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Pentobarbital Anesthesia Suppresses the Glucose Response to Acute Intermittent Hypoxia in Rat
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A key feature of sleep disordered breathing syndromes, such as obstructive sleep apnea is intermittent hypoxia. Intermittent hypoxia is well accepted to drive the sympathoexcitation that is frequently associated with hypertension and diabetes, with measurable effects after just 1 h. The aim of this study was to directly measure the glucose response to 1 h of acute intermittent hypoxia in pentobarbital anesthetized rats, compared to conscious rats. However, we found that while a glucose response is measurable in conscious rats exposed to intermittent hypoxia, it is suppressed in anesthetized rats. Intermittent hypoxia for 1, 2, or 8 h increased blood glucose by 0.7 ± 0.1 mmol/L in conscious rats but had no effect in anesthetized rats (−0.1 ± 0.2 mmol/L). These results were independent of the frequency of the hypoxia challenges, fasting state, vagotomy, or paralytic agents. A supraphysiological challenge of 3 min of hypoxia was able to induce a glycemic response indicating that the reflex response is not abolished under pentobarbital anesthesia. We conclude that pentobarbital anesthesia is unsuitable for investigations into glycemic response pathways in response to intermittent hypoxia in rats.
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INTRODUCTION

Obstructive Sleep Apnea (OSA) (Heinzer et al., 2015; Yacoub et al., 2017) is a highly prevalent, but underdiagnosed condition characterized by repetitive airway collapse during sleep. OSA affects up to 30% of the population (Peppard et al., 2013) and is present in ∼70% of diabetics (Pamidi and Tasali, 2012; Rajan and Greenberg, 2015). Intermittent hypoxia (IHx), caused by repetitive collapse of the airways during OSA, is considered a key driver of insulin resistance and hence the development of type 2 diabetes. Current therapies prevent the physical collapse of the airways but are hindered by poor compliance and conflicting reports of improved cardio-metabolic health (da Silva Paulitsch and Zhang, 2019). Although OSA is commonly linked to obesity, of growing concern is the prevalence (25–30%) of OSA in healthy, non-overweight people (Pamidi et al., 2012; Gray et al., 2017), who, without any other risk factors, show signs of pre-diabetes. The natural history of cardio-metabolic impairment in the context of OSA and obesity is unclear, therefore causal directions remain elusive. Activation of the sympathetic nervous system (Leung et al., 2012) is widely recognized as an important mediator of OSA-induced pathophysiology, although mechanisms remain unproven.

IHx models developed in cell culture (Hunyor and Cook, 2018) and rodents (Polak et al., 2013; Rafacho et al., 2013; Farnham et al., 2019) are therefore used to simplify the disease process and isolate the hypoxia driven effects. The cardio-metabolic effects of IHx are rapid with elevated sympathetic activity (Farnham et al., 2019) and glucose after 1–2 h (Rafacho et al., 2013) in rats, and elevated glucose after 3 h (Newhouse et al., 2017) in humans. The sympathetic effects of OSA are well accepted, with patients presenting with increased daytime muscle sympathetic activity (Narkiewicz and Somers, 1997). IHx in anesthetized rodent models (Dick et al., 2007; Xing and Pilowsky, 2010; Blackburn et al., 2018; Kakall et al., 2018b; Kim et al., 2018; Roy et al., 2018; Farnham et al., 2019) and conscious humans (Louis and Punjabi, 2009; Gilmartin et al., 2010; Tamisier et al., 2011) also both demonstrate persistent increases in sympathetic nerve activity. In the case of chronic IHx, conscious rodent models develop increases in blood pressure (Sharpe et al., 2013) and glucose dysregulation (Polak et al., 2013; Fu et al., 2015). Rafacho et al. (2013) was the first to demonstrate that just 1 h of acute IHx elevated blood glucose in conscious rats which was attributed to sympathoactivation since administration of a β-blocker prevented this response (Rafacho et al., 2013). However in mice, β-adrenoceptor blockade had no effect, but α-adrenoceptor blockade and adrenomedullectomy blocked the response (Jun et al., 2014). While the mechanism remains contentious, these findings are both supportive of sympathoactivation driving the glucose response to acute IHx. However, no one has directly measured sympathetic activity and blood glucose in response to acute IHx. The purpose of this study was to measure the blood glucose response to 1 h of acute IHx in anesthetized rats and compare with conscious rats.

