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Off-Target Effects of Clozapine-N-Oxide on the Chemosensory Reflex Are Masked by High Stress Levels
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Respiratory chemosensory circuits are implicated in several physiological and behavioral disorders ranging from sudden infant death syndrome to panic disorder. Thus, a comprehensive map of the chemosensory network would be of significant value. To delineate chemosensory neuronal populations, we have utilized pharmacogenetic Designer Receptors Exclusively Activated by Designer Drugs (DREADD) perturbations for acute neuronal perturbations in respiratory circuit mapping. Recent studies show that the biologically inert DREADD ligand clozapine-N-oxide (CNO) is back-metabolized into the bioactive compound clozapine in rodents, emphasizing the need for CNO-only DREADD-free controls, which have been carried out in several studies. However, we show that high CNO doses used in several chemosensory circuit mapping studies nonetheless affect the chemosensory ventilatory reflexes in control mice, which is unmasked by extensive habituation. Here, unhabituated control animals showed no differences in respiratory parameters after CNO administration, whereas habituated animals receiving the commonly used dose of 10 mg/kg of CNO show a deficit in the hypercapnic (high CO2) chemosensory reflex, which is not present in 1 mg/kg CNO treated or saline control groups. Our findings indicate that even in appropriately controlled studies, additional masked CNO off-target effects may exist and underscore the importance of using minimal doses of activating ligand in combination with high levels of habituation.
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INTRODUCTION

The neural networks that underlie the respiratory chemosensory reflex are a primary target for understanding the etiology of several behavioral and physiological disorders. Perturbed chemosensory reflexes are hypothesized to play a role in both congenital and adult disorders including Sudden Infant Death Syndrome (SIDS), Congenital Central Hypoventilation Syndrome (CCHS), central sleep apneas, abnormal breathing in Rett Syndrome, and obesity hypoventilation syndrome (Obonai et al., 1998; Ozawa et al., 2003; Amiel et al., 2009; Ramanantsoa et al., 2011; Lavezzi et al., 2013). Under the false suffocation alarm hypothesis, inappropriate chemosensory activation or hypersensitivity is thought to play a role in subsets of patients suffering from panic disorder (Klein, 1993). Chemosensory dysfunction may also play a role in neurodegenerative diseases through sleep-disordered breathing that is associated with accelerated progression (Hakim et al., 2012; Verbraecken and McNicholas, 2013; Bahia and Pereira, 2015; Snyder et al., 2017). Thus, a better understanding of brainstem chemosensory networks will provide important clues to a number of behavioral and physiological pathologies.

Pharmacogenetic designer receptors exclusively activated by designer drugs (DREADDs) (Armbruster et al., 2007) have been employed in a number of studies to map neural populations in the respiratory chemoreflex (breathing response to elevated blood CO2 levels). DREADD technology in combination with intersectional genetic deployment has been utilized to silence highly targeted neuronal populations while observing respiratory function in conscious and unrestrained mice by our lab and others, avoiding many confounds from earlier circuit mapping approaches (Ray et al., 2011, 2013; Brust et al., 2014; Hennessy et al., 2017; Sun and Ray, 2017; Sun et al., 2017). These and most other studies almost always included CNO only non-DREADD expressing sibling controls that showed no chemosensory or other respiratory effects, arguing that CNO had no off-target effects on breathing in conscious and unrestrained mice despite the high dose used, 10 mg/kg. Nonetheless, it was found in several other studies that CNO and its back metabolism products [clozapine and N-desmethylclozapine (N-Des)] could have off-target effects on behavior and locomotion in a variety of assays, but respiratory output was not addressed (Guettier et al., 2009; Joober, 2010; MacLaren et al., 2016; Gomez et al., 2017; Ilg et al., 2018; Mahler and Aston-Jones, 2018; Manvich et al., 2018; Padovan-Hernandez and Knackstedt, 2018). It was also shown that CNO and its metabolites are not equivalently distributed between the circulatory system and the brain (Gomez et al., 2017).

A second, unaddressed concern arises from the stress induced by the experimental paradigm, including holding animals in a whole-body barometric plethysmography chamber, handling, intra-peritoneal injection, and rectal temperature measurements. In prior DREADD respiratory studies, naïve mice were introduced into a small chamber (140–400 mls) and allowed to acclimate 20–40 min before data acquisition (Ray et al., 2011, 2013; Brust et al., 2014; Hennessy et al., 2017; Sun and Ray, 2017; Sun et al., 2017). However, it is not clear if this amount of time is sufficient to minimize stress-induced respiratory changes that may act as an interacting factor with the effects of clozapine.

In our studies to examine the role of the noradrenergic (NA) system in respiratory control, we sought to employ the well-established RC::P_hM4D DREADD allele (Ray et al., 2011) to test the role of NA neurons [using Tg(DBH-Cre)KH212Gsat (DBH-Cre) mice] in baseline and hypercapnic respiration in unrestrained adult animals using whole-body plethysmography. Because noradrenaline and NA neurons are also known to play a central role in stress responses (Valentino and Van Bockstaele, 2008; Chen et al., 2018), we conducted a series of studies to compare extensive habituation (multiple exposures to the experimental paradigm whereby the animal learns that the experience is nonthreatening or survivable) and high vs. low (1 mg/kg) CNO doses with earlier published DREADD protocols (Ray et al., 2011, 2013; Brust et al., 2014; Hennessy et al., 2017; Sun and Ray, 2017; Sun et al., 2017). Here, we show for the first time that high systemic doses of CNO are capable of eliciting off-target effects on an autonomic respiratory function in conscious mice. We also reveal that the off-target effect of CNO on chemosensory respiratory output is effectively unmasked by extensive habituation and would not therefore be apparent in earlier CNO control studies that did not habituate animals prior to respiratory measurement, utilizing only a short acclimation period prior to data collection. Together, these results suggest that previously mapped neuronal populations may indirectly affect respiratory control through potential roles in regulating stress responses. Notably, these data align with recent reports suggesting that CNO is not biologically inert at high doses via metabolic conversion to clozapine (MacLaren et al., 2016; Gomez et al., 2017) and that off-target behavioral effects may manifest not only from perturbation of behavioral circuits but also from disruptions to underlying autonomic circuits and homeostasis.

RESULTS

The DBH-Cre Driver Marks and Is Limited to TH-Expressing Noradrenergic Regions in the Brainstem That Are Inhibited by CNO Administration

To examine the expression and specificity of the DBH-Cre line, we used a single recombinase breeding scheme (Figure 1A) in which we crossed the driver to the Ai9 line (Madisen et al., 2010), which expresses a floxed tdTomato. Staining with a tyrosine hydroxylase (TH) antibody revealed that expression of tdTomato in the brainstem was limited to TH-expressing regions, including the locus coeruleus, A5, A1, A2, A7, SubCV, and SubCD nuclei as expected (Figure 1B). To confirm that NA neurons expressing the hM4D receptor were responsive to CNO, we performed recordings on locus coeruleus (LC) neurons, where we observed an inhibition of neuron firing upon CNO bath application (n = 3, Figure 1C).
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FIGURE 1. Breeding schematic and respiratory protocols. The RC::P_hM4D allele is combined with a dopamine-beta-hydroxylase (DBH)-Cre line to achieve cell-specific expression of the hM4D receptor in noradrenergic (NA) neurons (A). Fluorescent expression of tdTomato in DBH-Cre; Ai9 coronal brain sections co-expresses with tyrosine-hydroxylase (TH) in brainstem NA nuclei (B). In slice recording of NA locus coeruleus before and after CNO application, demonstrating DREADD receptor functionality in targeted neurons (C). Respiratory protocol. Habituated mice are subjected to a 5-day habituated protocol consisting of handling, rectal probe temperature measurement, saline injection, and exposure to the plethysmography chamber. On the sixth day, both habituated and unhabituated mice under a hypercapnic assay where the animal is placed into the respiratory chamber and allowed to acclimate under baseline room air conditions. The animal is then exposed to 20 min of 5% CO2 followed by 20 min of room air. The animal is then injected intraperitoneally with CNO or saline, followed by another 20 min of post-injection room air, 20 min of 5% CO2, and 20 min of room air. Open boxes delineate data collection times (D).
 

