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Orexins are neuropeptides originating from the hypothalamus that serve broad physiological roles, including the regulation of autonomic function, sleep-wake states, arousal and breathing. Lack of orexins may lead to narcolepsy and sleep disordered breathing. Orexinergic hypothalamic neurons send fibers to Kӧlliker-Fuse (KF) neurons that directly project to the rostroventral respiratory group, and phrenic and hypoglossal motor neurons. These connections indicate a potential role of orexin-modulated KF neurons in functionally linking the control of wakefulness/arousal and respiration. In a reduced preparation of juvenile rats Orexin B microinjected into the KF led to a transient increase in respiratory rate and hypoglossal output, however Orexin B modulation of the KF in intact preparations has not been explored. Here, we performed microinjections of the Orexin B mouse peptide and the synthetic Orexin 2 receptor agonist, MDK 5220, in the KF of spontaneously breathing, isoflurane anesthetized wild type mice. Microinjection of Orexin-2 receptor agonists into the KF led to transient slowing of respiratory rate, which was more exaggerated in response to Orexin-B than MDK 5220 injections. Our data suggest that Orexin B signaling in the KF may contribute to arousal-mediated respiratory responses.
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INTRODUCTION
Orexins (ORX) or hypocretins are neuropeptides expressed in two splice variants (ORX-A and ORX-B), that are exclusively produced by hypothalamic neurons in the brain (Wang et al., 2018). ORXs stimulate target neurons by binding to G-protein coupled receptors with two identified isoforms, Orexin-1 receptor (OX1R) and Orexin-2 receptor (OX2R). ORX-A binds to both OX1R and OX2R with equal affinity, whereas ORX-B binds with higher affinity to OX2R (Sakurai et al., 1998).
Due to the widespread expression of ORX receptors throughout the brain, the ORX system interacts with a wide array of specialized circuits and regulates diverse behaviors, including sleep-wake control, energy homeostasis, feeding, and reward processing (Peyron et al., 1998; Harris and Aston-Jones, 2006; Sakurai, 2007). Additionally, a growing body of literature supports a role for ORX neurons in the control of breathing (Deng et al., 2007; Kuwaki, 2008; Kuwaki et al., 2008; Williams and Burdakov, 2008), likely via direct projections to respiratory nuclei, such as the parabrachial and Kӧlliker-Fuse nuclei (KF; (Peyron et al., 1998; Yokota et al., 2016), pre-Bӧtzinger complex (Young et al., 2005), retrotrapezoid nucleus (Dias et al., 2009; Lazarenko et al., 2011), nucleus of the solitary tract (Nambu et al., 1999), and trigeminal and hypoglossal nuclei (Fung et al., 2001; Young et al., 2005). While ORXs do not appear to contribute to the control of basal respiration, their importance is evident in arousal-state dependent changes in breathing (Kuwaki, 2008; Kuwaki et al., 2008; Williams and Burdakov, 2008; Nattie and Li, 2012). This is supported by data from ORX receptor knock-out mice, which show significantly attenuated hypercapnic ventilatory responses during wakefulness and are more prone to spontaneous apneas during sleep compared to wild type mice (Nakamura et al., 2007; Williams and Burdakov, 2008).
The parabrachial nuclei, including the KF, receive projections that carry chemosensory information (hypercapnia and hypoxia) from the medulla, as well as mechanosensory signals associated with upper airway pressures during apneas (Kaur and Saper, 2019). Additionally, parabrachial and KF neurons are known to display increased activity during wakefulness (Lydic and Orem, 1979; Sieck and Harper, 1980). Thus, based on these data, we predict that ORX-modulated KF neurons participate in the arousal-dependent control of respiration.