Here we report that pentobarbital anesthesia suppresses the increase in blood glucose seen in conscious rats. We report that increases in blood glucose are measurable after 1 and 2 h of IHx in conscious rats but are absent in anesthetized rats subjected to either 10 or 16 episodes of IHx within 1 h. We modified multiple experimental parameters including fasting, vagotomy, use of paralytic agents and “priming” with 1 h of conscious IHx before anesthesia. There was a significant but biologically irrelevant effect of “priming” leading to the conclusion that pentobarbital anesthesia is incompatible with investigations of IHx-induced changes in blood glucose.



MATERIALS AND METHODS


Animals

Procedures and protocols were approved by the Sydney Local Area Health District Animal Care and Ethics Committee and conducted in accordance with the Australian codes of practice for the care and use of animals for scientific purposes. Rats are used as the experiments described involve an integrative approach and no artificial models of these systems currently exist.

Experiments were conducted on n = 78 adult male Sprague-Dawley (SD) rats (300–500 g; Animal Resource Centre, Perth, Australia).

Animals were housed in 12 h light cycle with lights “on” from 7 a.m. to 7 p.m. This constitutes the rat’s “night” when they spent most their time sleeping. We conducted all our experiments during the “night” cycle to align with the human condition of OSA.



Measurement of Blood Glucose

Great care was taken to ensure minimal stress during the blood glucose measurement procedure in conscious untrained animals. Rats (either unfasted or 3 h fasted) were either allowed to walk freely into a dark cloth “sock” or in most cases remained in their home cage without any form of restraint. A scalpel was used to make a small nick at the tip of the tail. The first drop of blood was discarded, and the second drop was drawn up into a glucose test strip attached to a glucometer (AccuCheck or LifeSmart).

Immediately after the conclusion of the IHx or Sham protocol, the tail nick was reopened with gentle abrasion, while the rat remained unrestrained. The first drop of blood was discarded and the second used in the glucometer.

In the anesthetized animals, the tail nick and blood collection were conducted in the same manner.



Intermittent Hypoxia


Conscious

Following blood glucose measurement, a single rat was placed in a small plastic container for 10 min before the IHx protocol was commenced. Rats that underwent the 8 h protocol were housed in groups of 3 and the experiment conducted in their home cage. Oxygen levels within the hypoxia chamber were continuously monitored with an OxyStar (CWE). A customized GSM-3 (CWE) programmable gas mixer was used to deliver 4 different gas mixes at 4 different flow rates to rapidly cycle between 21% O2 and 6/10% O2. In the conscious cohort of animals, 4 different IHx protocols were used, with 3 corresponding Sham protocols which consisted of normal room air (21% O2) being delivered to the animal at the same flow rates and timing as the IHx protocol:


1. 1 h (10 episodes) of 1 min of 10 ± 1% O2 in N2, each separated by a 5 min recovery period of 21% O2 (n = 9); Sham (n = 8).

2. 1 h (16 episodes) of 1 min of 6 ± 0.5% O2 in N2 each separated by a 2.5 min recovery period of 21% O2 (n = 7). The animals in this group were then anesthetized and surgically prepared for the anesthetized protocol and referred to as the “primed” group.

3. 2 h (16 episodes/h) of 1 min of 6 ± 0.5% O2 in N2 each separated by a 2.5 min recovery period of 21% O2 (n = 8); Sham (n = 6).

4. 8 h (16 episodes/h) of 1 min of 6 ± 0.5% O2 in N2 each separated by a 2.5 min recovery period of 21% O2 (n = 9); Sham (n = 9).



Immediately after the conclusion of the IHx or Sham protocol, blood glucose was measured again.



Anesthetized

Following baseline blood glucose measurements and blood gas analysis to ensure the animals were in good metabolic health, the IHx protocol (n = 26) was commenced and consisted of either:


5. 10 episodes of 45 s of 10% O2 in N2, each separated by a 5 min recovery period (Farnham et al., 2019) (n = 18).