CNO-hM4D Mediated Perturbation of Noradrenergic Neurons in Adult Mice

To examine the role of NA neurons under baseline and hypercapnic respiration, we employed the RC:P_hM4D inhibitory DREADD system crossed with the DBH-Cre driver. Using whole-body plethysmography (Ray et al., 2011), we measured the ventilatory responses of unrestrained adult animals under room air (21% O2/79% N2) and hypercapnic (5% CO2/21% O2/74% N2) conditions before and after CNO administration (Figure 1D). To address CNO dosing and potential stress induced by our experimental design, animals were subjected to one of four conditions: (1) unhabituated and injected with 10 mg/kg CNO; (2) habituated and injected with 10 mg/kg CNO; (3) unhabituated and injected with 1 mg/kg CNO; or (4) habituated and injected with 1 mg/kg CNO. Habituation consisted of a 5-day process entailing handling, rectal temperature probe, saline injection, and exposure to the plethysmography chamber each day for 30 min, while naïve animals were only exposed to a 20–45 min chamber acclimation period immediately before data collection as done in earlier studies (Ray et al., 2011, 2013; Brust et al., 2014; Hennessy et al., 2017; Sun and Ray, 2017; Sun et al., 2017). Respiratory parameters measured included respiratory rate RR, tidal volume (VT), minute ventilation (V̇E), oxygen consumption (V̇O2), minute ventilation normalized to oxygen consumption (V̇E/V̇O2), apnea frequency, sigh frequency, and coefficients of variation for interbreath interval and amplitude (periodic and volume instability). As an additional control, we also compared habituated and unhabituated wildtype animals injected with saline.

CNO-hM4D Perturbation of DBH-Cre Neurons Results in a Hypercapnic Deficit

Under three of the conditions, DBH-Cre; RC::P_hM4D animals showed a reduction in V̇E and V̇E/V̇O2 after CNO administration, while sibling controls showed no differences in pre- and post-CNO values. Unhabituated animals injected with 10 mg/kg of CNO showed a significantly reduced RR (−12.17%, p = 0.034) and VT (−30.87%, p = 0.0016), resulting in a reduction in V̇E (−38.64%, p = 0.0031) and a slight reduction in V̇O2 (−14.25%, p = 0.042) (Figure 2). The reduction in V̇E was greater than the decrease in V̇O2, resulting in an overall reduction in V̇E/V̇O2 (−26.89%, p = 0.0095). Unhabituated animals injected with 1 mg/kg of CNO showed a trend toward reduced RR (−12.88%, p = 0.066) and significantly reduced VT (−16.52%, p = 0.00085) and V̇E (−28.08%, p = 0.0070), leading to an overall reduction in V̇E/V̇O2 (−22.23%, p = 0.016) (Figure 3). Finally, habituated animals injected with 1 mg/kg of CNO showed a reduced RR (−10.77%, p = 0.074), trend toward reduced V̇E (−25.07%, p = 0.074), and reduced overall V̇E/V̇O2 (−23.70%, p = 0.024) (Figure 4). No significant changes in apnea frequency, sigh frequency, periodic or volume instability, or temperature were seen in any cohort.
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FIGURE 2. Unhabituated DBH-Cre; RC::P_hM4D animals administered 10 mg/kg of CNO show a hypercapnic deficit while sibling controls show no change. After CNO administration, DBH-Cre; RC::P_hM4D animals show no change in room air ventilation and reductions in RR (A), VT (B), V̇E (C), V̇O2 (D), and V̇E/V̇O2 (E) under hypercapnic conditions with no changes in apnea frequency (F), sigh frequency (G), periodic (H) or volume instability (I), and temperature (J). Sibling controls showed no difference in all pre- and post-CNO values.
 


[image: image]

FIGURE 3. Unhabituated DBH-Cre; RC::P_hM4D animals administered 1 mg/kg of CNO show a hypercapnic deficit while sibling controls show no change. After CNO administration, DBH-Cre; RC::P_hM4D animals show no significant change in room air ventilation or RR (A) and showed reductions in VT (B), V̇E (C), and V̇E/V̇O2 (E) under hypercapnic conditions with no changes in V̇O2 (D), apnea frequency (F), sigh frequency (G), periodic (H) or volume instability (I), and temperature (J). Sibling controls showed no difference in all pre- and post-CNO values.
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FIGURE 4. Habituated DBH-Cre; RC::P_hM4D animals administered 1 mg/kg of CNO show a hypercapnic deficit while sibling controls show no change. After CNO administration, DBH-Cre; RC::P_hM4D animals show no change in room air ventilation and a reduction in RR (A) and V̇E/V̇O2 (E) under hypercapnic conditions with no significant changes in VT (B),V̇E (C),V̇O2 (D), apnea frequency (F), sigh frequency (G), periodic (H) or volume instability (I), and temperature (J). Sibling controls showed no difference in all pre- and post-CNO values.
 

Habituated Sibling Controls Injected With 10 mg/kg CNO Showed a Hypercapnic Ventilatory Deficit

In both DBH-Cre; RC::P_hM4D and sibling control habituated animals injected with 10 mg/kg of CNO, we noted a significant reduction in V̇E/V̇O2 (p = 0.0235) mediated by decreases in RR (p = 0.00036) and V̇E (p = 0.037) (Figure 5). However, unlike the other cohorts, there was no difference between DBH-Cre; RC::P_hM4D and sibling control animals in these parameters: RR (−12.72 vs. −10.22%, p = 0.6268), V̇E (−24.88 vs. −23.94%, p = 0.4150), or V̇E/V̇O2 (−15.4 vs. −22.55%, p = 0.4643).
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FIGURE 5. Both habituated DBH-Cre; RC::P_hM4D animals and sibling controls administered 10 mg/kg of CNO show a hypercapnic deficit. After CNO administration, DBH-Cre; RC::P_hM4D animals and sibling controls show no change in room air ventilation and a reduction in RR (A), V̇E (C), and V̇E/V̇O2 (E) under hypercapnic conditions with no significant changes in VT (B), V̇O2 (D), apnea frequency (F), sigh frequency (G), periodic (H) or volume instability (I), and temperature (J).
 

