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The autonomic nervous system (ANS) has a significant influence on the structural integrity and electrical conductivity of the atria. Aberrant activation of the sympathetic nervous system can induce heterogeneous changes with arrhythmogenic potential which can result in atrial tachycardia, atrial tachyarrhythmias and atrial fibrillation (AF). Methods to modulate autonomic activity primarily through reduction of sympathetic outflow reduce the incidence of spontaneous or induced atrial arrhythmias in animal models and humans, suggestive of the potential application of such strategies in the management of AF. In this review we focus on the relationship between the ANS, sympathetic overdrive and the pathophysiology of AF, and the potential of sympathetic neuromodulation in the management of AF. We conclude that sympathetic activity plays an important role in the initiation and maintenance of AF, and modulating ANS function is an important therapeutic approach to improve the management of AF in selected categories of patients. Potential therapeutic applications include pharmacological inhibition with central and peripheral sympatholytic agents and various device based approaches. While the role of the sympathetic nervous system has long been recognized, new developments in science and technology in this field promise exciting prospects for the future.
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CARDIAC AUTONOMIC NERVOUS SYSTEM (ANS) ANATOMY

The heart is extensively innervated and effectively regulated by the autonomic nervous system (ANS) through its sympathetic and parasympathetic branches (Kimura et al., 2012). The cardiac neural control occurs at multiple levels with each level capable of parallel processing of afferent neurotransmission and efferent cardiac sympathetic outflow (Esler, 2004). The ganglion cells of the ANS are located either inside (intrinsic) or outside the heart (extrinsic) and play an important role in cardiac function and arrhythmogenesis. The human cardiac intrinsic nervous system is made of ganglionated plexi (GP), which contain local circuit neurons of many types and chemo- and mechanosensory neurons that are distributed across the heart (Schotten et al., 2011). The GP are typically well innervated with both adrenergic and vagal nerve terminals and are accommodated in the fat pads, which are located mainly around the pulmonary vein ostia. The extrinsic sympathetic innervation is mediated via the cervical, stellate (cervicothoracic), and thoracic ganglia. Parasympathetic extrinsic innervation is transmitted via the vagus nerve, although sympathetic fibers are located in vagal nerves and parasympathetic fibers in sympathetic nerves as well (Kawashima, 2005; Seki et al., 2014).

The extrinsic nerves run through the hilum of the heart along the great cardiac vessels and divide into seven epicardial subplexi, the intrinsic neural pathways of the ANS (Pauza et al., 2000). Small nerve fibers create a vast neural complex of small interconnecting efferent and afferent sympathetic, parasympathetic, and mixed nerve fibers, that contain the neurotransmitters, such as noradrenaline and acetylcholine, respectively, but some also include neuropeptide Y, somatostatin, vasoactive intestinal polypeptide, and substance P (Marron et al., 1994, 1995; Armour et al., 1997; Esler et al., 2006a; Tan et al., 2006; Deneke et al., 2011). The density of small fibers and ganglia is most significant in the posterior zone of the left atrium and surrounding the antrum of the left pulmonary veins (PVs) (Chevalier et al., 2005; Tan et al., 2006). The atria are mostly parasympathetically innervated, whereas the ventricles are primarily innervated by sympathetic nerve fibers (where only 16% of total cardiac ganglia reside) (Pauza et al., 2000; Kawano et al., 2003; Petraitiene et al., 2014). GP are clusters of ganglia from different subplexi and function as an intersection point of parasympathetic and sympathetic nerves and interconnect the intrinsic ANS (Armour et al., 1997; Hou et al., 2007; Malcolme-Lawes et al., 2013). The atrial GP are placed adjacent to the sinus node and PVs and are present in epicardial fat pads (Figure 1). Ventricular GP are located near the interventricular groove (Armour et al., 1997). The ligament of Marshall, the embryonic remnant of the left superior caval vein, close to the left superior PV is extensively innervated with parasympathetic and sympathetic nerves (Kim et al., 2000; Ulphani et al., 2007).
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FIGURE 1. Anatomy of the intrinsic autonomic nervous system. The extensive network of epicardial nerves on the atria and ventricles are divided in 7 subplexi: (A) Left is a posterior and right is an anterior view of the heart. Along these subplexi, ganglia are localized, conglomerated in ganglion plexi (GP) marked in light gray (Pauza et al., 2000). (B) The major atrial and ventricular GP from a posterior view of the heart (Armour et al., 1997). DRA, dorsal right atrial ganglionated subplexus; IVC, inferior vena cava; LC, left coronary ganglionated subplexus; LD, left dorsal ganglionated subplexus; LV, left ventricle; MD, middle dorsal ganglionated subplexus; PA, pulmonary artery; RC, right coronary ganglionated subplexus; RV, right ventricle; SVC, superior vena cava; VLA, ventral left atrial ganglionated subplexus; VRA, ventral right atrial ganglionated subplexus.





PATHOPHYSIOLOGY OF ATRIAL FIBRILLATION

Autonomic nervous system activation has been well-known as a central determining factor of atrial arrhythmogenesis, (Sharifov et al., 2004; Chen and Tan, 2007; Shen et al., 2011; Shen and Zipes, 2014). Studies involving modulation of the sympathetic limb of ANS demonstrated that suppression of sympathetic tone leads to a notable reduction in atrial vulnerability to AF induction and post-ablation AF recurrence (Linz et al., 2012; Pokushalov et al., 2012). The prevalence of AF increases with age, affecting around 0.5% of the general population under 40 years of age, >5% of the general population over 65 years of age, and >10% of the general population over 80 years of age (Sankaranarayanan et al., 2013). In young patients, there was a shift toward vagal dominance in lone AF and nocturnal paroxysmal AF predominantly (Jayachandran et al., 2000). In patients with paroxysmal AF and syncope, there is an abnormal neural response even during sinus rhythm, at which AF triggers vasovagal syncope (Brignole et al., 1993). It is also important to highlight that AF in younger patients is associated with higher mortality rate than matched controls. Patients admitted into the hospital with incidental AF had a worse prognosis when compared to patients without AF, with higher risk of all-cause mortality in the younger age group when compared to the over-75-year-old population (Andersson et al., 2013).

Atrial fibrillation promotes shortening of the atrial refractory period and AF cycle length during the first days of the arrhythmia, mostly due to downregulation of the Ca2+-inward current and upregulation of inward rectifier K+ currents (Van Wagoner et al., 1999; Dobrev et al., 2005). Conversely, the structural cardiac disease leads to an extension of the atrial refractory period, demonstrating the heterogeneity of mechanisms causing AF in different patients (Schotten et al., 2011). Hyper-phosphorylation of various Ca2+-handling proteins may contribute to increasing spontaneous Ca2+ release events and eliciting activity (Voigt et al., 2012, 2014), thus provoking atrial ectopic beats, and thereby AF. Interestingly, the instability theory of Ca2+-handling has been recently challenged (Christ et al., 2014; Greiser et al., 2014), raising the hypothesis that Ca2+-induced calcium release may mediate AF in structurally remodeled atria, demonstrating how a modified autonomic tone can cause AF (Nguyen et al., 2009).

Focal Initiation and Maintenance of AF

Haissaguerre et al. (2014) reported that a focal source in the pulmonary veins could initiate AF, and ablation of this source could eliminate recurring AF (Haissaguerre et al., 1998). The mechanisms of focal activity perhaps cover both triggered activity and local re-entry (Atienza et al., 2006; Patterson et al., 2007). Hierarchical organization of AF with rapidly activated zones promoting the arrhythmia has been demonstrated in individuals with paroxysmal AF (Mandapati et al., 2000; Sahadevan et al., 2004). However, it seems that the organization of these rapidly activated zones are less well demarcated in patients with persistent AF (Sanders et al., 2006).