The KF is essential for maintenance of upper airway patency (Dutschmann and Herbert, 2006), which is increased during wakefulness compared to sleep (Remmers et al., 1978; Oliven et al., 2020). ORX-B microinjected into the KF of rats produced transient increases in respiratory rate that also coincided with an increase in hypoglossal motor output, linking ORX modulation of KF to increased upper airway patency (Dutschmann et al., 2007). In addition to providing initial insight into the possible role of ORX signaling in the KF, this study also supports anatomical evidence of OX2R in the KF in the rat (Marcus et al., 2001). Nevertheless, since these experiments utilized the in situ working heart-brainstem preparation of juvenile rats, there remains a gap in our knowledge regarding the effects of orexinergic signaling in the KF in intact adult animals.
Despite significant progress in our understanding of the role of ORX-B in respiratory control, the relationship between local effects of ORX-B signaling in distinct respiratory control centers and global changes in breathing behavior are still not clear. Here, we performed microinjections of the ORX-B mouse peptide and the synthetic OX2R agonist, MDK-5220, in the KF of spontaneously breathing, isoflurane anesthetized, adult wild type mice. Microinjection of both OX2R agonists into the KF led to transient decreases in breathing frequency, and a pattern reminiscent of breath hold apneas that occur following stimulation of the KF and are associated with increased activity of upper airway motor neurons (Chamberlin and Saper, 1994; Dutschmann and Herbert, 2006). These findings suggest that ORX-B signaling in the KF of fully intact, adult mice may be important for the induction of post-arousal apneas or bradypnea, and other arousal-mediated respiratory responses.
METHODS
Animals
Male and female wild type C57/BL6J mice (2–6 months old) were used for all experiments. Mice were bred and maintained at the University of Florida animal facility. Mice were group-housed in standard sized plastic cages and kept on a 12 h light–dark cycle, with water and food available ad libitum. Experiments were performed during the light cycle. All procedures were conducted in accordance with the National Institutes of Health guidelines and with approval from the Institutional Animal Care and Use Committee of the University of Florida.
Respiratory inductance plethysmography
Mice were anesthetized with isoflurane (1.5–2% in O2; Zoetis, Parsippany-Troy Hills, NJ, United States) and mounted in a stereotaxic frame (Kopf Instruments, Tujunga, CA, United States) where anesthesia was maintained through a nose cone at a flow rate of 0.8 ml/min. Respiratory activity was measured with a pulse transducer (MP100, AD Instruments, Colorado Springs, CO, United States) fixed against the abdomen of mice with a Velcro strap. This allowed us to measure respiratory rate and relative changes in amplitude. Recordings were digitized with PowerLab (ADInstruments, LabChart 8 software), and respiratory data were processed offline with LabChart 8 software and exported into Microsoft Excel.
Stereotaxic microinjections in anesthetized mice
After mice were positioned in the stereotaxic frame and their respiratory rate stabilized at ∼30 breaths/min, the dorsal skull was exposed and levelled horizontally between bregma and lambda. A small craniotomy was made to access the KF bilaterally (y = −5 mm, x = ±1.7 mm, from bregma). Each mouse received a single treatment via the following procedure. A glass micropipette filled with either saline, saline + 1% DMSO, MDK 5220 (1 mM in saline) or Orexin B peptide (ORX-B, 10 µM in saline) mixed with 2% FluoSpheres (0.04 µm, 505/515 nm, Invitrogen, Eugene OR, United States; for visualization of the injection sites) was slowly lowered into the KF (z = −3.85 mm). Mice received 5 consecutive microinjections (3 × 50 nl and 2 × 100 nl, at a rate of 50 nl/s, with >2 min inter-injection interval) in each hemisphere controlled by a Nanoject III (Drummond Scientific Company, Broomall, PA, United States). Following the final injection, the pipet was slowly retracted, mice were deeply anesthetized, then decapitated, and the brains were removed and freshly sliced or fixed in 10% formalin (>24 h). For histological identification of the injection sites, 100 µm coronal sections were cut in PBS on a Leica VT 1200S vibratome (Leica Biosystems, Buffalo Grove, IL, United States). Injection sites were marked with FluoSpheres (Figure 1), and all experiments where the marked site was outside of the KF region were analyzed as a separate group for off-target effects. Injection sites were visualized in free-floating sections, and images were collected on a multizoom microscope (Nikon AZ100) with a ×1 objective (N.A. 0.1) and individually processed in Fiji (Schindelin et al., 2012).