Habituated and Unhabituated Wildtype Animals Injected With Saline Showed No Changes Presaline and Postsaline

Although no phenotypes were observed in controls injected with 1 mg/kg of CNO, we addressed the possibility that the injection itself caused the phenotype observed in controls injected with 10 mg/kg of CNO by testing habituated and unhabituated wildtype animals injected with saline (Figure 6). In both habituated and unhabituated cohorts, animals did not show any difference in respiratory parameters presaline and postsaline administration. No significant changes in apnea frequency, sigh frequency, periodic or volume instability, or temperature were seen.
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FIGURE 6. Both unhabituated and habituated wildtype animals administered saline show no difference between pre- and post-injection values. After saline administration, both unhabituated and habituated wildtype animals showed no changes under room air or hypercapnic conditions in RR (A), VT (B), V̇E (C), V̇O2 (D), V̇E/V̇O2 (E), apnea frequency (F), sigh frequency (G), periodic (H) or volume instability (I), and temperature (J).
 

Clozapine to CNO Concentration Ratios Are Higher in Brain Than in Serum

To determine bioavailability of CNO and clozapine, we measured their concentrations in serum and brain via mass spectrometry. Thirty minutes after an intraperitoneal injection of CNO in mice, CNO is found in lower relative abundance compared to its back-metabolite clozapine in the serum and brain for all doses tested, 0.1 mg/kg (serum p = 0.0054, brain p = 0.0001) (Figure 7A), 1 mg/kg (serum p > 0.05, brain p = 0.0197) (Figure 7B), and 10 mg/kg (serum p = 0.0036, brain p = 0.0005) (Figure 7C). When overall clozapine to CNO ratios were analyzed, they were always above zero and were higher in the brain than in serum (vehicle p > 0.5, 0.1 mg/kg p > 0.5, 1 mg/kg p = 0.0018, 10 mg/kg p = 0.0160) (Figure 7D).
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FIGURE 7. Clozapine to CNO concentrations ratios are higher in brain than in serum. Serum and brain samples were collected from wildtype mice 30 min after CNO administration at 3 different doses 0.1 mg/kg (A), 1 mg/kg (B), 10 mg/kg (C). Individual data points represent the relative abundance of clozapine-N-oxide or clozapine obtained by LC-MS. Clozapine to CNO ratio for each dose and SEM are also shown (D).
 

DISCUSSION

The initial goal of this study was to examine the role of DBH-Cre neurons in respiratory physiology after acute perturbation in unrestrained and conscious adult animals. Because noradrenaline and NA neurons play a well-documented role in stress behaviors (Valentino and Van Bockstaele, 2008; Chen et al., 2018), we also sought to examine if habituation to a likely stressful physiological protocol would have an effect on the respiratory phenotypes previously observed. In the whole-body plethysmography DREADD protocol used in our lab and others, animals are handled, rectally probed for temperature, exposed to a novel environment (the plethysmography chamber), and intraperitoneally injected. Previous studies have shown that handling and habituation to injection and other “routine” procedures can modify behavioral and physiological parameters, including respiration (Misslin et al., 1982; Andrews and File, 1993; Lapin, 1995; Ryabinin et al., 1999). Other applied stressors also modify respiration under both baseline and hypercapnic ventilatory conditions (Isom and Elshowihy, 1982; Kinkead et al., 2001).

In our studies utilizing high doses of CNO, we found that hM4D-mediated inhibition of DBH-Cre defined NA neurons resulted in a reduced hypercapnic reflex in V̇E/
V̇O2 in four defined experimental cohorts, with reduced RR, VT, and V̇E, supporting previous studies (Biancardi et al., 2008; Viemari, 2008; Gargaglioni et al., 2010). However, habituated sibling controls given a 10 mg/kg dose of CNO used in prior respiratory studies showed a ventilatory deficit under hypercapnic conditions of the same magnitude of that seen in DBH-Cre; RC::P_hM4D animals. No other sibling control groups showed this phenotype, including the habituated cohort that received only (1 mg/kg CNO) or saline. These results suggest that higher CNO doses (10 mg/kg) have an effect on the hypercapnic response that is unmasked after extensive habituation while presumably reducing animal stress levels, and that lower CNO doses do not have an effect on respiratory control in habituated animals. These outcomes are also in agreement with work from Korsak et al. who demonstrated that low dose CNO (2 mg/kg) does not produce off-target effects in work capacity in an exercise assay that included prior training (Korsak et al., 2018) and Fleury Curado et al. who showed no low dose CNO (1 mg/kg) specific effects on respiratory output (Fleury Curado et al., 2018).

The increased ratios of clozapine to CNO levels in serum and in the brain (Figure 7) are in concordance with recent studies that suggest that CNO is readily back metabolized to clozapine and shows greater brain permeability as compared to CNO in mice and elsewhere (Jann et al., 1994; Chang et al., 1998; Guettier et al., 2009; Gomez et al., 2017; Raper et al., 2017). However, it is not clear if the observed off-target effects are due to CNO or clozapine. As our hypercapnic measurements occurred <30 min after CNO application, it is likely that the off-target respiratory effects are mediated by clozapine. Our results (Figure 7) show high relative levels of clozapine in the brain, although CNO is not completely absent. However, Huckstepp and colleagues used direct CNO application to the ventral medulla in anesthetized rats to demonstrate that only at room air, and not under hypercapnic or hypoxic challenges, CNO application has a small effect, increasing frequency, and decreasing expiratory duration but leaving V̇T unchanged, with no clear effect observed during hypercapnia (Huckstepp et al., 2015). Given the direct application in anesthetized rats and time frame of experiments, it is likely that the small off-target effects seen were mediated by CNO and not by clozapine.

The back metabolite clozapine is a commonly used sedative and antipsychotic drug in schizophrenia with many endogenous targets, including low-high affinity antagonistic actions at D1, D2, and D4 dopaminergic receptors, 5-HT2A, 5-HT2C, 5-HT3, 5-HT6, and 5-HT7 serotonergic receptors, H1 histamine receptors, and α1 and α2 adrenergic receptors, among others (Fitton and Heel, 1990; Ashby and Wang, 1996). The off-target effects seen here may result from distinct or combined mechanisms and targets. Clozapine may affect respiration as a sedative. A prior study showed reduced RR and VT under 5 and 10% CO2 during both slow-wave-sleep and rapid-eye-movement sleep states compared to the quiet awake state in mice (Nakamura et al., 2007). Alternatively, inhibition of targeted DREADD-expressing neurons may result in an antianxiogenic or anxiolytic effect similar to our habituation protocol to reveal CNO/clozapine-mediated chemosensory off-target effects. Both explanations are supported by several studies having shown CO2 to play a role in innate and learned fear responses and anxiety-related behaviors (Ziemann et al., 2009; Feinstein et al., 2013; Taugher et al., 2014; Dlouhy et al., 2015; Winter et al., 2017). Thus, neurons targeted in some of these studies may indeed play a role in driving anxiogenic behavioral responses rather than physiological chemosensory reflexes as both catecholaminergic and serotonergic systems are involved in fear/anxiety behaviors and chemosensory homeostasis (Brust et al., 2014; Hennessy et al., 2017).

Conversely, the chemosensory phenotypes observed with high CNO levels may be genuine, as we were able to recapitulate the NA-mediated hypercapnic deficit at CNO doses, a magnitude of order lower in habituated mice, while control groups showed no CNO effect. However, full comparisons across earlier studies are difficult due to the lack, in some cases, of reported V̇O2, VT, RR, and V̇

E/
V̇O2 data. For example, changes to body temperature or metabolic rate may also impinge in a number of ways on respiratory and chemosensory output, and that plethysmograph chamber temperatures were vastly different in some cases (34 vs. 30°C in our studies), affecting the dynamic range of the barometric component of the waveform and thus tidal volume. Notably, we saw neither appreciable changes in respiratory waveform characteristics in any of our conditions nor acute cardio-respiratory arrest that was observed in our earlier high dose, whole rhombomere studies (Sun et al., 2017).