The Multiple Wavelet Hypothesis and Rotors as Sources of AF

The multiple wavelets and organized sources theories, though unclear are the two principal proposed paradigms of AF perpetuation. Moe et al. (1964) proposed, through a mathematical model, that multiple wavelets randomly propagating through the atria are capable of perpetuating AF which in turn provoke wave breaks, and generates new daughter wavelets. Though AF would be sustained as long as the number of wavelets is beyond a critical level, it is still unknown whether these wavelets are driving AF or if they are simply passive, and result from the breakup of more organized waves. Whilst the multiple wavelet concept is supported by theoretical rationale (Moe and Abildskov, 1959), experimental and clinical data (Cox et al., 1991), optical mapping techniques identified that wavelets resulting from the breakup of high frequency organized waves were not capable of maintaining AF independently (Chen et al., 2000). In patients with longstanding AF, the fibrillatory waves are due to epicardial breakthrough of waves that propagate in the deep layers of the atrial wall providing a constant independent source originating over the entire epicardial surface (Allessie et al., 2010; de Groot et al., 2010). Early ablative termination of AF in the PV may not completely abolish the presence of PV antrum wavelets over time, which can in turn cause AF (Haissaguerre et al., 2005; Calkins et al., 2012) resulting in limited clinical impact (Beukema et al., 2008).

Studies showed the presence of high-frequency spiral wave-like activity emanating regularly from the left atrium, subsequently driving irregular fibrillatory conduction in the rest of the atria (Schuessler et al., 1992; Mandapati et al., 2000; Verheule et al., 2010) whilst complex signal morphologies were associated with areas of slow conduction, wave collision, fibrillatory conduction, turning into wavelet pivot points and rotor meandering, or autonomic activation (Lu et al., 2008; Vaquero et al., 2008; Zlochiver et al., 2008). Localized source premise is based on experimental models in which organized re-entrant circuits, called “rotors” (Skanes et al., 1998; Vaquero et al., 2008) or focal impulses (Sahadevan et al., 2004) disorganize into AF. Jalife and co-workers clearly demonstrated that pacing-induced AF was due to the presence of a very rapid rotor (15–20 Hz) in the left atrium (Jalife et al., 2002). The CONFIRM trial demonstrated for the first time that localized sources in the form of electrical rotors and focal impulses are capable of sustaining AF in humans (Narayan et al., 2012). Furthermore, they also proved that brief ablation (Focal Impulse and Rotor Modulation, FIRM) of patient-specific AF-sustaining sources was able to terminate or consistently reduce persistent or paroxysmal AF prior to any conventional ablation in 86% of patients, and substantially increase long-term AF elimination compared to traditional AF ablation alone (Narayan et al., 2012). However, the results of the CONFIRM trial were limited to small series of patients with mixed AF types, so the actual role of stable rotors in more persistent forms remains to be proven. Further, in the absence of convincing evidence that human AF is driven by a single rotor, it is puzzling how we should interpret the CONFIRM study. In itself, this observation does not prove that human AF is driven by a single rapid source and the reported clinical success needs to be confirmed by other centers, especially in patients with longstanding persistent AF (Allessie and de Groot, 2014). Moreover, these studies utilize a low-resolution mapping system, which is not completely satisfactory in delivering mechanistic insights to draw conclusions (Ravelli and Mase, 2014). However, the high success rate of AF termination by targeting identified local sources strongly supports the hypothesis of rapidly organizing sources as key for the maintenance of AF.



CLINICAL CONDITIONS THAT MAY ACT AS PREDISPOSING FACTORS TO AF

Multiple cardiovascular diseases and associated conditions increase the risk of developing AF (Table 1), recurrent AF, and AF-related consequences. Diagnosing such conditions, as well as preventing and treating them are vital to prevent AF and its disease burden. Knowledge of these factors and their management is therefore important for optimal treatment of AF patients (Abed et al., 2013; Pathak et al., 2014). The ANS exerts significant control on both cardiac electrophysiology as well as conditions such as, hypertension which is often associated with exaggerated sympathetic tone and is the single most important clinical factor that accounts for around 80% of AF (Schotten et al., 2011). This is further complicated by the associated atrial remodeling and dilatation that increases the probability of repetitive firing or even the presence of episodic re-entrant activation circuits. Other clinical conditions commonly associated with AF include cardiomyopathy, valvular and coronary heart disease, heart failure, metabolic syndrome and diabetes, suggested to contribute to around 20–30% of AF cases (Psaty et al., 1997; Schoonderwoerd et al., 2008; Mahfoud et al., 2011; Schotten et al., 2011; Selmer et al., 2012; Schnabel et al., 2015; Vermond et al., 2015). These clinical pathologies induce electrical, structural and autonomic atrial remodeling which results in conduction abnormalities such as rapidly firing focus and multiple complex (Buch et al., 2003; Gami et al., 2007; Aizer et al., 2009; Chamberlain et al., 2011; Kim et al., 2014; Larsson et al., 2014) re-entrant circuits, thereby AF (Figure 2). In addition, increased renin-angiotensin-aldosterone system activity associated with sympathetic overdrive induced profibrotic cardiac signaling, atrial fibrosis and fibrillation (Kumagai et al., 2003; Ehrlich et al., 2006; Baber et al., 2011; Reil et al., 2012).

TABLE 1. Cardiovascular and other conditions independently associated with atrial fibrillation.
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FIGURE 2. Aberrant sympathetic activation in conditions such as obesity (and particularly increased epicardial fat), hypertension, obstructive sleep apnea, diabetes mellitus and metabolic syndrome plays a fundamental role in the development of AF. Sympathetic activation through excess catecholamines in the circulation which increases calcium entry and the spontaneous release from the myocardial sarcoplasmic reticulum leading to enhanced automaticity (trigger loop) and enhanced renin-angiotensin-aldosterone provokes pro-fibrotic signaling in the myocardium altering atrial size, pressure and consequent structural remodeling thereby inducing focal triggers and atrial ectopies. This occurs hand in hand with atrial electrical remodeling with shortened action potential duration, conduction disturbances, also facilitating re-entry circuits, promoting and sustaining AF.



Autonomic remodeling may modify the reaction to ANS stimulation and the balance between the parasympathetic and sympathetic innervation (Coumel, 1996; Patterson et al., 2005; Furukawa et al., 2009; Ng et al., 2011; Shen et al., 2011). Increased sympathetic nerve density has been described in patients with permanent AF, but whether this is compensatory to increased vagal stimulation or causative of AF is unknown (Gould et al., 2006; Deneke et al., 2011). A heterogeneous increase in sympathetic innervation in the atria of dogs on rapid atrial pacing for long periods increases AF susceptibility (Jayachandran et al., 2000). Increased sympathetic and vagal nerve discharges before the onset of atrial arrhythmias in dogs with pacing-induced congestive heart failure by direct nerve recordings from the stellate ganglia and vagal nerves was also reported (Ogawa et al., 2007). Undeniably, atrial tachyarrhythmias in dogs presenting with congestive heart failure by fast cardiac pacing were prevented by prophylactic ablation of the stellate ganglion and the T2 to T4 thoracic sympathetic ganglia (Ogawa et al., 2007). In the same animal model of heart failure, Ng et al., also demonstrated increased sympathetic and parasympathetic nerve growth mostly in the pulmonary veins and the posterior wall of the left atrium (Ng et al., 2011).

In humans, PV ectopy, often originating from superior PVs, normally triggers paroxysmal AF (Haissaguerre et al., 1998). Animal and human studies have shown that stimulation of the GP close to PV triggers PV ectopies (Scherlag et al., 2005; Lim et al., 2011). In canine PVs, parasympathetic activation decreased action potential duration, while sympathetic activation increased myocardial cytoplasmatic (Ca2+) (Patterson et al., 2005). Both components were necessary for early afterdepolarizations in PVs, consequently triggering AF. Ectopic activity in other highly innervated structures (ligament of Marshall) possibly also triggers AF (Chevalier et al., 2005; Scherlag et al., 2005; Tan et al., 2006). During catheter ablation procedures stimulation of the ligament of Marshall caused ectopic beats and triggered AF (Báez-Escudero et al., 2014). On the other hand, AF triggers are not restrained to densely innervated tissue alone. A study reported that in ∼30% of patients who required a repeat PV isolation ectopic firing from the left atrial appendage was detected (Di Biase et al., 2010).