[image: Figure 1]FIGURE 1 | Microinjections were targeted to the KF. (A) Schematic maps of injection sites along the rostral-caudal extent of the KF. Each colored circle represents the site of a complete experiment, with three consecutive 50 nl and two consecutive 100 nl injections of either vehicle, MDK 5220 or Orexin B peptide. (B) Representative micrograph of a coronal brain slice containing bilateral KF microinjections marked with FluoSpheres. SCP, superior cerebellar peduncle.
Drugs
Orexin B mouse peptide (cat # 1457, batch 6A) was from Tocris (Ellisville, MO, United States), and a 1 mM stock solution (in ddH2O) was diluted to 10 µM in saline on experiment days. The OX2R agonist, MDK 5220 (cat #A15982) (also known as YNT-185 (Irukayama-Tomobe et al., 2017; Toyama et al., 2018)), was from AdooQ Bioscience (Irvine, CA, United States). The 10 mM stock solution (in DMSO) was freshly diluted to 1 mM in saline on experiment days.
Data analysis
All statistical analyses were performed in GraphPad Prism 9 (San Diego, CA, United States). All error bars represent SEM unless otherwise stated. We did not find any influence of sex on our measured variables in the vehicle groups and the MDK 5220 injected group, thus data for males and females were combined before statistical analyses. The ORX-B injected group only included males. Data were tested for normality with the Kolmogorov–Smirnov test. Since our data were normally distributed, comparisons between two groups were made using Student’s two-tailed t-test. Comparisons between three or more groups were made using one-way ANOVA or two-way ANOVA followed by Tukey’s post hoc test. Statistical significance is defined as p < 0.05.
RESULTS
The main goal of this study was to determine the effect of the OX2R agonists, MDK 5220 (n = 10 mice) and ORX-B mouse peptide (n = 7 mice), on respiration following local microinjections into the KF of adult, vagal-intact, anesthetized, wild type mice (see injection sites in Figure 1). We focused our analyses on changes in respiratory rate, inter-breath interval and amplitude. Since both agonists appeared to have a transient effect on breathing (Figure 2), we analyzed changes in respiration during the first 6 breaths post-injection. We compared the agonist effect to a control group, which consisted of animals microinjected in the KF with saline (n = 4 mice) or saline + 1% DMSO (n = 5 mice). Data from these control groups were similar (mean frequency ± SEM, saline: 27.86 ± 1.65 breaths/min vs. saline + DMSO: 29.18 ± 0.86 breaths/min, p = 0.53 with two-tailed unpaired t-test), so they were pooled and are henceforth referred to as the “vehicle” group. Additionally, since the level of anesthesia was controlled by the experimenter, and also potentially affected by individual variability in the animals’ susceptibility to isoflurane, we also performed within-subject comparisons, where breathing immediately preceding an injection (6 breaths pre-injection) was compared to or normalized to breathing immediately following the injection (6 breaths post-injection).
[image: Figure 2]FIGURE 2 | Microinjections of OX2R agonists into the KF transiently slowed breathing in anesthetized adult mice. Respiration was monitored with induction plethysmography. In this representative example trace (A) Orexin B peptide was injected into the KF in the left hemisphere in multiple consecutive injections (three 50 nl and two 100 nl Orexin B peptide injections) in a continuous experiment. Orexin B peptide injections led to volume-dependent reductions in respiratory rate (bottom trace; rate measured in breaths per minute [bpm]). Representative example traces of breathing immediately before and after 100 nl microinjections of either vehicle (B), MDK 5220 (C), or Orexin B peptide (D) into the KF.