Our results show for the first time that CNO has an unexpected effect on the hypercapnic chemosensory reflex that is unmasked by extensive habituation. Importantly, despite high levels, a CNO off-target effect had been previously ruled out due to the lack of phenotype in sibling controls, but which we show becomes clear upon habituation. We offer an off-target characterization of CNO in the mouse model system to complement studies in rat and nonhuman primates. The results here raise the possibility that additional CNO-mediated, off-target effects on the circuits under study or to autonomic or homeostatic circuits may exist but may be masked in other controlled experiments. Importantly, these data reveal that investigators should strive to use the minimal doses of the activating ligand possible in combination with high levels of habituation, and that the proper controls must be included in chemical genetic manipulations to fully appreciate and interpret experimental data.

MATERIALS AND METHODS

Ethical Approval

Studies were approved by Baylor College of Medicine Institutional Animal Care and Use Committee under protocol AN-6171.

Breeding, Genetic Background, and Maintenance of Mice

We maintained colonies of all our heterozygous mouse strains by backcrossing to C57BL/6J mice and homozygous strains by sibling crosses. For histology experiments, DBH-Cremice were mated with the homozygous Ai9 mouse (Madisen et al., 2010) (JAX 007909). For plethysmography experiments, DBH-Cre mice were mated with homozygous RC::P_hM4D (Ray et al., 2011) mice to derive animals, in which all mice carried the RC::P_hM4D allele. Sibling animals that did not inherit the Cre allele were used as control animals to the Cre positive offspring. Rosa26 specific primers for the Ai9, RC::P_hM4D, and RC::ePe mice were 5′-GCACTTGCTCTCCCAAAGTC, 5′-GGGCGTACTTGGCATATGAT, and 5′-CTTTAAGCCTGCCCAGAAGA and yield a 495 bp band (targeted) and 330 bp band (wt). Cre-specific primers for all the rhombomere Cre drivers were 5′-ATCGCCATCTTCCAGCAGGCGCACCATTGCCC and 5′-GCATTTCTGGGGATTGCTTA and yielded a 550 bp band if positive. For LC-MS experiments, C57BL/6J mice were obtained from the Center of Comparative Medicine (CCM), Baylor College of Medicine.

Histology

Four-to-eight-week-old DBH-Cre; Ai9 adult mice were transcardially perfused with 0.1 M phosphate-buffered saline (PBS) and then with 4% paraformaldehyde (PFA) in PBS. Brains were dissected out and drop fixed for 2 h in 4% PFA before a PBS rinse and equilibration in 20% sucrose in PBS. Brains were then sectioned into 30 μm sections, mounted on slides, and labeled with immunofluorescent antibodies. We stained overnight with anti-tyrosine hydroxylase antibody to identify catecholaminergic neurons (1:1,000, Millipore AB152) followed by 2 h with donkey anti-rabbit Cy3 secondary (1:500, Jackson 711-165-152) in 0.1% Triton-X in PBS (PBST) with 5% donkey serum. Images were collected on a Zeiss upright epifluorescent microscope.

Electrophysiology

Horizontal brain slices containing the locus coeruleus (300 μm) were cut with a vibratome (Leica VT 1000S, Leica Microsystems, Buffalo Grove, IL) from adult DBH-Cre; RR2P; RC::ePe mice (~1 month old) in 4°C artificial cerebrospinal fluid (ACSF). The slices were submerged in a chamber perfused with oxygenated ACSF (95% O2 and 5% CO2) containing in mM: 124 NaCl, 2.0 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.2 KH2PO4, 25 NaHCO3, and 10 glucose (2–3 ml/min). Whole-cell recordings were performed at 30°C using conventional patch-clamp techniques and a MultiClamp 700B amplifier (Molecular Devices, Union City, CA). GFP-positive neurons from the locus coeruleus were visually identified and subsequently imaged by infrared differential interference contrast video on the stage of an upright microscope (Axioskope FS2, Carl Zeiss, Oberkochen, Germany). Patch pipettes (resistances 4–6 MU) were filled with (in mM): 110 K-gluconate, 10 KCI, 10 HEPES, 10 Na2-phosphocreatine, 2 Mg3-ATP, and 0.2 Na3-GTP; pH was adjusted to 7.2 and osmolarity to 300 mOsm. The holding potential was −70 mV. CNO was bath applied.

Plethysmography

Plethysmography on conscious, unrestrained mice was carried out as described on 6- to 12-week-old adult animals (Ray et al., 2011). Habituated mice were subjected to a 5-day habituation protocol with each day consisting of several minutes of handling, temperature taken by rectal probe, intraperitoneal saline injection, and 30 min in the plethysmography chamber. Mice were then tested within 1 week of the last day of habituation. Unhabituated mice were not exposed to handling or the plethysmograph chamber. All mice were naïve to CNO and used only once.

On the day of testing, mice were taken from their home cage, weighed, and rectal temperature was taken. Animals were then placed into a flow-through, temperature-controlled (water jacketed at 30°C) plethysmography chamber and allowed to acclimate for at least 20 min in room air (21% O2/79% N2) conditions. After acclimation and measurement under room air, the chamber gas was switched to a hypercapnic mixture of 5% CO2/21% O2/74% N2 for 20 min. Chamber gas was then switched back to room air for 20 min. The mice were briefly removed for rectal temperature measurement and intra-peritoneal injection of CNO (National Institute of Mental Health Chemical Synthesis and Drug Supply Program) dissolved in saline (1 or 0.1 mg/ml) for an effective concentration of 10 or 1 mg/kg, respectively. The animal was returned to the chamber for another 20 min of room air, 20 min of hypercapnia, and 20 min of room air. The animal was then removed from the chamber, and rectal temperature was taken immediately after the termination of the experiment.

Liquid Chromatography-Mass Spectrometry

Twenty-four wildtype mice, evenly divided by sex, were weighed and treated with 10 mg/kg CNO, 1 mg/kg CNO, 0.1 mg/kg CNO, or vehicle. Thirty minutes after injection, blood samples were collected via cardiac puncture and placed in BD Microtainers. Samples were centrifuged at 4°C at 13,500 rpm in bench top centrifuge, and supernatants were collected. Serum and brains were kept at −20°C until extraction.

HPLC grade solvents water, acetonitrile chloroform, and methanol and mass-spectrometry-grade formic acid were obtained from Sigma-Aldrich (St. Louis, MO). Calibration solution containing multiple calibrants in a solution of acetonitrile, trifluoracetic acid, and water was purchased from Agilent Technologies (Santa Cruz, CA). Metabolites and internal standards, including N-acetyl aspartic acid-d3, tryptophan-15N2, glutamic acid-d5, thymine-d4, gibberellic acid, trans-zeatin, jasmonic acid, 15N anthranilic acid, and testosterone-d3 were purchased from Sigma-Aldrich (St. Louis, MO). Microtainer R SST TM was obtained from Becton Dickinson (Franklin Lakes, NJ).