Intense atrial fibrosis formation and cardiomyocyte hypertrophy are common features of structural remodeling. Atrial tissue fibrosis damages electrophysiological cell-to-cell coupling and conduction (Allessie et al., 2001; Nattel, 2002; Iwasaki et al., 2011; Schotten et al., 2011; Wakili et al., 2011). Long-term AF induces myocyte hypertrophy and increases endomysial fibrosis. This is accompanied by dissociated conduction and electrical dissociation between the epicardial layer and the endocardial bundle connections frequently promoting permanent forms of AF (Eckstein et al., 2011; Schotten et al., 2011). Conditions other than AF can also lead to atrial structural remodeling including chronic arterial hypertension which has been shown to cause electro-structural changes characterized by conduction abnormalities, atrial inflammation and fibrosis thereby increasing the risk of AF induction (Lau et al., 2010). Congestive heart failure induces structural remodeling characterized by increased fibrosis and changes in gap junctions, provoking conduction heterogeneity which promotes formation of micro-re-entry and macro-re-entry circuit pathways (Li et al., 1999). Long-term obstructive sleep apnoea is linked to significant atrial remodeling characterized by atrial enlargement, site-specific and extensive conduction abnormalities, as well as delayed sinus node recovery time in humans (Witkowski et al., 2011; Dimitri et al., 2012). The described alterations may have a crucial role in the generation of AF substrates.

Sympathetic activation also plays a major role in atrial arrhythmias following cardiac surgeries and post-operative (post-op) AF is associated with reduced long term survival with cardiac surgeries such as the coronary bypass and valvular surgeries especially the aortic valve replacement (Girerd et al., 2011). Often finding suggestive of enhanced sympathetic activation such as elevated nor-epinephrine levels (Kalman et al., 1995), increased sinus rate, atrial ectopy and time- and frequency-domain parameters of heart rate variability are associated with the onset of AF following cardiac surgeries (Dimmer et al., 1998; Amar et al., 2003). Ventral cardiac denervation significantly reduced the incidence and severity of AF in patients undergoing low-risk coronary bypass surgery (Melo et al., 2004). Post-operative AF is also common in patients who have undergone lung transplantation rather than cardiac transplantation, an effect attenuated by cardiac autonomic denervation that occurs in heart transplant patients (Dizon et al., 2009). Moreover, in a large series of patients following orthotopic cardiac transplant, macro re-entrant tachycardias (flutter and scar re-entry) seem to be the most common supraventricular arrhythmias in stable patients which are often supressed by catheter ablation. The blockade of β-receptors in patients presenting with acute post-operative AF has been effective in preventing recurrence of this arrhythmia after successful cardioversion (Kühlkamp et al., 2000; Nergårdh et al., 2007). Though post-op AF is of multifactorial etiology, sympathetic activation appears to be the most relevant predisposing mechanism of post-op AF and in line with this, the 2010 European Society of Cardiology guidelines recommend β-blocker treatment as first-line therapy in preventing post-op AF following cardiac surgeries (Camm et al., 2010).



SYMPATHOLYTIC THERAPY – A POSSIBLE STRATEGY IN THE MANAGEMENT OF AF?

Pharmacological Sympathetic Inhibition

Given the contribution of sympathetic overdrive in the development of AF, sympathetic inhibition represents a logical therapeutic approach in the management of AF and the frequently coexisting hypertension, thereby alleviating the associated cardiovascular mortality and morbidity. Autonomic dysfunction characterized by sympathetic overdrive in scenarios of organic heart disease exhibits both electrical and structural remodeling of atrial myocardium in AF. Pharmacological sympatholysis can be achieved by using drugs such as clonidine and moxonidine. Clonidine is a centrally acting α2-adrenergic agonist that supresses the sympathetic outflow in the lower brainstem (Flacke et al., 1987), the preganglionic splanchnic nerve fibers and in postganglionic cardiac nerves fibers (Langer et al., 1980). In addition, clonidine prolongs atrioventricular node refractoriness by stimulation of parasympathetic outflow with beneficial effects on the control of ventricular response in patients with new-onset rapid AF (Roth et al., 1992). Moxonidine is an imidazoline I1-receptor agonist that inhibits sympathetic outflow at the level of the rostral ventrolateral medulla. In addition to effective blood pressure (BP) lowering and metabolic benefits (Haenni and Lithell, 1999; Chazova et al., 2006), moxonidine has been demonstrated to suppress atrial arrhythmogenesis (Lepran and Papp, 1994; Edwards et al., 2012; Cagnoni et al., 2016). In a subsequent study, moxonidine significantly increased the threshold dose of ouabain-induced cardiac arrhythmia by decreasing sympathetic tone (Mest et al., 1995). Moreover, moxonidine induced sympathetic inhibition decreased the AF burden in hypertensive patients with paroxysmal AF without any side effects (Deftereos et al., 2013). Furthermore, moxonidine reduced post-ablation recurrence of AF in hypertensive patients who underwent pulmonary vein isolation for drug-refractory paroxysmal AF (Giannopoulos et al., 2014).

Moxonidine seems specifically useful in obesity related hypertension where the sympathetic overdrive sustains both obesity and BP elevation. With the well-established relationship between abdominal obesity, the metabolic syndrome, and the development of AF, obese hypertensives are at a greater risk for AF. Studies have identified that autonomic dysfunction occurs early in the pathophysiology of AF and precedes the development of metabolic abnormalities such as insulin-resistance and obesity (Huggett et al., 2006; Julius and Jamerson, 1994; Palatini et al., 1999) which in turn maintain sympathetic activation via release of adipokines and other bioactive cytokines from visceral fat depots (Grassi et al., 1995; Alvarez et al., 2002; Huggett et al., 2004; Lambert et al., 2007, 2010). Alterations in norepinephrine transport and central sympathetic outflow have also been implicated in postural tachycardia syndrome (Lambert et al., 2008), anxiety and cardiovascular disease (Esler et al., 2006b), as well as panic disorder (Lambert et al., 2002). Furthermore, studies have shown that epi-/peri-cardial adipose tissue is an independent risk factor for AF (Al Chekakie et al., 2010) and adipocytes from the epicardial fat directly infiltrate into the myocardial wall resulting in enlargement of the ventricular myocardium and atrial septum thereby increasing the risk of AF (Iacobellis et al., 2003; Sarin et al., 2008; Mahabadi et al., 2009). Another highly relevant link in the current context is the noradrenaline-mediated increase in sodium glucose co-transporter- 2 (SGLT-2) expression (Matthews et al., 2017). This is important given that SGLT-2 inhibitors such as canagliflozin effectively reduce epicardial fat (Yagi et al., 2017) and empagliflozin improved glucose control and has been demonstrated to reduce cardiovascular events in T2DM (Zinman et al., 2015).

Sympathetic blockade at the periphery can also be achieved by beta-adrenergic blockers. Though beta-blockers are not generally regarded as membrane stabilizing agents, they delay atrial repolarization and protect against AF. It was speculated that beta-blockers suppress the pulmonary vein ectopy that triggers AF (Chen et al., 1999) as well as protect against adrenergically mediated shortening of the action potential duration (APD) which precipitates and maintains AF (Kühlkamp et al., 2000). Beta-blockers are a good first choice for the control of the ventricular response in AF and are widely used in the prevention of AF in patients following cardiothoracic surgery, in which AF occurs in approximately 30% of patients (Prystowsky et al., 1996).

Device-Based Therapeutic Approaches for Sympathetic Inhibition

Other interventions include device-based therapeutic approaches to modulate ANS to lower central sympathetic nerve activity such as renal denervation (RDN) and carotid body ablation. These approaches are primarily aimed at reducing sympathetic activity and BP in resistant hypertensive patients but are now investigated as potential treatment strategies in the context of AF.



