 10 min. (B) Evolution of the delta of Ve as a function of the time of 644 

exposure to hypercapnia in WT and Kcnk3Δ94ex1/Δ94ex1 rats. (C-E) Histograms showing irregularity score 645 

(C), VT (D), and fR (E) change in WT (grey columns) and Kcnk3Δ94ex1/Δ94ex1 (blue columns) rats. ns: not 646 
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significant. n= 10 for WT and n= 9 for Kcnk3Δ94ex1/Δ94ex1. The black line and blue line correspond to basal 647 

values for WT and Kcnk3Δ94ex1/Δ94ex1, respectively. Experiments were analysed with 2-way ANOVA 648 

completed by Tukey post hoc test for multiple comparisons. ns indicates nonsignificant, *p<0.05, 649 

**p<0.01. 650 

 651 
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Figure 2: KCNK3/TASK-1 dysfunction alters the peripheral chemoreflex. (A) Plethysmographic 652 

traces from the same WT and Kcnk3Δ94ex1/Δ94ex1 rats when breathing air (normoxia) or hypoxic (Hx) gas 653 

mixture at 5 min. (B) Evolution of the delta of Ve as a function of the time of exposure to hypoxia in 654 

WT and Kcnk3Δ94ex1/Δ94ex1 rats. (C-E) Histograms showing irregularity score (C), VT (D), and fR (E) 655 

change in WT (grey columns) and Kcnk3Δ94ex1/Δ94ex1 (bleu columns) rats. n= 10 for WT and n= 9 for 656 

Kcnk3Δ94ex1/Δ94ex1. The black line and blue line correspond to basal values for WT and Kcnk3Δ94ex1/Δ94ex1, 657 

respectively. Experiments were analysed with 2-way ANOVA completed by Tukey post hoc test for 658 

multiple comparisons. ns indicates nonsignificant, *p<0.05, **p<0.01. 659 

 660 

 661 

 662 
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Figure 3: Representative labelling showing c-FOS expression in WT and Kcnk3-deficient rats 663 

exposed to normoxic or hypoxic conditions.  664 

Drawings from several representative sections showing the distribution of the c-FOS positive cells 665 

(black dots) in the respiratory-related structure in WT (A, B, E, F) and Kcnk3Δ94ex1/Δ94ex1 (C, D, G, H) 666 

rats exposed to normoxia (A, E, C, G) or Hypoxia (B, F, D, H). Scale bar = 100 µm. Abbreviations:12N, 667 

hypoglossal nucleus; Amb, ambiguous nucleus; AP: Area postrema; Py, pyramidal tract; RMg, raphe 668 

magnus nucleus; RPa, raphe pallidus nucleus; ROb, raphe obscurus nucleus; cNTS, commissural part 669 

of the nucleus of the solitary tract; mNTS, median part of the nucleus of the solitary tract; vlNTS, 670 

ventrolateral part of the nucleus of the solitary tract. n= 4 for WT rats in normoxia, n= 9 for WT rats in 671 

hypoxia, n= 10 for Kcnk3Δ94ex1/Δ94ex1rats in normoxia and n= 8 for Kcnk3Δ94ex1/Δ94ex1rats in hypoxia.  672 