Extraction consisted of 750 μl of ice-cold methanol:water (4:1) containing 20 μl spiked internal standards that was added to each brain sample (50 mg) and quality controls and then was homogenized for 1 min each. Then, 750 μl of 100% acetonitrile containing 20 μl spiked internal standards were added to wash sample (100 μl) and quality controls and then sonicated for 5 min. All samples were centrifuged at 5,000 rpm for 10 min at 4°C. The resultant supernatant was collected, and 20 μl were injected into LC-MS.

All samples were analyzed using 6,490 triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA) coupled to HPLC system (Agilent Technologies, Santa Clara, CA) by multiple reaction monitoring (MRM). Approximately 8–11 data points were acquired per detected metabolite. Metabolites detected were clozapine, CNO, and norclozapine (N-desmethyl clozapine). ESI positive mode was used in method. The HPLC column was ACQUITYUPLC C18 column (100 Å, 1.8 μm, and 2.1 mm × 100 mm. Milford, MA, USA) with a flow rate of 0.5 ml/min.

Data Collection and Analysis

Plethysmography

Plethysmography pressure changes were measured using a Validyne DP45 differential pressure transducer and reference chamber and CD15 carrier demodulator and recorded with LabChartPro in real time. Waveforms were analyzed offline using LabChartPro and custom written MATLAB code to determine respiratory rate (RR), tidal volume (VT) (Ray et al., 2011), minute ventilation (V̇E), and pattern analysis. Respiratory waveforms were collected offline during periods when the animal was at rest, and readings were free from movement artifacts. A minimum of 1 min cumulative data compiled from traces at least 10 s long from the last 10 min of a given experimental condition were analyzed. O2 consumption was determined by comparing the gas composition between calibration in an empty chamber and live breathing using an AEI oxygen sensor and analyzer. Chamber temperature was constantly monitored using a ThermoWorks MicroThermo 2 and probe and was recorded with LabChartPro in real time.

Poincaré measurements and sigh and apnea frequency were determined using 1 min of movement-free traces from each breathing condition. Sighs were defined as a breath with amplitude of at least twice as large as the average breath. Apneas were defined as an interbreath interval (IBI) at least twice as large as the average IBI. The coefficient of variation (CV) of the IBI and amplitude was also calculated from the same 1-min trace compilation of each breathing condition (standard error IBI or amplitude/mean IBI or amplitude).

Statistics

Plethysmography

Results (RR, VT, V̇E, V̇O2, V̇E/
V̇O2, number of apneas and sighs, and CVs of IBI and amplitude) for room air and hypercapnic data were compared between DBH-Cre; RC::P_hM4D cohorts and sibling controls using a linear mixed-effects regression model with animal type (experimental vs. control) and CNO administration (pre vs. post injection) as fixed effects and animal ID as a random effect. Temperature data were compared using a linear mixed-effects regression model with animal type (experimental vs. control) as a fixed effect. A p < 0.05 was used to indicate statistical significance, and individual data points, mean, and standard error of the mean are shown on all charts.

Liquid Chromatography-Mass Spectrometry

The obtained area under the peak for each sample was normalized by the internal control and then to vehicle before statistical analysis was performed. Unpaired t test was used to compare the relative abundance of clozapine and CNO in each tissue by concentration group.

ETHICS STATEMENT

All experiments were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine. The experiments conformed to national standards for the care and use of experimental animals set by the Association for Assessment and Accreditation of Laboratory Animal Care.

AUTHOR CONTRIBUTIONS

JS, FS-M, MC-M and RR conceived and designed the experiments. JS, FS-M, and PZ performed the experiments and contributed to analyzing the data. JS, FS-M, VM, MC-M and RR wrote the paper.

FUNDING

This study was supported by grants R01HL130249 and R01HL130249-S1 from the National Heart, Lung, and Blood Institute; March of Dimes Basil O’Connor Award; and the McNair Medical Institute.

ACKNOWLEDGMENTS

We thank Drs. Shaila K. Mani and Benjamin Arenkiel for helpful discussions. We also thank the Baylor College of Medicine Proteomics Core facility for the execution of Liquid Chromatography-Mass Spectrometry.

REFERENCES

Amiel, J., Dubreuil, V., Ramanantsoa, N., Fortin, G., Gallego, J., Brunet, J.-F., et al. (2009). PHOX2B in respiratory control: lessons from congenital central hypoventilation syndrome and its mouse models. Respir. Physiol. Neurobiol. 168, 125–132. doi: 10.1016/j.resp.2009.03.005

Andrews, N., and File, S. E. (1993). Handling history of rats modifies behavioural effects of drugs in the elevated plus-maze test of anxiety. Eur. J. Pharmacol. 235, 109–112. doi: 10.1016/0014-2999(93)90827-5 

Armbruster, B. N., Li, X., Pausch, M. H., Herlitze, S., and Roth, B. L. (2007). Evolving the lock to fit the key to create a family of G protein-coupled receptors potently activated by an inert ligand. Proc. Natl. Acad. Sci. USA 104, 5163–5168. doi: 10.1073/pnas.0700293104 

Ashby, C. R., and Wang, R. Y. (1996). Pharmacological actions of the atypical antipsychotic drug clozapine: a review. Synapse 24, 349–394. doi: 10.1002/(SICI)1098-2396(199612)24:4<349::AID-SYN5>3.0.CO;2-D 

Bahia, C. M. C. d. S., and Pereira, J. S. (2015). Obstructive sleep apnea and neurodegenerative diseases: a bidirectional relation. Dement. Neuropsychol. 9, 9–15. doi: 10.1590/S1980-57642015DN91000003 

Biancardi, V., Bícego, K. C., Almeida, M. C., and Gargaglioni, L. H. (2008). Locus coeruleus noradrenergic neurons and CO2 drive to breathing. Pflugers Arch. - Eur. J. Physiol. 455, 1119–1128. doi: 10.1007/s00424-007-0338-8 

Brust, R. D., Corcoran, A. E., Richerson, G. B., Nattie, E., and Dymecki, S. M. (2014). Functional and developmental identification of a molecular subtype of brain serotonergic neuron specialized to regulate breathing dynamics. Cell Rep. 9, 2152–2165. doi: 10.1016/j.celrep.2014.11.027 

Chang, W. H., Lin, S. K., Lane, H. Y., Wei, F. C., Hu, W. H., Lam, Y. W., et al. (1998). Reversible metabolism of clozapine and clozapine N-oxide in schizophrenic patients. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 22, 723–739. doi: 10.1016/S0278-5846(98)00035-9 

Chen, Y.-W., Das, M., Oyarzabal, E. A., Cheng, Q., Plummer, N. W., Smith, K. G., et al. (2018). Genetic identification of a population of noradrenergic neurons implicated in attenuation of stress-related responses. Mol. Psychiatry 1–16. doi: 10.1038/s41380-018-0245-8 

Dlouhy, B. J., Gehlbach, B. K., Kreple, C. J., Kawasaki, H., Oya, H., Buzza, C., et al. (2015). Breathing inhibited when seizures spread to the amygdala and upon amygdala stimulation. J. Neurosci. 35, 10281–10289. doi: 10.1523/JNEUROSCI.0888-15.2015 

Feinstein, J. S., Buzza, C., Hurlemann, R., Follmer, R. L., Dahdaleh, N. S., Coryell, W. H., et al. (2013). Fear and panic in humans with bilateral amygdala damage. Nat. Neurosci. 16, 270–272. doi: 10.1038/nn.3323 