RENAL DENERVATION AND GANGLIONATED PLEXI ABLATION

Recently, the AFFORD study, a single-arm pilot study including 20 patients with symptomatic paroxysmal or persistent AF, suggested that RDN alone was safe and able to decrease AF burden in min/day as measured using an implantable cardiac monitor (ICM) at 12-month follow-up accompanied by an improvement in quality of life (Feyz et al., 2018). A clinical study that assessed the antiarrhythmic effect of RDN in addition to pulmonary vein isolation (PVI) in HTN patients with symptomatic AF demonstrated that a mean BP reduction of 5–10 mmHg led to a 7% decrease in AF burden as measured with an ICM (Romanov et al., 2017). Pokushalov et al. (2012) showed that RDN on top of PVI in patients with symptomatic AF and resistant HTN reduced the incidence of AF recurrence significantly. At 1 year 69% of the patients in the PVI + RDN group were free of AF episodes, while in the PVI only group, only 29% of the patients remained free of AF episodes (Pokushalov et al., 2012).

Mechanistic studies demonstrated that modulation of the SNS via RDN improved AF control (Hou et al., 2013). Linz et al. (2013a,b) demonstrated the effect of RDN on heart rate (RR-interval, 708 ± 12 ms (∼85 bpm) vs. 577 ± 19 ms (∼104 bpm), post- and pre-procedure respectively; P = 0.0021) and ventricular rate response in pigs with permanent AF. The authors described a reduction of 24% in ventricular rate response in the treated pigs vs. sham, as well shorter AF episodes post-RDN compared with sham (12 ± 3 vs. 34 ± 4 s; P = 0.0091) (Linz et al., 2013a,b). Effects of RDN on cardiac electrophysiology have already been extensively studied and found to be effective in animal models and humans (Okin et al., 2006; Symplicity HTN-2 Investigators et al., 2010; Brandt et al., 2012b). RDN predominantly impacts sympathetic tone and results in a reduction in heart rate and atrioventricular-conduction velocity in resistant hypertension population (Krum et al., 2009; Schlaich et al., 2010; Ukena et al., 2013). Recently, the SPYRAL HTN-OFF MED trial reported that the higher baseline heart rate was associated with higher BP decrease, which may indicate that RDN works better in patients with high sympathetic drive (assessed in the absence of interfering drugs) (Bohm et al., 2018).

In a prospective, longitudinal study of patients with controlled hypertension, paroxysmal AF and either normal renal function or chronic kidney disease (CKD), Kiuchi et al., applying an extensive ablation technique reported the incidence of AF recurrence. It was higher in CKD patients treated with PVI alone (61.5%) than in CKD patients treated with PVI + RDN (38.5%, P = 0.0251) or non- CKD patients who underwent PVI (35.6%, P < 0.0001) over 22.4 ± 12.1 months following intervention. In addition, they found an improvement in echocardiographic parameters such as indexed left atrial volume, left ventricular end-diastolic diameter, and left ventricular mass index in patients who underwent RDN compared to baseline and to other groups. Another important finding was that patients with CKD stage 4 who underwent only PVI (64.41%) demonstrated a higher rate of AF recurrence than those subjected to PVI + RDN (33.33%, P = 0.0409) (Kiuchi et al., 2017).

Chronic kidney disease and AF share risk factors and putative mechanisms suggesting that common pathophysiologic processes may drive both pathologies. One possible common link between AF and CKD is activation of the renin–angiotensin–aldosterone system (RAAS) (Goette et al., 2000; Tsai et al., 2004; Wachtell et al., 2005; Baber et al., 2011; Tsai et al., 2017). Angiotensin II can increase atrial pressure, promote atrial fibrosis, and modulate ion channels, all of which are involved in structural and electrical remodeling of the atria resulting in AF (Goette et al., 2000). In addition, gene polymorphisms in encoding components of this pathway have been linked to the development of AF (Tsai et al., 2004; Lubitz et al., 2014). Supporting these results are data demonstrating that BP reduction after RDN is associated with improvements in regional and global atrial conduction with reduction in ventricular mass and fibrosis (McLellan et al., 2015). Though the antiarrhythmic effects of RDN could be due to a synergistic effect of better BP control, withdrawing this important risk factor for AF recurrence, improves AF control by electrophysiological modification such as the prolongation of the atrial effective refractory period (Manolis et al., 2012; Wang et al., 2015).

Tsai et al. (2017) demonstrated that bilateral RDN, possibly via interrupting afferent renal innervation, led to substantial brain stem and bilateral stellate ganglion remodeling at 8 weeks’ post-procedure in ambulatory canines (Tsai et al., 2017). These changes were associated with reduced 18FDG (fluorodeoxyglucose) – uptake in the brainstem, left stellate ganglion nerve activity and atrial tachyarrhythmic events. It was proposed that neural remodeling in the brain stem and stellate ganglion may partially explain the described antiarrhythmic effects of RDN (Tsai et al., 2017). Trans-synaptic degeneration is a phenomenon in the central and peripheral nervous system that may remain active both at the level of the insult and in remote brain structures for as long as 1 year following trauma (Bramlett and Dietrich, 2007) resulting in long-term functional consequences following RDN as shown in Figure 3. Meckler and Weaver (1984) showed that approximately 10% of bilateral renal sympathetic neurons in cats originated from the thoracic chain ganglia (stellate through T13). Because of the connections between these two structures, RDN may directly result in retrograde cell death of the stellate ganglion. Furthermore, the application of fluorescent dyes in the renal nerves results in fluorescent labeling of the sympathetic cell bodies in paravertebral and prevertebral ganglia (Ferguson et al., 1986; Gattone et al., 1986; Sripairojthikoon and Wyss, 1987).


[image: image]

FIGURE 3. There are multiple pathways connecting renal sympathetic nerves with the stellate ganglion. Both preganglionic and postganglionic sympathetic fibers may innervate the renal artery.



Since the sympathetic preganglionic neurons that project to the stellate ganglion are dispersed in spinal cord segments sections T1–T10 (Pilowsky et al., 1992), they have ample chances to interrelate with the preganglionic cells that link indirectly with sympathetic nerve fibers surrounding the renal arteries. However, some other pathways might contribute to the trans-synaptic degeneration (Tsai et al., 2017), as the ganglion cells of renal afferent nerves in thoracic and lumbar spine dorsal root ganglia link to the posterior and lateral hypothalamic nuclei as well as the locus ceruleus in the brain stem (Campese and Kogosov, 1995; Jansen et al., 1995). RDN may affect the described connections and result in remodeling of the critical brainstem areas and the stellate ganglia. Because transneuronal degeneration may remain active for prolonged periods of time, the effects of RDN on arrhythmia control may persist for months after the procedure (Tsai et al., 2017).



PV ISOLATION

Pulmonary vein isolation with ganglionated plexi ablation has been used in autonomic modulation of interactions between the systemic and intrinsic cardiac ANS. PVI combined with autonomic ganglia modification significantly improved success rates after PVI compared to PVI alone (Katritsis et al., 2011). In animal models of vagal induced AF, the effectiveness of pulmonary vein isolation was due to the ablation of the autonomic ganglia at the base of the pulmonary veins which eliminated rapid pulmonary vein firing in response to high-frequency stimulation of the ganglionated plexi (Lu et al., 2009). GP ablation inhibited AF inducibility in sleep apnea animal models (Ghias et al., 2009) and has been used in patients with both paroxysmal and persistent AF alone or combined with pulmonary vein isolation with better success rate in patients with paroxysmal AF (Pokushalov et al., 2009; Katritsis et al., 2011; Mikhaylov et al., 2011). However, though ganglionated plexi ablation appears to be a safe and efficacious adjunctive technique to improve outcomes of pulmonary vein isolation in patients with paroxysmal AF, GP ablation in animal models after acute myocardial ischemia exhibited ventricular arrhythmogenic effects compared with GP ablation of the normal heart (He et al., 2013). Hence further studies are warranted to investigate the application of these procedures in various cardiac conditions.