6. 1 h (∼16 episodes) of 45 s of 10% O2 in N2 each separated by 3min recovery period (n = 8).



The Sham protocol (n = 7) consisted of the same time frames, but without any alteration of oxygen content of the inspired air.



Single 3 min Hypoxia Challenge

In a subset of 2 anesthetized animals, 2 separate 3 min challenge of 10% O2 were conducted 30 min apart and 60 min following the conclusion of IHx. Blood glucose was measured just prior to the 3 min challenge and immediately after.



Surgical Preparation

N = 33 rats were initially anesthetized with an intraperitoneal injection of pentobarbital sodium (65 mg/kg; Lethobarb). All animals were placed on a homeothermic heat mat to maintain core body temperature at 37 ± 0.5°C. The right carotid artery was cannulated for the measurement of arterial blood pressure and the right jugular vein was cannulated for the administration of fluids and drugs. A continuous infusion of pentobarbital in saline was commenced to deliver 65 mg/kg at a rate of 2 ml/h. Anesthetic depth was monitored continuously and anesthetic delivery was adjusted as necessary. A tracheostomy was performed to permit mechanical ventilation with room air supplemented with 100% O2. N = 4 did not have supplemental O2. Most animals (n = 21) were bilaterally vagotomized before being mechanically ventilated and paralyzed with pancuronium bromide (0.8 mg/kg i.v., followed by an infusion of 0.8 mg/kg/h of pancuronium in 0.9% saline at a rate of 2 ml/h; Astra Zeneca, Australia), while n = 4 were not vagotomized but mechanically ventilated and paralyzed with pancuronium bromide. In other instances (n = 9 the vagii were left intact and the animals entrained to the ventilator. The IHx or Sham protocol started within 1–1.5 h from the induction of anesthesia. Prior to the commencement of the IHx or Sham protocol, 0.2 ml of arterial blood was withdrawn for respiratory and electrolyte blood gas analysis (VetStat; IDEXX Laboratories, United States). Ventilation was adjusted, if necessary, to keep blood gases within physiologically normal ranges. After the final blood glucose measurement, a final blood gas analysis was conducted to ensure readings were still within physiological range.



Data Analysis

Recordings of arterial blood pressure, expired CO2, heart rate and core temperature in the anesthetized rats were acquired using a CED 1401 ADC system and Spike 2 acquisition and analysis software (v. 8.11b; Cambridge, United Kingdom). Recordings of the O2 levels within the conscious hypoxia chambers was also acquired with a CED 1401 ADC system. Blood glucose measurements from the glucometer were entered into an excel spreadsheet which was used to calculate the change in blood glucose following the IHx or Sham protocol. Statistical analysis was conducted in Graph Pad Prism software (v9). Non-parametric t-tests (Mann-Whitney) or one-way ANOVA (Kruskal-Wallis with post hoc Dunn’s multiple comparisons tests) were performed due to small sample sizes. Data are presented as mean ± SEM and P < 0.05 was deemed significant.



RESULTS


1, 2, and 8 h of Acute Intermittent Hypoxia Elevates Blood Glucose in Conscious Rats

1 h of 10% IHx and 1 h of 6% IHx raised blood glucose by 0.7 ± 0.4 vs. 0.6 ± 0.6 mmol/L, respectively (Figure 1A) and so the data were grouped together. In agreement with the findings of Rafacho et al. (2013), 1 h of IHx elevated blood glucose (0.7 ± 0.4 vs. 0.0 ± 0.3 mmol/L; P = 0.0023; Figure 1A), regardless of fasted state or severity/frequency of hypoxia challenges.
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FIGURE 1. Intermittent hypoxia (IHx) elevates blood glucose in conscious rats. (A) The Sham condition of intermittent room air delivered at the same flow rate and volume as that of intermittent hypoxia (IHx) for 1, 2, or 8 h, does not elevate blood glucose in conscious rats. 1 and 2 h of IHx significantly elevated blood glucose compared to the respective Sham conditions. (B) Individual data points for Sham and IHx treatment groups. In both cases 1, 2, and 8 h are grouped together. ∗P < 0.05; ****P < 0.001. BG, blood glucose; Sham, intermittent room air; IHx, intermittent hypoxia.