Fitton, A., and Heel, R. C. (1990). Clozapine. A review of its pharmacological properties, and therapeutic use in schizophrenia. Drugs 40, 722–747. doi: 10.2165/00003495-199040050-00007 

Fleury Curado, T. A., Pho, H., Dergacheva, O., Berger, S., Lee, R., Freire, C., et al. (2018). Silencing of hypoglossal motoneurons leads to sleep disordered breathing in lean mice. Front. Neurol. 9:962. doi: 10.3389/fneur.2018.00962

Gargaglioni, L. H., Hartzler, L. K., and Putnam, R. W. (2010). The locus coeruleus and central chemosensitivity. Respir. Physiol. Neurobiol. 173, 264–273. doi: 10.1016/j.resp.2010.04.024 

Gomez, J. L., Bonaventura, J., Lesniak, W., Mathews, W. B., Sysa-Shah, P., Rodriguez, L. A., et al. (2017). Chemogenetics revealed: DREADD occupancy and activation via converted clozapine. Science 357, 503–507. doi: 10.1126/science.aan2475 

Guettier, J. M., Gautam, D., Scarselli, M., Ruiz de Azua, I., Li, J. H., Rosemond, E., et al. (2009). A chemical-genetic approach to study G protein regulation of beta cell function in vivo. Proc. Natl. Acad. Sci. USA 106, 19197–19202. doi: 10.1073/pnas.0906593106

Hakim, F., Gozal, D., and Kheirandish-Gozal, L. (2012). Sympathetic and catecholaminergic alterations in sleep apnea with particular emphasis on children. Front. Neurol. 3:7. doi: 10.3389/fneur.2012.00007 

Hennessy, M. L., Corcoran, A. E., Brust, R. D., Chang, Y., Nattie, E. E., and Dymecki, S. M. (2017). Activity of Tachykinin1-expressing Pet1 raphe neurons modulates the respiratory chemoreflex. J. Neurosci. 37, 1807–1819. doi: 10.1523/JNEUROSCI.2316-16.2016 

Huckstepp, R. T. R., Cardoza, K. P., Henderson, L. E., and Feldman, J. L. (2015). Role of parafacial nuclei in control of breathing in adult rats. J. Neurosci. 35, 1052–1067. doi: 10.1523/JNEUROSCI.2953-14.2015 

Ilg, A.-K., Enkel, T., Bartsch, D., and Bähner, F. (2018). Behavioral effects of acute systemic low-dose clozapine in wild-type rats: implications for the use of DREADDs in behavioral neuroscience. Front. Behav. Neurosci. 12:173. doi: 10.3389/fnbeh.2018.00173

Isom, G. E., and Elshowihy, R. M. (1982). Interaction of acute and chronic stress with respiration: modification by naloxone. Pharmacol. Biochem. Behav. 16, 599–603. doi: 10.1016/0091-3057(82)90422-1 

Jann, M. W., Lam, Y. W., and Chang, W. H. (1994). Rapid formation of clozapine in guinea-pigs and man following clozapine-N-oxide administration. Arch. Int. Pharmacodyn. Ther. 328, 243–250.

Joober, R. (2010). Clozapine: a distinct, poorly understood and under-used molecule. J. Psychiatry Neurosci. 35, 147–149. doi: 10.1503/jpn.100055 

Kinkead, R., Dupenloup, L., Valois, N., and Gulemetova, R. (2001). Stress-induced attenuation of the hypercapnic ventilatory response in awake rats. J. Appl. Physiol. 90, 1729–1735. doi: 10.1152/jappl.2001.90.5.1729 

Klein, D. F. (1993). False suffocation alarms, spontaneous panics, and related conditions. An integrative hypothesis. Arch. Gen. Psychiatry 50, 306–317. doi: 10.1001/archpsyc.1993.01820160076009 

Korsak, A., Sheikhbahaei, S., Machhada, A., Gourine, A. V., and Huckstepp, R. T. R. (2018). The role of parafacial neurons in the control of breathing during exercise. Sci. Rep. 8:400. doi: 10.1038/s41598-017-17412-z

Lapin, I. P. (1995). Only controls: effect of handling, sham injection, and intraperitoneal injection of saline on behavior of mice in an elevated plus-maze. J. Pharmacol. Toxicol. Methods 34, 73–77. doi: 10.1016/1056-8719(95)00025-D 

Lavezzi, A. M., Alfonsi, G., and Matturri, L. (2013). Pathophysiology of the human locus coeruleus complex in fetal/neonatal sudden unexplained death. Neurol. Res. 35, 44–53. doi: 10.1179/1743132812Y.0000000108 

MacLaren, D. A. A., Browne, R. W., Shaw, J. K., Krishnan Radhakrishnan, S., Khare, P., España, R. A., et al. (2016). Clozapine N-oxide administration produces behavioral effects in long-evans rats: implications for designing DREADD experiments. eNeuro 3, 1–14. doi: 10.1523/ENEURO.0219-16.2016 

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H., et al. (2010). A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13, 133–140. doi: 10.1038/nn.2467 

Mahler, S. V., and Aston-Jones, G. (2018). CNO evil? Considerations for the use of dreadds in behavioral neuroscience. Neuropsychopharmacology 43, 934–936. doi: 10.1038/npp.2017.299 

Manvich, D. F., Webster, K. A., Foster, S. L., Farrell, M. S., Ritchie, J. C., Porter, J. H., et al. (2018). The DREADD agonist clozapine N-oxide (CNO) is reverse-metabolized to clozapine and produces clozapine-like interoceptive stimulus effects in rats and mice. Sci. Rep. 8, 3840. doi: 10.1038/s41598-018-22116-z

Misslin, R., Herzog, F., Koch, B., and Ropartz, P. (1982). Effects of isolation, handling and novelty on the pituitary--adrenal response in the mouse. Psychoneuroendocrinology 7, 217–221. doi: 10.1016/0306-4530(82)90015-4 

Nakamura, A., Zhang, W., Yanagisawa, M., Fukuda, Y., and Kuwaki, T. (2007). Vigilance state-dependent attenuation of hypercapnic chemoreflex and exaggerated sleep apnea in orexin knockout mice. J. Appl. Physiol. 102, 241–248. doi: 10.1152/japplphysiol.00679.2006 

Obonai, T., Yasuhara, M., Nakamura, T., and Takashima, S. (1998). Catecholamine neurons alteration in the brainstem of sudden infant death syndrome victims. Pediatrics 101, 285–288. doi: 10.1542/peds.101.2.285 

Ozawa, Y., Takashima, S., and Tada, H. (2003). Alpha2-adrenergic receptor subtype alterations in the brainstem in the sudden infant death syndrome. Early Hum. Dev. 75 (Suppl.), S129–S138. doi: 10.1016/j.pathophys.2004.01.015

Padovan-Hernandez, Y., and Knackstedt, L. A. (2018). Dose-dependent reduction in cocaine-induced locomotion by clozapine-N-oxide in rats with a history of cocaine self-administration. Neurosci. Lett. 674, 132–135. doi: 10.1016/j.neulet.2018.03.045 

Ramanantsoa, N., Hirsch, M.-R., Thoby-Brisson, M., Dubreuil, V., Bouvier, J., Ruffault, P.-L., et al. (2011). Breathing without CO(2) chemosensitivity in conditional Phox2b mutants. J. Neurosci. 31, 12880–12888. doi: 10.1523/JNEUROSCI.1721-11.2011 