BOTULINUM TOXIN INJECTION

Recent studies have reported that an abundance of epicardial fat is associated with direct adipocyte infiltration into the underlying atrial myocardium (Hatem and Sanders, 2014; Mahajan et al., 2015). Moreover, increased overall adiposity has been shown to be associated with shortened effective refractory periods in the pulmonary veins, leading to the speculation that adiposity can predispose to AF initiation (Munger et al., 2012). Indeed, there is some evidence that areas of epicardial fat accumulation correlate with sites of high dominant frequency, suggesting that epicardial fat may influence AF triggers (Nagashima et al., 2012; Nakahara et al., 2014). Also, it may be possible that encasing epicardial fat influences ganglionated plexi and thus contributes to arrhythmogenesis. Recently, in a prospective, double-blind randomized controlled clinical trial (Pokushalov et al., 2015) reported that injections of botulinum toxin into epicardial fat pads in patients undergoing coronary artery bypass grafting (CABG) resulted in a substantial reduction in the incidence of atrial tachyarrhythmia (most pronounced in the first 14 months postoperatively) and AF burden throughout the 3-year follow-up period, accompanied by reduction in need for hospitalization (Pokushalov et al., 2015; Romanov et al., 2018).



STELLATE GANGLION BLOCKADE

Studies demonstrate that stimulation of the stellate ganglion increased sinus rate and predisposes to atrial arrhythmias (Mohan et al., 2001; Tan et al., 2008a,b). Increased extrinsic cardiac nerve activity in the left stellate ganglion often preceded paroxysmal atrial tachycardia or AF in animal models (Choi et al., 2010). Unilateral electrical stimulation of the stellate ganglion aggravated atrial electrical remodeling facilitating induction of AF in animal models, an effect attenuated by unilateral ganglionectomy (Zhou et al., 2013). In animal models of pacing-induced congestive heart failure, cryoablation of bilateral stellate and T2–T4 thoracic ganglia reduced sympathetic activation-induced paroxysmal AF (Ogawa et al., 2009). Bilateral ANS remodeling resulting from the increased synaptic density of stellate ganglia following myocardial infarction was associated with increased ganglion activity (Han et al., 2012). Surgical excision of stellate ganglion (left cardiac sympathetic denervation) together with T2 and T3 thoracic ganglia reduced arrhythmia in high-risk patients and animal models following myocardial infarction (Schwartz et al., 1976, 1992) and in patients with catecholaminergic polymorphic ventricular tachycardia and long-QT syndrome (Collura et al., 2009).



HIGH THORACIC EPIDURAL ANESTHESIA

In patients undergoing cardiac surgery and cardiopulmonary bypass, high thoracic epidural anesthesia was found to markedly reduce sympathetic tone (Scott et al., 2001; Liu et al., 2004) and the risk of post-operative supraventricular arrhythmias (Svircevic et al., 2011). Initiation of high thoracic epidural anesthesia decreased the arrhythmia burden in patients with refractory electrical storm (Bourke et al., 2010) and in animal models of rapid atrial pacing was found to be associated with inhibition of atrial autonomic nerve sprouting (Yang et al., 2011). However variable results have been obtained pertaining to the decreased incidence of post-operative sustained AF despite a marked reduction in sympathetic activity (Groban et al., 2000; Jidéus et al., 2001) and warrants further detailed studies to explore the definitive effect of high thoracic epidural anesthesia on atrial electrophysiology and arrhythmogenesis.



CAROTID BODY ABLATION

Hypersensitive chemoreceptors result in sympathetic excitation. Enhanced chemoreflex sensitivity potentially increasing central sympathetic drive was observed in animal models of pacing-induced congestive heart failure (Schultz and Li, 2007). Surgical denervation of peripheral chemoreceptors prevented sympathetic activation- mediated hypertensive response to hypoxic stimuli in rats with intermittent hypoxia (Lesske et al., 1997). Bilateral denervation of the carotid body and the carotid sinus baroreceptors prevented the development of hypertension in young pre-hypertensive animals and significantly decreased arterial pressure in the adult population of spontaneously hypertensive rats (Tan et al., 2010) and hypertensive humans (Nakayama, 1961). Though carotid ablation appears as a logical approach to attenuate sympathetic overdrive, hypertension and arrhythmogenic atrial autonomic signaling in AF, there are currently no studies characterizing its effects on atrial electrophysiology and atrial arrhythmogenesis.



CONCLUSION AND PERSPECTIVES

Enhanced sympathetic activation increases circulating catecholamines and causes hypertension and associated complication such as AF and congestive heart failure. Hypertension often coexists with comorbidities like obesity, metabolic syndrome, and obstructive sleep apnea that further exaggerate and sustain the sympathetic overdrive. Substantial evidence indicates that targeting sympathetic overactivity either by pharmacotherapy or device-based interventions seems to be a logical and useful approach for the management of AF. Sympathetic ablation by RDN appears to be a promising strategy to achieve atrial antiarrhythmic effects in animal models and humans. While carotid body ablation is a proven strategy to attenuate sympathetic overdrive, the potential anti-arrhythmic effects are yet to be investigated in future studies. Other techniques employed to reduce sympathetic activity are applied in specific conditions such as stellate blockade in high-risk patients and following myocardial infarction, ganglionic plexus ablation to lower AF recurrence in patients following circumferential pulmonary vein isolation, and high thoracic epidural anesthesia in post-surgical AF management. However further clinical studies are needed to substantiate the role of various sympatholytic approaches in the management of AF.
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Propranolol is the first-line treatment for infants suffering from infantile hemangioma. Recently, some authors raised the question of potential neurologic side effects of propranolol due to its lipophilic nature and thus its ability to passively cross the blood-brain barrier (BBB) and accumulate into the brain. Hydrophilic beta-blockers, such as atenolol and nadolol, where therefore introduced in clinical practice. In addition to their classical mode of action in the brain, circulating factors may modulate the release of reactive oxygen/nitrogen species (ROS/RNS) from endothelial cells that compose the BBB without entering the brain. Due to their high capacity to diffuse across membranes, ROS/RNS can reach neurons and modify their activity. The aim of this study was to investigate other mechanisms of actions in which these molecules may display a central effect without actually crossing the BBB. We first performed an oral treatment in mice to measure the accumulation of propranolol, atenolol and nadolol in different brain regions in vivo. We then evaluated the ability of these molecules to induce the release of nitric oxide (NO) and hydrogen peroxide (H2O2) ex vivo in the hypothalamus. As expected, propranolol is able to cross the BBB and is found in brain tissue in higher amounts than atenolol and nadolol. However, all of these beta-blockers are able to induce the secretion of signaling molecules (i.e., NO and/or H2O2) in the hypothalamus, independently of their ability to cross the BBB, deciphering a new potential deleterious impact of hydrophilic beta-blockers in the brain.
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INTRODUCTION

Since its discovery in 1960 by J. W. Black, the non-selective beta-blocker propranolol has been widely used in the treatment of hypertension, tachycardia and other cardiac disorders. More recently, propranolol has been introduced as first-line therapy for infantile hemangiomas, the most common soft-tissue tumors of childhood (Leaute-Labreze et al., 2015).

As propranolol is a lipophilic molecule, its use in infants raised the question of its ability to passively cross the blood-brain barrier (BBB) and directly activate adrenoreceptors on neuronal cells, and to subsequently impact the neurologic development of the child. Even if many reports have documented that propranolol treatment during infancy does not alter further brain development when compared to child and adolescents from the general population examined several years after cessation of treatment (Moyakine et al., 2016, 2017; Gonzalez-Llorente et al., 2017; Mahon et al., 2018), other beta-blockers with hydrophilic properties have been here or there introduced in the treatment of infantile hemangiomas. The most commonly used molecules are nadolol and atenolol, which display hydrophilic properties and are therefore suggested to be unable to cross the BBB (Neil-Dwyer et al., 1981; Dahlof and Dimenas, 1990) and thus potentially decrease the risk to induce deleterious central effects (de Graaf et al., 2013; Pope et al., 2013; Tasani et al., 2017; Alexopoulos et al., 2018). However, these assumptions are based on biophysical characteristics of these molecules, and data regarding long-term safety are clearly lacking.