Sham for 1 h (0.0 ± 0.3 mmol/L), 2 h (−0.2 ± 0.5 mmol/L), or 8 h (0.1 ± 0.4 mmol/L) had no effect on blood glucose (P = 0.6696; Kruskal-Wallis; Figure 1A) indicating that the experimental conditions were not inducing a confounding stress response.

IHx for 2 h (0.9 ± 0.9 mmol/L) and 8 h (0.5 ± 0.6 mmol/L) both increased blood glucose to the same degree as 1 h IHx 0.7 ± 0.4 mmol/L; P = 0.3266; Kruskal-Wallis; Figure 1A), however only 1 and 2 h increases were significantly elevated compared with the equivalent Sham group. Figure 1B shows all data points grouped into either Sham or IHx groups. Raw blood glucose readings are presented in Table 1 for each of the groups.


TABLE 1. Baseline and final blood glucose readings.
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1 h of Acute Intermittent Hypoxia Fails to Elevate Blood Glucose in Anesthetized Rats

Under pentobarbital anesthesia, blood glucose did not rise but appeared to decrease following 1 h of Sham (−0.5 ± 0.3 mmol/L; Figure 2A). 1 h of IHx produced the expected effects on cardiovascular parameters as described before Table 2 (Farnham et al., 2019) but failed to raise blood glucose (−0.1 ± 0.6 mmol/L; Figure 2A) and was no different to the change in blood glucose of the Sham group (P = 0.8787; Kruskal-Wallis). None of the protocol adjustments (O2 supplementation, vagotomy, paralytic agents or length of hypoxia challenge (45 vs. 60 s) had any effect so data are presented as a single group.
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FIGURE 2. Intermittent hypoxia (IHx) does not elevate blood glucose in anesthetized rats. (A) Neither Sham, nor 1 h of IHx elevated blood glucose in pentobarbital anesthetized rats. Primed rats which received 1 h of conscious IHx prior to being anesthetized did have a significantly elevated blood glucose response to IHx under anesthesia when compared with Sham. This response was no different to the conscious Sham response and unlikely to be biologically meaningful. (B) A single 3 min hypoxia did evoke a large and significant increase in blood glucose compared to both Sham and 1 h IHx. ∗P < 0.05; ∗∗P, 0.001. BG, blood glucose; Sham, intermittent room air; Primed, 1 h conscious IHx prior to anesthetized IHx; 1 h, 1 h of IHx; 3 min, a single 3 min challenge of 10% oxygen.



TABLE 2. Baseline and final blood pressure (BP), heart rate (HR) and end-tidal CO2 (ETCO2).
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However, a priming stimulus of 1 h IHx in conscious animals prior to the anesthetized IHx resulted in a significant rise in blood glucose compared with Sham anesthetized animals (0.3 ± 0.4 vs. −0.5 ± 0.3 mmol/L; P = 0.0094; Kruskal-Wallis; Figure 2A). While promising for conducting these experiments under anesthesia, this result is unlikely to be biologically relevant as the change in blood glucose was no different to that seen after 1 h of Sham treatment in conscious rats (P > 0.9999; Kruskal-Wallis).

A single 3min hypoxia challenge was able to evoke a significant elevation of blood glucose (2.4 ± 1.2 mmol/L; Figure 2B) compared to both Sham (P = 0.0038; Kruskal-Wallis) and IHx (P = 0.0171; Kruskal-Wallis) indicating that the glucoregulatory system is capable of raising blood glucose in response to a hypoxic challenge, under anesthesia.



DISCUSSION

The primary finding of this study was that 1 h of acute IHx is insufficient to raise blood glucose levels under pentobarbital anesthesia. In conscious animals, however, our findings agree with that of Rafacho et al. (2013), showing that 1 h of IHx raises blood glucose levels in both fasted and unfasted rats. Our findings extend those of Rafacho et al. (2013) and show that the response is not dependent on the number of hypoxic challenges in a 1 h period, the severity of the hypoxia, nor the duration of the IHx. Additionally, we also show that this response is maintained for longer periods of IHx, up to 8 h. This is important when using animal models of a human condition. IHx models are often employed to investigate mechanisms involved in the physiological or pathological processes observed in human sleep disordered breathing syndromes, such as obstructive sleep apnea (OSA). Human OSA is extraordinarily variable both between patients and within patients from night to night, but alterations in sympathetic and glucoregulatory control, associated with hypertension and diabetes are common. Animals models that mimic this variability in hypoxic challenges while producing the same outcomes are sound models.