Raper, J., Morrison, R. D., Daniels, J. S., Howell, L., Bachevalier, J., Wichmann, T., et al. (2017). Metabolism and distribution of clozapine-N-oxide: implications for nonhuman primate chemogenetics. ACS Chem. Neurosci. 8, 1570–1576. doi: 10.1021/acschemneuro.7b00079 

Ray, R. S., Corcoran, A. E., Brust, R. D., Soriano, L. P., Nattie, E. E., and Dymecki, S. M. (2013). Egr2-neurons control the adult respiratory response to hypercapnia. Brain Res. 1511, 115–125. doi: 10.1016/j.brainres.2012.12.017 

Ray, R. S., Corcoran, A. E., Brust, R. D., Kim, J. C., Richerson, G. B., Nattie, E., et al. (2011). Impaired respiratory and body temperature control upon acute serotonergic neuron inhibition. Science 333, 637–642. doi: 10.1126/science.1205295 

Ryabinin, A. E., Wang, Y. M., and Finn, D. A. (1999). Different levels of Fos immunoreactivity after repeated handling and injection stress in two inbred strains of mice. Pharmacol. Biochem. Behav. 63, 143–151. doi: 10.1016/S0091-3057(98)00239-1 

Snyder, B., Shell, B., Cunningham, J. T., and Cunningham, R. L. (2017). Chronic intermittent hypoxia induces oxidative stress and inflammation in brain regions associated with early-stage neurodegeneration. Physiol. Rep. 5, 1–13. doi: 10.14814/phy2.13258 

Sun, J. J., Huang, T.-W., Neul, J. L., and Ray, R. S. (2017). Embryonic hindbrain patterning genes delineate distinct cardio-respiratory and metabolic homeostatic populations in the adult. Sci. Rep. 7:9117. doi: 10.1038/s41598-017-08810-4

Sun, J. J., and Ray, R. S. (2017). Tg(Th-Cre)FI172Gsat (Th-Cre) defines neurons that are required for full hypercapnic and hypoxic reflexes. Biol. Open 6, 1200–1208. doi: 10.1242/bio.026823 

Taugher, R. J., Lu, Y., Wang, Y., Kreple, C. J., Ghobbeh, A., Fan, R., et al. (2014). The bed nucleus of the stria terminalis is critical for anxiety-related behavior evoked by CO2 and acidosis. J. Neurosci. 34, 10247–10255. doi: 10.1523/JNEUROSCI.1680-14.2014 

Valentino, R. J., and Van Bockstaele, E. (2008). Convergent regulation of locus coeruleus activity as an adaptive response to stress. Eur. J. Pharmacol. 583, 194–203. doi: 10.1016/j.ejphar.2007.11.062

Verbraecken, J., and McNicholas, W. T. (2013). Respiratory mechanics and ventilatory control in overlap syndrome and obesity hypoventilation. Respir. Res. 14:132. doi: 10.1186/1465-9921-14-132 

Viemari, J.-C. (2008). Noradrenergic modulation of the respiratory neural network. Respir. Physiol. Neurobiol. 164, 123–130. doi: 10.1016/j.resp.2008.06.016 

Winter, A., Ahlbrand, R., Naik, D., and Sah, R. (2017). Differential behavioral sensitivity to carbon dioxide (CO2) inhalation in rats. Neuroscience 346, 423–433. doi: 10.1016/j.neuroscience.2017.01.003 

Ziemann, A. E., Allen, J. E., Dahdaleh, N. S., Drebot, I. I., Coryell, M. W., Wunsch, A. M., et al. (2009). The amygdala is a chemosensor that detects carbon dioxide and acidosis to elicit fear behavior. Cell 139, 1012–1021. doi: 10.1016/j.cell.2009.10.029 

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Martinez, Saldana-Morales, Sun, Zhu, Costa-Mattioli and Ray. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-00521-g005.jpg
Habituated, CND 10 mg’kg

DBH-Cre; P_hM4D
(n=12)

Respiratory Rate (V)

Sibling Controls
(n=12)

Respiratory Rate (V,)

Ty o

Room Al 5% CO,

B Tidal Volume (V) Tidal Volume (V,)
G 003 o 003 "
2 b
§oox N o \
5o : L Som ;
E fa: E A
S 0015 ’ ; Go015| TN
g - . h/ ol
3 o 23 §oo| sREEL
g [1°4 2 (a4 c
0005 go-=C 0005 ‘
Reom A 5% 0, Room Al 5% €0,

G Minute Ventilation (V)

Minute Ventilation (V,)

12 12 3
By &
i i
£ H
24 3¢
S . H
2 2
RoomAr 5% CO, RoomAT 6% CO,
Vo
2008
=
£
goo
£
Sooe
3
002
Room Air 5% €0,
E
VeV VelVez
40 140
120 20
100 100
28 2 0
>
60 %0
a0 oy
n 0. o

Room AT 6%C0,

Habituated, CNO 10 mg/kg
DBH-Cre; P_hM4D Sibling Gontrols
(n=12) (n=12)

Apnea Frequency Apnea Frequency

m

Number of Agneas/min
Number of Apneas/mi

RoemAir 5% CO,

5%C0,

Sigh Frequency Sigh Frequency

Number of Sighs:

/

Tk —Ls
ReomAr | 6%CO,

Periodic Instability Periodic Instability
038 cos .
3 2 4
Toos| o cos
H H
s 5
024 Zoon
5 g
2002 002
& 8
Rom AT 5% Roomar 5% co,
Volume Instability Volume Instability
! oos . ¢
Zoos

Coefhcient of V

£
% CO,

4
g
=

Temperature

Temperature ("C)

TempBeg  Temp\Wd  TemcEnd






OPS/images/fphys-10-00521-g006.jpg
WT wT WT WwT
Habituated, Saline Unhabituated, Saline Habituated, Saline Unhabituated, Saline

(n=16) (n=13) (n=16) (n=13)
Respiratory Rate (V) Respiratory Rate (V) . Apnea Fraquency Apnea Froquency
A wo o . . 5
20 20 £ E |
Eao oo go g
8250 FEC) 2 0 g
5 5 b 5
20 2 H HB
Fo B0 £ H
100 100 = - =
i 3
RoomAr 6%, Rosmar  8%C0 Roomar  54CO, s%co,
Sigh Freque: Sigh Frequen
B Tidal Volume (V) Tidal Volume (V,) G onrequency, g Ereauency
oo . _oozs ! .
5 oo “h, f o \ z*
Sos S - . o
5 H (e Sy I
2 onn 2 oo 7 e £ o2
3 £ 2 VA Yy
H H h}(:‘% e Sy # el
0.005 ooos{ £ % . FE ?9% oL A8 58
ReomAr 5% GO, Roomr 5% GO, Roomar %GO, Roomar  £4C0,
€ Minue Ventiation (V) Minute Ventilation (V;) " Periodic Instavilily Periodic Instability
o
8

Room Al 5% CO,

D Veo Ve | Volume Instability
08! 008
3 _omws .
F007+ « soo7 / 5 5
£ H 5 oo 5
Eome Eose 5o H
Eoos Eos So01s 5
Eo0s Eous g g
2 H [ e
Som o3 2 8
a 3
0.02 w2 2005
ReomAir &% 00,
E VeV, J o=
10 L 37.5 Habituated
- O 28
w0 ® G —
. B T ow ]
3, 60 3 0 g
z Z & 965
« o 5
g
2
2 : s
3 » 8
Room AT 6% €O, RoomAr 6% CO, )