Vehicle injections of any bolus volume did not have a substantial effect on the average frequency when normalized to baseline breathing preceding the injection (Figures 2B, 3A; normalized mean frequency ± SEM, vehicle [50 nl] 99.63 ± 0.51%, vehicle [100 nl] 101.49 ± 1.32% compared to baseline). On the other hand, ORX-B peptide [50 nl] injections significantly decreased the normalized average breathing frequency compared to vehicle injections (Figures 2A, 3A; mean frequency ± SEM, ORX-B [50 nl] 84.86 ± 4.22%, p = 0.01 compared to vehicle, with two-way ANOVA and Tukey’s post hoc test). When we increased the injection volume to 100 nl, both the agonist MDK 5220 and ORX-B peptide significantly decreased the average normalized breathing frequency compared to the vehicle group (Figures 2A,C, D, 3A; MDK 5220 86.71 ± 4.69% of baseline, MDK 5220 vs. vehicle p = 0.005; ORX-B 67.31 ± 4.19% of baseline, ORX-B vs. vehicle p < 0.0001; with two-way ANOVA and Tukey’s post hoc test). These data indicate that activation of KF OX2Rs by either agonist leads to a substantial decrease in respiratory rate when applied under anesthesia.
[image: Figure 3]FIGURE 3 | MDK 5220 in the KF decreased respiratory frequency, while ORX-B peptide affected both frequency and amplitude. (A) ORX-B (50 nl) was sufficient to decrease breathing frequency compared to pre-injection baseline, whereas MDK 5220 (100 nl) was needed to evoke a similar effect. Regardless of injection volume, vehicle injections did not change breathing frequency. (B) Only 100 nl ORX-B peptide injections lead to significant changes in amplitude. Each data point represents the normalized mean frequency (A) and amplitude (B) per injection site (mean of three consecutive 50 nl injections in the graphs on the left, and mean of two consecutive 100 nl injections in the graphs on the right). Bars and error bars are normalized group mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 with two-way ANOVA and Tukey’s post hoc tests.
In contrast with respiratory rate, out of all conditions, only 100 nl ORX-B peptide injections led to a significant increase in amplitude (Figures 2A,D, 3B; normalized mean amplitude ± SEM [100 nl] 120.56 ± 5.87% compared to baseline; [100 nl] vehicle vs. ORX-B p < 0.0001; [100 nl] MDK 5220 vs. ORX-B p = 0.0004, with two-way ANOVA and Tukey’s post hoc test).
The observed decreases in breathing frequency correspond with increases in the duration of inter-breath intervals (IBI, Figure 4). Mice that received the ORX-B peptide (50 nl) had significantly longer IBIs, that were 19.6 ± 5.85% longer than before drug injection (Figure 4Ai, mean IBI before 1.89 ± 0.07s vs. after 2.25 ± 0.06s, p = 0.01, paired two-tailed t-test). Meanwhile, although the effect was still transient, mice that received the 100 nl MDK 5220 or 100 nl ORX-B peptide injections both displayed significantly longer IBIs, with the ORX-B peptide having a stronger effect (Figure 4Bi, MDK 5220 mean IBI before 2.36 ± 0.09 s vs. after 2.81 ± 0.20 s, p = 0.03; ORX-B mean IBI before 1.99 ± 0.07 s vs. after 3.01 ± 0.17 s, p = 0.002; paired two-tailed t-test). Following 100 nl MDK 5220 injections the average interval between breaths increased by 19.1 ± 7.54%, while 100 nl ORX-B peptide injections caused a 52.3 ± 10.30% increase in average IBI duration compared to baseline durations prior to the injections (Figure 4Bii).
[image: Figure 4]FIGURE 4 | Local ORX-B application to the KF triggered longer mean and maximum inter-breath intervals while the effects of MDK 5220 were volume-dependent. (Ai). Mean inter-breath interval (IBI) for baseline breathing (before) and post-injection (after) are plotted by injection type (columns) for 50 nl injections. Mean IBI normalized to baseline breathing is shown in (Aii). Mean and normalized mean IBI for 100 nl injections are similarly plotted in (Bi,Bii). Mean maximum IBI for baseline breathing before and following 50 nl and 100 nl microinjections are plotted in (Ci,Di). Normalized mean maximum IBI are plotted for 50 nl and 100 nl microinjections in (Cii,Dii). Each data point represents the average IBI or average maximum IBI per injection site (the average of three consecutive 50 nl injections, and the average of two consecutive 100 nl injections). Bars and error bars are group mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, with paired two-tailed t-test (Ai–Di) or one-way ANOVA and Tukey’s post hoc test (Aii–Dii).