It is well established that acute IHx in rodents under anesthesia produces long lasting sympathoexcitation (Dick et al., 2007; Xing and Pilowsky, 2010; Roy et al., 2018; Farnham et al., 2019), which can be blocked at the level of carotid bodies, the spinal cord, and brainstem (Kakall et al., 2018b; Kim et al., 2018; Farnham et al., 2019). The involvement of the sympathetic system in glucose regulation is similarly well established and involves regions within the hypothalamus (Frohman and Bernardis, 1971; Grayson et al., 2013) including the ventromedial hypothalamus (Meek et al., 2016; Shimazu and Minokoshi, 2017) and paraventricular nucleus (Sharpe et al., 2013; Menuet et al., 2014; Zhao et al., 2017), the brainstem (Verberne and Sartor, 2010; Kakall et al., 2019), the adrenal gland (Jun et al., 2014), and carotid bodies (López-Barneo, 2003). Increases in blood glucose following acute, conscious IHx can be blocked by adrenergic blockade or adrenal medullectomy (Rafacho et al., 2013; Jun et al., 2014) indicating sympathetic involvement via catecholamine release. Sympathetic involvement in glucose metabolism dysfunction was also demonstrated in humans subjected to acute IHx (Louis and Punjabi, 2009). Therefore, it seemed reasonable to assume that the sympathetically driven elevation in blood glucose would be measurable under anesthesia.

As anesthesia has varying effects on blood glucose, the choice of anesthetic was critical for the current study. Long lasting urethane anesthesia causes marked hyperglycemia (Sánchez-Pozo et al., 1988) as does the short-acting anesthetics ketamine/xylazine and isoflurane (Sano et al., 2016; Windelov et al., 2016), most likely due to sympathoadrenal stimulation and subsequent release of catecholamines from the adrenal gland (Oyama, 1973). Pentobarbital exerts its anesthetic effects by acting on inhibitory GABA receptors and hence can cause quite severe cardiorespiratory depression (Field et al., 1993), an effect described in dogs over 40 years ago (Cox and Bagshaw, 1979). Pentobarbital suppresses both sympathetic and parasympathetic arms of cardiovascular reflexes; however, is still used in studies investigating autonomic cardiovascular control (Solomon et al., 1999; Nedoboy et al., 2016; Kakall et al., 2018a) since these effects appear to be minimal if anesthetic depth is tightly controlled (Eikermann et al., 2009). Unlike the other anesthetics mentioned, pentobarbital does not raise blood glucose levels (Sano et al., 2016; Windelov et al., 2016) and is used in anesthetized studies investigating the glucoregulatory system (Korim et al., 2016), so it was chosen for this study.

Our findings following IHx combined with the previous studies indicate that pentobarbital anesthesia suppresses the autonomic reflex responses to physiological challenges, but does not abolish it, as responses can still be elicited from suprathreshold challenges. Indeed, the supraphysiological nature of the challenge is a notable feature of previously reported anesthetized experiments. To stimulate a measurable sympathoadrenal reflex, large doses of 2-DG are administered (Kakall et al., 2018a). To stimulate a similar level of catecholamine release in pentobarbital anesthetized dogs, compared with conscious dogs, a 3× greater dose of 2-DG was needed (Taborsky et al., 1984), which was also the same dose used in anesthetized rats (Kakall et al., 2018a). Our current results support this as the physiological hypoxic challenges were insufficient to raise blood glucose under pentobarbital, but a single 3 min hypoxia challenge did produce a robust response (Figure 2B). Pentobarbital was shown to prevent the elevation in glucose in response to transport in goats (Sanhouri et al., 1991), to impair the hypoglycemic effect of insulin in rats (Bailey et al., 1975) and to markedly blunt sympathoadrenal release of noradrenaline in response to hemorrhage in rats (Hamberger et al., 1984). The sympathoadrenal reflex is dependent on catecholamines and in addition to suppressing stimulated release levels, pentobarbital also suppresses resting levels (Hamberger et al., 1984; Taborsky et al., 1984). This current study did not measure catecholamines, so it is plausible that other mechanisms may contribute. Nevertheless the glucose results in the anesthetized animals are indicative of decreasing resting catecholamine levels as blood glucose levels appeared to fall in the anesthetized Sham condition but not in the conscious Sham condition, although this did not reach statistical significance.