Tome. Dk Teme





OPS/images/fphys-10-00521-g003.jpg
C

Unhabituated, CNO 1 mg/kg
DBH-Cre; P_hM4D Sibling Controls

Unhabituated, CNO 1 mg/kg
DBH-Cre; P_hM4D Sibling Controls

(n=12) (n=12) (n=12) (n=12)
A Respiralory Rale (V) Respiralory Rale (V) F Apnea Frequency Apnea Frequency
<0 o . .
S riieno cis ]
o £ £
£ ] F
]y o £
Eam E E
5250 « & ;
8200 [y £ 5 aF £
- = 2| < H
3 s
RoomAr | 5%.C0, RosmAr 5%, Room A
Tidal Volume (V) Tidal Velume (V.) G Sigh Frequency
a0 o
o4 — 5 s
S 21
5 2
H os
g . o 32
26 o <o 24
4 TN,
ReomAr 5% 0, RoomAr 5% G
Minute Ventilation (V) Periodic Instability
00 008
s 5 " ;
3 ] . /
g g 300
£ £+ H 5
S 5 e : H
g . Som| %001
g g g
s? g2 Som o0z
§ 8
' '
Roon Al %O, Roor Al % C Roam A 5% CO,
Volume Instabllity Volume Instabilty
008 008 008 ?
Zoo7 Toos Znos ;
£ £ 3 /
Soos Zoon 2004
£ s 5
o Zoos F003
Eoo ] £
Soo oo 50z
8ai 8
e o0 a0t
RoomAr 5400,
VAV, &% Temperature. .
150 w . :
5 i Soung Gane
75 o
e
8
0 . g
(£ £ s
RoomArr %00, Rocm Air =
. .
55

Temp. Temp.  Temp.





OPS/images/fphys-10-00521-g004.jpg
G

Habituated, CNO 1 mg/kg

DBH-Cre; P_hM4D
(n=12)

Respiratory Rate (V)

Sibling Controls
(n=12)

Respiratory Rate (V)

400
Zi0 .
3 o
g 3
S0 “
S0
150
RoomAr  £%GO, RoomArT  5%00,
Tidal Volume (V;) Tidal Volume (V.)
5 02 . 5 ooz
] B 1
Boois “a’  Boos
€ R S
€ oo ‘l I Eon
S g 2
ReomAr 5K O,
Minute Ventiation (V,) Winute Ventiation (V,)
£ : £
s Ss
t g
o H
g H
g g9
e ] Lt
1 1
012 o2,
3o 3 o1
g Soos
20w qoo
Eom fom
S g
VelVo,
20 120
w 0
L0 %
S o
W w0
20 2

Habituated, CNU 1 mglkg

DBH-Cre; P_hM4D
(n=12)

Apnea Frequency

ol

ROOMA  §%C

Sigh Frequency

H

@3

®

E2{ o

£ .
21| - “en

E

Caeffcient of Variation
B 2

Volume Instability

£
H
-
2
5
2
5
2

.
H
&
3z
k
3
8

Sibling Controls
(n=12)

Apnea Frequency

o

Room ar

Periodic Instability

e game

coos foos
Soos
Som Soo
Zom Foos
Euuz %cnz
oo Com
RocmAr %00,
I Temperature

Temperature ('C)

Temp,.

Otz
O

Terrp,





OPS/images/fphys-10-00521-g007.jpg
0.1 mg/kg IP CNO (n=6)

A oo Serum o Brain - Clozapine-N-Oxide
0= Clozapine
3 2 3.
EH ]
2 a0 2 e
8 ki
3 ]
E oo g,
H 2
2 ]
£ w -
Clozapine-N-Oxide  Clozapine e Clazapine-N-Oxide  Clozapine
1 mg/kg IP CNO (n=6)
Serum Brain == Clozapine-N-Oxide
40000: Ng ano -
=0~ Clozapine
sz PR
2
24000- E 180-
S
18000 £
H
s0n0- 2w
v
Glozapine-N-Oxide  Clozapine ClzepheN-Oxds  Clezenine
10 mg/kg IP CNO (n=6)
Serum Brai e 9
- n it Clozapine-N-Oxide
<0~ Clozapine
3 160000 2 s
H
£ 120000- 2 800
] 8
2 4o
2
2 20
5
o ¥ .
Clozapine-N-Oxide  Clozapine Clazapine-N-Oxide  Clozapine

D [Clozapine] / [Clozapine-N-Oxide] ratio by tissue (n=24)

S M Ben

16 . serum

[Clozapine]  [Clozapine-N-Oxide]

o
Vehicle 0.1 mgkg 1mgke 10mgkg
Groups





OPS/images/fphys-10-00521-g001.jpg
A ﬁ%g DREADD |

c
D

I
1 g 7
o

7N\

oo topm

DBH-Cre

I

‘CondMoning Protocol

8
e tbmeuma g
mpaea

ko
< D b pltyancrapey crane

Day 6
Assay

Day1

ETY

e
T

- Day2

i raassamant | Contlinky oty

Emtrya CNS

N

Adt CNg

- Day3 mb Dryd b Days
Coniri  Corshiomiy  Gontleni

CNO (10.r 1 mgk) crsalle ection
%

5%C0,

PoatCNO.





OPS/images/fphys-10-00521-g002.jpg
Unhabituated, CNV 10 mgikg
DBH-Cre; P_hM4D Sibling Controls

DBH-Cre; P_hM4D

Unhabituated, CNO 10 mg/kg
Sibling Controls

(n=12) (n=12) (n=12) (n=12)
A ., Respiatoy Rate (V) Respiratory Rate (V) F Aonea Frequency Apnea Frequency
.
350 380 &, £ £
: b, S 1
Sa 8 :
fao o < g .
e b 2
gom 0 i g°
4 - £ £
i 50 2 J 2
L) .
Reom Ar 5% GO RosmAr  £%,CO,
e Sigh Frequancy Sigh Frequency
B 5 5
002 002 < <
] = H E
H g £ 2
Boots Zoos s -
- | 5 @3 AT
= £ o =
g 00" 2 001 82 B21 %
5 5 5 5 by
H H 21 21
= o.05 Z 0008
o o
Foom A 5% C0, RooriAl 5%CO,
Minute Ventilation (V) Minute Ventilation (V) Periodic Instability Periodic Instability
. H
s ' 5o0e
£5 =
£ So0s
- EY 5
£ %00
¥ Boow
"o i 3
Roor Al 5% CO,
Vo Volume Instabilty Volume Instability
B 3 d [ 208
oo
8 00s
Socs
Zors - .
Zoo =,
Zos| o 02 Y $
aca| v 8 '%\m-e
HoomAr 5% GO, Roomar 6% GO, AomAr 6%G0, RoomAr  £% GO,
Temperature
E VelVe: 4 @ s
e o poyg o
5o 12t Sbing Coneat
2 o5
B =
© 8
£
| o7 20 £
Foorr Arr L

HoomAr  5%.CO, s%.CO,






OPS/images/cover.jpg
frontiers
in Physiology

Off-Target Effects of Clozapine-
N-Oxide on the Chemosensory Reflex
Are Masked by High
Stress Levels









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