Alternative mechanisms in which some molecules are able to induce signaling pathways in the brain without crossing the blood-brain barrier have been described. One mechanism, that requires diffusible factors between two partners, implies central neurons and endothelial cells located in vascular wall. Indeed, brain endothelial cells have the capacity to produce second messengers such as nitric oxide (NO) to control the release of neurotransmitters (Knauf et al., 2001). This is especially the case in the mediobasal hypothalamus that includes the median eminence, a circumventricular organ where the BBB is physiologically absent (Rodriguez et al., 2005, 2010; Horsburgh and Massoud, 2013). For example, circulating hormones like estrogen (Prevot et al., 1999) or apelin (Duparc et al., 2011) induce endothelial NO release, with consequences on physiological functions, such as ovulation and glucose homeostasis, respectively. Hydrogen peroxide (H2O2) is another way to induce a signaling pathway in this brain region. As previously described for NO signaling, high dose of apelin can modify the release of hypothalamic H2O2 that could participate to an over-activation of the sympathetic system leading to the development of a type 2 diabetic state (Drougard et al., 2014). Thus, some molecules can modulate the activity of neuronal cells despite the absence of passage through the BBB and of direct activation of specific receptors on these cells.

The aim of the present study was to investigate whether propranolol, atenolol and nadolol induce the secretion of signaling molecules (i.e., NO and H2O2) in the hypothalamus, independently of their ability to directly stimulate adrenoreceptors on neuronal cells.



METHODS

Animals and Mass Spectrometry Analyses

All procedures are performed in accordance with the Directive 2010/63/UE recommendations and with French Veterinary Authorities agreement. Ex vivo design and procedures were approved by Ethical Committee (under protocol CEEA-122 2014-53). Eight weeks-old C57BL/6J male mice (n = 10/group, mean body weight = 25 g) were orally treated with either propranolol (3 mg/kg/day), atenolol (2 mg/kg/day) or nadolol (1 mg/kg/day) during 7 days, once a day for vehicle, nadolol and atenolol groups (at 8.00 am) and twice a day for propranolol group (at 8.00 am and 6.00 pm). Dose and administration scheme were selected to mimic therapeutic use of these molecules in infants suffering from infantile hemangioma. Mice were euthanized 1 h after the last gavage. Cortex, hypothalamus, cerebellum and brainstem were collected and immediately frozen in liquid nitrogen.

The concentrations of propranolol, atenolol and nadolol were determined after solid phase extraction followed by LC/ESI-MS/MS detection. Tissues were diluted in 9 ml of ultrapure water for 1 g of brain and homogenized by sonication over crushed ice. Atenolol-D7 and propranolol-D7 were used as internal standards. Dynamic concentration range was comprised between 1 and 8000 ng/ml for each compound. The chromatographic peaks for tested compound and internal standards were identified according to their retention times and MRM ion transitions and integrated by analytical software (MassLynx version 4.1, Waters).

Nitric Oxide and Hydrogen Peroxyde ex vivo Amperometric Measurements

Calibration of the electrochemical sensor was performed as previously published (Duparc et al., 2011; Drougard et al., 2014; Fournel et al., 2017; Abot et al., 2018). After dissection, hypothalamus was washed in Krebs-Ringer bicarbonate/glucose buffer (pH 7.4) in an atmosphere of 95%O2–5%CO2 and then immersed in Eppendorf tubes containing the same medium. Spontaneous NO or H2O2 release was measured at 37°C for 10 min by using either a NO-specific (ISO-NOPF, World Precision Instruments) or a H2O2-specific (ISO-HPO, World Precision Instruments) amperometric probe implanted in the hypothalamus. Ten micro liter saline solution (vehicle) was injected directly in the survival medium. After 10 min of record, 10 μl beta-blocker solution at increasing concentration was injected (final concentrations: 50 and 250 ng/ml). These concentrations were chosen to mimic plasma concentration of these molecules after an oral therapeutic dose in humans (i.e., approximately 50 ng/ml for propranolol and nadolol, and 250 ng/ml for atenolol). The concentration of NO or H2O2 gas in solution was measured in real-time (TBR1025, World Precision Instruments). DataTrax2 software (World Precision Instruments) performed data acquisition. Data are expressed as delta variation of NO or H2O2 release from basal.

Statistical Analyses

All statistical analyses were performed using GraphPad Prism 5.0 for Windows (GraphPad Software Inc., San Diego, CA, United States). Two-way ANOVA and Bonferroni’s post hoc tests when used when appropriate. All values are presented as mean ± SEM. Statistical significance was set at p < 0.05.



RESULTS

Propranolol, Atenolol, and Nadolol Concentration in the Brain

We have first evaluated the capacity of the three beta-blockers to reach brain tissues (Figure 1). As previously described, propranolol is found at a high concentration in the brain after an oral treatment. In the same experimental conditions, the concentrations of nadolol and atenolol are lower in all brain regions, including a neurohemal structure such as the hypothalamus. This last result suggests that hydrophilic molecules cannot massively penetrate into the brain whether or not the BBB is leaky.


[image: image]

FIGURE 1. Accumulation of propranolol, atenolol, and nadolol in different brain regions after a chronic oral treatment in mice. Concentration of propranolol, atenolol, and nadolol measured in the cortex, hypothalamus, brainstem, and cerebellum after 1 week of daily oral treatment in mice; n = 10/group; ∗∗∗p < 0,001 vs. atenolol and nadolol.



Hypothalamic NO Release in Response to Beta-Blockers

At the dose of 50 ng/ml, propranolol rapidly increased NO release from hypothalamus from 5 to 10 min (Figure 2A). Interestingly, atenolol was, at the same dose, also able to increase NO secretion from 6 to 10 min (Figure 2B), while delta variation of NO release in response to nadolol treatment was significantly induced after 9 min (Figure 2C). Taken together, these results show that, at a low dose, all three tested beta-blockers are able to induce NO release from hypothalamus.
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FIGURE 2. Hypothalamic NO and H2O2 release in response to propranolol, atenolol, and nadolol treatment. Ex vivo NO (A–F) and H2O2 (G–L) release from hypothalamus in response to propranolol (A,D,G,J), atenolol (B,E,H,K), or nadolol (C,F,I,L) at either low dose 50 ng/mL (A–C,G–I) or high dose 250 ng/mL (D–F,J–L); n = 10/group; ∗p < 0,05, ∗∗p < 0,01, and ∗∗∗p < 0,001 vs. vehicle.



When hypothalamus was treated with propranolol at a higher dose (i.e., 250 ng/ml), no significant variation in NO release was observed (Figure 2D). Surprisingly, atenolol displayed an opposite effect at the high dose compared to low dose treatment by significantly decreasing NO release after 6 min of treatment (Figure 2E). As observed for propranolol, nadolol treatment at this same dose did not induce any significant variation of NO release by the hypothalamus (Figure 2F).

These data indicate that lipophilic propranolol and hydrophilic atenolol and nadolol are all able to induce NO release from the hypothalamus at a low dose. Contrasting results observed at a higher dose suggest that alternative mechanisms may be activated to counterbalance the effects of massive NO release in the brain.

Hypothalamic H2O2 Release in Response to Beta-Blockers

Treatment with a low dose of propranolol (i.e., 50 ng/ml) did not induce any significant variation of H2O2 release from the hypothalamus (Figure 2G). Similar results have been observed upon atenolol treatment (Figure 2H). However, in response to nadolol at a low dose, delta variation of H2O2 release from basal significantly increased from 5 min (Figure 2I).

At a higher dose of 250 ng/ml, no significant changes of H2O2 production were observed in response to propranolol treatment (Figure 2J), while both atenolol (Figure 2K) and nadolol (Figure 2L) treatment rapidly increased H2O2 release.

Altogether, these results clearly show that, while propranolol treatment does not induce H2O2 release from the hypothalamic explants at any dose, a high dose of atenolol or nadolol rapidly induce H2O2 release from the hypothalamus. The amplitude of H2O2 production is particularly high in response to nadolol treatment, either at a low or high dose.



DISCUSSION

We have shown that, despite the inability of hydrophilic beta-blockers to cross the BBB and thus to accumulate into the brain, all three beta-blockers tested in this study, either lipophilic or hydrophilic, were able to modulate the release of NO and/or H2O2 in the hypothalamus. As these small molecules can passively diffuse in brain tissue, they could have an impact on neuronal activity of central neurons. This could explain some of the potential deleterious effects of these molecules in the brain such as sleep disorders (de Graaf et al., 2013; Pope et al., 2013; Labreze et al., 2015; Leaute-Labreze et al., 2015; Randhawa et al., 2015; Ji et al., 2016) and in periphery such as hypoglycemia (Holland et al., 2010; Poterucha et al., 2015).