To better illustrate the magnitude of the longest pause between breaths following OX2R receptor activation, average maximum IBIs were quantified (Figures 4C,D). After the 50 nl ORX-B injection the average maximum IBI was 45 ± 13.54% longer than during the baseline period before the injections (Figures 4Ci,Cii; mean max IBI before 2.11 ± 0.12 s vs. after 2.99 ± 0.18 s; p = 0.009, paired two-tailed t-test). There was an even more substantial 123 ± 26.76% increase after 100 nl injections when compared to the baseline breathing period (Figures 4Di,Dii; mean max IBI before 2.29 ± 0.14s vs. after 4.93 ± 0.44s; p = 0.002, paired two-tailed t-test). As also shown in Figure 2, it appeared visually that following the 100 nl injections there was a trend for the agonist MDK 5220 in lengthening the maximum inter-breath interval as well, however these results are not statistically significant (Figures 4Di,Dii; 120.1 ± 9.89% of baseline, mean max IBI before 2.84 ± 0.17 s vs. avg after 3.40 ± 0.33 s after, p = 0.069, paired two-tailed t-test). Thus, the ORX-B mouse peptide has a strong, volume-dependent, influence on increasing the average maximal inter-breath intervals compared to baseline values, leading to longer pauses between breaths after local injection in the KF.
Importantly, experiments with off target injection sites (medial parabrachial nucleus, lateral parabrachial nucleus, middle cerebellar peduncle, and trigeminal nucleus) resulted in no significant changes in amplitude, frequency, and inter-breath interval (within subject comparisons with paired t-test, p > 0.05; group comparisons with the vehicle group with two-way ANOVA and Tukey’s post hoc test, p > 0.05), even though some of these areas also express OX2Rs (Greco and Shiromani, 2001; Marcus et al., 2001). These experiments provide additional support for KF neurons mediating the slowing effects of OX2R agonists on breathing.
DISCUSSION
The results of this study show that activation of OX2R agonists in the KF has a significant impact on breathing in adult, vagal-intact, anesthetized, wild type mice. Microinjections of both the synthetic agonist MDK 5220 and ORX-B mouse peptide into the KF acutely decreased breathing frequency (Figure 3A). ORX-B also significantly increased the amplitude (Figure 3B), and average and maximum inter-breath intervals (Figure 4). Investigating the role of orexinergic signaling in the KF is critical for beginning to understand the hypothalamic-brainstem circuits that allow respiration to be adjusted according to arousal or sleep-wake states.
OX2R activation in the KF of anesthetized, adult mice may contribute to temporary breath holds or bradypnea, by engaging pontine inspiratory off-switch circuitry (Lumsden, 1923; Cohen, 1971), similar to the effects of excitation by glutamate (Chamberlin and Saper, 1994). A comprehensive study of the KF/lateral parabrachial area in anesthetized rats revealed that glutamate microinjections into the lateral and ventral KF causes brief apneas and resets the respiratory rhythm (Chamberlin and Saper, 1994). Since OX2R activation depolarizes neurons by closing potassium channels (Horvath et al., 1999; Ivanov and Aston-Jones, 2000), local OX2R activation in the KF may similarly excite neurons that participate in the respiratory control circuit that terminate inspiratory effort. Stimulation of the KF also increases the activity of motor neurons that control the upper airways (Dutschmann and Herbert, 2006). Upper airway patency is decreased during sleep and impaired during obstructive sleep apnea (Remmers et al., 1978; Oliven et al., 2020). Orexinergic signaling in the KF during wakefulness could provide an excitatory tone that helps maintain tonic drive to motor neurons that control the upper airways and support patency.