The brain circuitry involved in driving the glucose response to acute IHx remains unknown, as does the implication of the mild increase. It is most likely that the glucose response is a sympathetically mediated stress response that serves as an important mechanism to protect the brain during acute stress by maintaining fuel supply during periods of low oxygen. There are multiple sites along the sympathetic stress axis where pentobarbital can exert its effects. Decreased levels of arterial oxygen is first sensed by the carotid bodies, located at the carotid bifurcation and are the primary oxygen sensory organs of the body. The carotid body also has a critical role in stimulating the glucose counter-regulatory response to increase blood glucose (Gao et al., 2014), but how this occurs, and whether it is direct (Gao et al., 2014) or indirect (Conde et al., 2007; O’Halloran, 2016; Thompson et al., 2016) is a matter of debate. The afferent information from the carotid bodies is conveyed to the nucleus of the solitary tract (NTS); studies showed the depressant effects of GABA or GABA agonists on ventilation when applied at the level NTS (Tabata et al., 2001), making it a potential site where pentobarbital can affect GABAergic transmission.

Hypoxia-activated NTS neurons project to multiple hypothalamic and brainstem autonomic nuclei, such as the hypothalamic paraventricular nucleus (PVN) and ventrolateral medulla (VLM). In the face of severe stress, the PVN and VLM are critical areas for mediating the hyperglycemic response (Zhao et al., 2017). Another important area of the hypothalamus for glucose homeostasis is the ventromedial hypothalamus (VMH) which projects to a wide range of sympathetic targets, including the PVN, the VLM and the NTS (Lindberg et al., 2013), which are all involved in the responses to intermittent hypoxia as described above (Mifflin et al., 2015; Shell et al., 2016; Blackburn et al., 2018; Maruyama et al., 2019). While there is no clear evidence of the neurocircuitry involved in the glycemic response to acute IHx, there is substantial knowledge of the effects of GABA on the glucoregulatory neurons in the VMH and the sympathoadrenal glucoregulatory reflex. The VMH contains glucose excited (GE) neurons that are primarily responsible for glucose utilization and regulating insulin sensitivity, as well as glucose-inhibited (GI) neurons that activate the counterregulatory reflex to raise glucose in response to falling glucose levels (Shimazu and Minokoshi, 2017). Female mice lacking glutamate receptors in the VMH have impaired insulin sensitivity and glucose regulation but without any deficit in responding to a hypoglycemia challenge (Fagan et al., 2020) suggesting that glutamate input is not the primary driver of GI neuron activation within the VMH. Inhibition of synaptic glutamate release (Tong et al., 2007) or optogenetic inhibition of neuronal firing (Meek et al., 2016) in the VMH does impair the counterregulatory reflex to hypoglycemia suggesting that the GI neurons are glutamatergic and tonically inhibited. The GI neurons that are responsible for this sympathoadrenal reflex are tonically inhibited by GABA since glucose prevents the decrease in GABA normally seen in response to hypoglycemia (Zhu et al., 2010) and antagonism of GABA (A) receptors results in a an exaggerated sympathoadrenal response to hypoglycemia (Chan et al., 2006). Elevated levels of GABA in the VMH are associated with an impaired/suppressed counterregulatory reflex (Chan et al., 2008, 2011) further highlighting the importance of GABA signaling in the brains ability to raise systemic glucose levels.

Given the abundance of GABA receptors in the central glucose- and hypoxia-sensitive areas, it is highly feasible that the GABAergic effects of pentobarbital are suppressing the glucoregulatory neurons within the central nervous system responsible for stimulating a glycemic response to acute IHx, as well as diminishing the sympathoadrenal reflex. We conclude that pentobarbital anesthesia is unsuitable for measuring the glycemic response to physiological challenges such as IHx.
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