Despite its ability to accumulate into the brain, propranolol failed to increase the release of hypothalamic H2O2 that is usually associated with oxidative stress (Fisher-Wellman and Neufer, 2012; Angelova and Abramov, 2018). Little is known in the literature to explain the mode of action of propranolol to avoid H2O2 release. It has been shown that, in the skin of frog, propranolol is able to decrease water permeability induced by arginine vasotocin (AVT) (Ogushi et al., 2010; Saitoh et al., 2014). In this model, aquaporins are translocated at the membrane in response to AVT. We can speculate that propranolol, by acting on aquaporins translocation, could decrease the negative impact of H2O2, which is known to use aquaporins to cross cell membrane (Tamma et al., 2018).

The effect of atenolol on hypothalamic NO/H2O2 release is also unexpected. At low dose, atenolol induces NO release from hypothalamic explants, but at higher dose of 250 ng/ml, corresponding to plasma concentration measured after an oral administration at the therapeutic dose, it decreases NO release and increases H2O2 secretion. Even if this dual effect seems surprising, our group has previously demonstrated the existence of such physiological phenomenon in another physiological context. Indeed, apelin, an adipokine released by the adipose tissue, stimulates the release of hypothalamic NO at a low dose (Duparc et al., 2011), but inhibits NO release and stimulates H2O2 release at a high dose (Duparc et al., 2011; Drougard et al., 2014). In our experimental model, this dual effect can be explained by pharmacological and physiological hypotheses. For instance, the decrease of NO release could be due to its interaction with H2O2 to generate hydroxyl radical (Nappi and Vass, 1998).

In addition, we observed that nadolol induces both NO and H2O2 secretion either at a low or high dose. The low dose reproduces plasma concentration measured after an oral therapeutic dose of nadolol. This result demonstrates that the ability to cross the BBB is not mandatory to induce signaling in the brain, and thus further activation/inactivation of specific neuronal populations.

Finally, the magnitude of NO/H2O2 release in response to the different treatments also needs to be considered. Indeed, while a release in the range of pM to nM induces physiological effects such as signal transduction and neurotransmission (either beneficial or detrimental depending on targeted neurons), a release in the range of nM to μM induces deleterious effects such as oxidative stress and DNA damage leading to cellular dysfunction (Bredt, 1999; Mustafa et al., 2009). In this study we show that, at a concentration mimicking plasma concentration of the three beta-blockers after a therapeutic dose, propranolol induced a release of 80 nM of NO and no change in H2O2 production. In contrast, atenolol decreased NO release but increased H2O2 production in the range of μM. Nadolol was responsible of the release of 50 nM of NO and, more importantly, induced a 5 μM release of H2O2, which is probably leading to oxidative stress and cellular toxicity. Altogether, these data indicate that, even if they do not cross the BBB and do not accumulate in brain tissues, both atenolol and nadolol are able to induce central toxicity.

Of course, our study is limited by the use of murine ex vivo models which do not reflect the exact physiological conditions observed in vivo. A similar approach (i.e., NO/H2O2 real-time measurements) could be performed in vivo in different brain regions in mice in response to an oral load of beta-blockers (Fournel et al., 2017).

To conclude, our study brings new elements to decipher the mode of action (and the potential related side effects) of beta-blockers in the brain. The mode of communication through endothelial cells and production of NO/H2O2 that does not require the entry of a beta-blocker molecule into the brain has to be considered when using such molecule.
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Background: Postural Orthostatic Tachycardia Syndrome (POTS) is a cardiovascular autonomic disorder characterized by orthostatic intolerance and high prevalence among young women. The etiology of POTS is uncertain, though autoimmunity and inflammation may play an important role. We aimed to identify novel inflammatory biomarkers associated with POTS.

Methods and Results: In the Syncope Study of Unselected Population in Malmö (SYSTEMA) cohort, we identified 396 patients (age range, 15–50 years) with either POTS (n = 113) or normal haemodynamic response during passive head-up-tilt test (n = 283). Blood samples were analyzed using antibody-based Proximity Extension Assay technique simultaneously measuring 57 inflammatory protein biomarkers. The discovery algorithm was a sequential two-step process of biomarker signature identification by supervised, multivariate, principal component analysis and verification by univariate ANOVA with Bonferroni correction. POTS patients were younger (26 vs. 31 years; p < 0.001) and there was no significant difference in sex distribution (74% vs. 67% females, p = 0.24). PCA and Bonferroni-adjusted ANOVA identified proconvertase furin as the most robust biomarker signature for POTS. Plasma level of proconvertase furin was lower (6.38 vs. 6.58 of normalized protein expression units (NPX); p < 0.001 in POTS, compared with the reference group. Proconvertase furin met Bonferroni-adjusted significance criteria in both uni- and multivariable regression analyses.

Conclusion: Patients with POTS have lower plasma level of proconvertase furin compared with individuals with normal postural hemodynamic response. This finding suggests the presence of a specific autoimmune trait with disruption of immune peripheral tolerance in this hitherto unexplained condition. Further studies are needed for external validation of our results.

Keywords: postural orthostatic tachycardia syndrome, inflammation, biomarkers, proteomics, proconvertase furin


INTRODUCTION

Postural orthostatic tachycardia syndrome (POTS) is a complex condition featuring signs of autonomic dysfunction with both cardiovascular and non-cardiovascular symptoms (Benarroch, 2012). Although typically multi-symptomatic, POTS is by definition characterized by an abnormally increased heart rate upon standing and symptoms of orthostatic intolerance without significant blood pressure decrease (Sheldon et al., 2015). The syndrome affects predominantly young women (70–80%) with increasing incidence in developed countries, but its etiology has not been established (Sheldon et al., 2015; Brinth et al., 2018). Aside from orthostatic intolerance, patient frequently report headache, palpitations, brain fog and fatigue, which is believed to be a consequence of both hyperadrenergic state and decreased blood flow to the brain (Benarroch, 2012; Li et al., 2014; Arnold et al., 2018).

As etiology of POTS is still unknown, effective treatment for this syndrome is yet to be developed. Therapeutic options available today have modest efficacy and focus only on alleviating symptoms, thus, further research is mandatory. It has been observed that some patients develop POTS after experiencing a febrile illness, presumably viral (Grubb, 2008; Li et al., 2014). This has led to the hypothesis of an autoimmune-mediated etiology of POTS, and recent case series of POTS following immune triggers like infection or vaccination (Blitshteyn, 2015; Brinth et al., 2015; Watari et al., 2018) support this hypothesis. It has already been established that activating autoantibodies (AAb) to the α1-adrenergic (α1AR), β1/2-adrenergic receptors (β1/2AR), and angiotensin-receptor type 1 can be found in serum from POTS patients but not in controls (Fedorowski et al., 2017; Yu et al., 2018). In current knowledge of the presence of autoantibodies and possible immunological triggers, exploration of expression of inflammatory mediators in POTS is required, both as a potential diagnostic tool and therapeutic target in this ill-understood condition for which there is no effective treatment.

In this study, we sought to discover inflammatory biomarkers associated with POTS in order to identify a signature, which could potentially be useful to understand the pathophysiology underlying the syndrome. We applied a new method of multiple-protein screening using oligonucleotide-labeled antibodies against selected serum proteins.



MATERIALS AND METHODS

Study Population

The study was performed between September 2008 and May 2014 on a series of 545 consecutive patients aged 15–50 years enrolled in the ongoing Syncope Study of Unselected Population in Malmö (SYSTEMA) (Fedorowski et al., 2010). The age range was based on previous epidemiological studies on POTS incidence (Goodman, 2018). The recruited patients were referred to the tertiary syncope investigation unit at Skåne University Hospital in Malmö from primary and outpatient care clinics as well as hospitals in the southern region of Sweden due to unexplained syncope and/or symptoms of orthostatic intolerance. The referred patient underwent an initial diagnostic workup, typically including clinical history, resting, exercise and ambulatory prolonged electrocardiogram (Holter-ECG), transthoracic echocardiography, coronary and pulmonary angiography, brain imaging and encephalography, if requested by the referring physician. In the Syncope Unit, the patients were investigated by cardiovascular autonomic tests including head-up tilt testing (HUT), according to the European syncope guidelines available during this period (Moya et al., 2009). Blood samples were collected during the examination. The final study population included 113 POTS individuals and 283 controls with normal hemodynamic response during HUT as well as without prevalent cardiovascular disease (ischemic heart disease, heart failure, and stroke) or hypertension.