In this study we found that the synthetic OX2R agonist MDK 5220 and the endogenous mouse ORX-B peptide injected in the KF changed respiration to different degrees. Despite using a higher concentration of the synthetic agonist (1 mM MDK 5220), the ORX-B peptide at 10 µM led to significant changes in amplitude, frequency and inter-breath interval even when less volume was injected (Figures 2–4). While both agonists have similar potency and binding affinity to OX2R (Sakurai et al., 1998; Irukayama-Tomobe et al., 2017), the OXR-B peptide is less selective and may also bind to OX1R (Sakurai et al., 1998; Kilduff and Peyron, 2000), which may explain the more substantial changes in respiratory pattern following peptide injections. OX1R expression has been described in the KF and parabrachial region in rodents (Marcus et al., 2001; Varga et al., 2020), and the KF in humans (Lavezzi et al., 2016). Histological examination of the KF of infants who died of sudden infant death syndrome (SIDS) showed significantly reduced levels of OX1R expression compared to non-SIDS cases (Lavezzi et al., 2016). Since SIDS can result from failure to arouse from sleep in response to a potentially life-threatening stressor, deficient OX1R expressing KF neurons may impair breathing during the transition period from sleep to wakefulness. Thus, it is likely that in our experiments ORX-B peptides binding to OX1R, in addition to OX2R, induced exaggerated changes in breathing compared to the synthetic agonist MDK 5220.
Limitations
It is necessary to consider the experimental preparation and conditions when interpreting the respiratory consequences of exciting KF neurons via ORX-B agonist microinjection. In contrast to our findings, local ORX-B delivery to the KF in the in situ working heart-brainstem preparation (WHBP) of juvenile rats increased phrenic and hypoglossal nerve burst frequency (Dutschmann et al., 2007). The WHBP contains the ponto-medullary respiratory network and it produces a 3-phase, respiratory motor output (Paton et al., 2022). One of the advantages of the WHBP is the lack of anesthesia, which may explain the different respiratory effects observed in our study which used isoflurane anesthesia. Although blood gases were not measured, it is likely the mice were hypercapnic during our anesthetized experiments. Orexin usually stimulates breathing to mitigate respiratory acidosis (Williams and Burdakov, 2008; Dias et al., 2009), but in the presence of anesthesia, endogenous orexin release from the lateral hypothalamus may be reduced. Our results suggest that the KF does not play a role in orexin-mediated hypercapnic ventilatory responses since breathing frequency transiently decreased following ORXR stimulation in the KF.
The WHBP also requires the removal of all forebrain structures (Paton et al., 2022). Opposite results of local ORX-B signaling in the KF of anesthetized, adult mice in our study may be due to the presence of additional circuit elements that link arousal or sleep/wake state with the breathing control network. In addition, the injections could have targeted slightly different populations of neurons. In the rat WHBP, injections were fairly rostral/ventral and likely overlapped with the location of XII pre-motoneurons. In a mouse, the location of KF neurons that project to the ventrolateral medulla is skewed more rostrally (Karthik et al., 2022), and overlaps with our injection sites.
Another component of our study design to consider is the lack of antagonist injections, such as suvorexant (Cox et al., 2010; Sharma and Amane, 2014), to reverse the effects of orexin receptor activation. However, since both ORX-B and MDK 5220 are selective orexin receptor agonists with very different chemical structures, we believe that the chances of off target effects contributing to changes in respiratory output were low under these experimental conditions.
CONCLUSION
Breathing is an essential motor behavior that must be seamlessly coordinated with a variety of sensory and motor behaviors performed during daily life. Neuromodulatory influences from brain regions such as the hypothalamus help integrate arousal or sleep/wake state with breathing behavior (Sakurai, 2007). The present work shows how orexinergic signaling in the pontine, respiratory-controlling KF area can significantly change breathing opening possibilities for future in vivo studies that define the hypothalamic-pontine circuits for arousal and sleep/wake context-dependent control of respiration.
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