The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by The Regional Ethical Review Board of Lund University (No 82/2008). All patients gave their written informed consent.

The PICO model was as follows: patients with unexplained syncope or orthostatic intolerance (Population), blood samples and HUT (Intervention), POTS patients versus controls (Comparison), and targeted protein biomarker discovery and haemodynamic response (Outcome).

Examination Protocol

Patients discontinued cardiovascular drugs 48 h before the test, fasted for 2 h prior to examination and were allowed to drink water at will. The past medical history was explored using a standard study questionnaire. The patients were placed on a tilt table and a venous cannula was inserted in the forearm after which a rest period for at least 10 min was allowed before blood samples were collected through the cannula. As soon as the haemodynamic parameters were stable, a standard 70°HUT was carried out according to the Italian protocol recommended by ESC (Bartoletti et al., 2000; Moya et al., 2009). Beat-to-beat blood pressure and ECG were monitored continuously by a validated non-invasive photoplethysmographic method (Nexfin monitor; BMEYE, Amsterdam, Netherlands) with a wrist unit and finger cuff of appropriate size (Eeftinck Schattenkerk et al., 2009). POTS was defined as reproduction of symptoms of orthostatic intolerance (lightheadedness, dizziness, or discomfort) along with heart rate increase >30 beats/min or sinus tachycardia >120 beats/min during first 10 min of HUT; or increase >40 beats/min for those under 18 years of age, with a history of orthostatic intolerance for at least 6 months (Sheldon et al., 2015).

Multiplex Protein Analysis

Plasma biomarkers were measured from supine blood samples (total volume: 30 ml) that had been first centrifuged, then stored as 16 × 250 μL aliquots of EDTA plasma in plastic thermotubes, and frozen at -80°C. For biomarker analysis, the samples were thawed and examined by the Proximity Extension Assay technique using the Olink Proteomics Proseek Multiplex Oncology I v1 96 × 96 reagents kit, which simultaneously measures 57 inflammatory and cancer-related human protein biomarkers in plasma (Supplementary Table S1). Briefly, a pair of oligonucleotide-labeled antibodies, Proseek probes, binds to the target protein in the plasma sample. When the two Proseek probes are in close proximity, a new polymerase-chain reaction (PCR) target sequence is formed by a proximity-dependent DNA polymerization event. This complex is subsequently detected and quantified using standard real-time PCR. The generated Normalised Protein Expression (NPX) unit is on a log2 scale, which means that a larger number represents a higher protein level in the sample. Additional information concerning limit of detection, reproducibility and validation is available at the Olink Proteomics website1.

Statistical Analysis

For the statistical analyses, patients with available proteomics data and definitive diagnosis of POTS (n = 113) or normal hemodynamic response during HUT (n = 283), i.e., without orthostatic hypotension (Moya et al., 2009; Freeman et al., 2011) and abnormal postural tachycardia, as well as without prevalent cardiovascular disease (ischemic heart disease, heart failure, and stroke) or hypertension were selected. Missing data was imputed with multiple imputations by chained equations (MICE) approach to create 10 complete datasets. We used predictive mean matching for continuous variables, logistic regression for binary variables, and polytomous regression for categorical variables. All covariates were included in the imputation models. The maximum iteration was set at 20 and convergence was confirmed by visual examination of trace plots. The main characteristics of study population were calculated as mean and standard deviation for continuous variables and as percentages for categorical variables, both for the total study population, and separately for POTS-positive and -negative patients.

The discovery algorithm for the identification of potentially relevant biomarkers associated with the presence of POTS was a sequential two-step process of (i) biomarker signature identification by a supervised, multivariate, principal component analysis, and (ii) verification by univariate ANOVA with Bonferroni correction. This method has been previously validated in our hands (Johansson et al., 2018a,b).

After defining a minimal call rate <75%, we screened the biomarker panel through supervised principal component analysis, according to the algorithm first described by Hastie et al. (2013), which includes the following steps:

(1) For each biomarker, compute the standardized univariate logistic regression coefficient which represents the effect size for the outcome (presence or absence of POTS).

(2) Using an arbitrary effect size threshold θ from the list 0 ≤ θ1 < θ2 < [image: www.frontiersin.org] < θK.

(a) Form a reduced data matrix consisting of only those biomarkers whose univariate coefficient exceeds θ in absolute value, and compute the principal components of this matrix.

(b) Use these principal components in a multivariate logistic regression model to predict POTS status.

(3) Select the threshold θ which gives the best predictive accuracy by 10-fold cross-validation.

Thereafter, for the verification of the selected biomarkers we applied a conservative univariate ANOVA approach, using a Bonferroni-adjusted significance level of p < 0.05/number of PCA-selected biomarkers. Box plots were generated to display the distribution of biomarker levels between groups.

Furthermore, we performed both univariate and multivariate ordinary least square linear regression and logistic regression models for bivariate correlation between plasma level of selected biomarkers and maximum orthostatic heart rate change (ΔHR) or POTS status, respectively. In multivariate regression models we adjusted for age and sex. Finally, we performed a quantile-regression analysis in order to identify differing relationships at different quartiles of HR changes during HUT. The mean estimates and standard errors of the beta-coefficients for the imputed datasets were combined with Rubin’s rules (Rubin, 1987). Statistical analyses were carried out using IBM SPSS Statistics version 25 (SPSS Inc., Chicago, IL, United States) and R Statistical Software (version 3.4.4; R Foundation for Statistical Computing, Vienna, Austria).



RESULTS

Biomarker Signature Discovery

The dataset consisted of 396 patients (113 POTS and 283 controls). Baseline characteristics of the study population by POTS status are shown in Table 1. There was no significant difference in characteristics between the whole cohort and complete cases without missing data (Supplementary Table S2). Since the principal component analysis requires pairwise complete data, we did not include markers with high missingness, i.e., above 35%. This filter resulted in removal of 9 biomarkers: erythropoietin, interleukin-2, interferon-gamma, tumor necrosis factor, carcinoembryonic antigen, vascular endothelial statin, lipopolysaccharide-induced tumor necrosis factor (TNF)-alpha factor, myeloid differentiation primary response protein, MHC class I polypeptide-related sequence A. Univariate logistic regression was performed for each of the 48 biomarkers. Heatmap representation of the data showing the hierarchical clustering of the 48 biomarkers by POTS status is shown in Supplementary Figure S2.

TABLE 1. Baseline characteristics of the study population.

[image: image]

The regression coefficients were then standardized by dividing the coefficient with its standard error. All possible thresholds (Standardized coefficient (θ) ranging from minimum to maximum with 0.05 increments) were used to select groups of biomarkers and construct principal components (PCs). The outcome variable (POTS status) was then regressed onto the 1st two PCs from each group of biomarkers using the binomial link function. This step identified the group of biomarkers which gave the best classification accuracy. The threshold that gave the best classification accuracy (POTS+ vs. controls) was selected by ten-fold cross-validation. The following four biomarkers reached this threshold: carbonic anhydrase IX; receptor tyrosine-protein kinase erbB-2; Fms-related tyrosine kinase 3 ligand; and proconvertase furin.

Biomarker Verification

All PCA-selected biomarkers except carbonic anhydrase IX differed significantly in pairwise comparison, but only proconvertase furin attained significance after Bonferroni correction (Figure 1 and Table 2). In multivariate regression analysis both POTS status and maximum orthostatic ΔHR were significantly associated with proconvertase furin (Tables 3, 4). Quantile regression analyses investigating the relationships between proconvertase furin and the quartiles of ΔHR did not reveal any obvious threshold effect or step function (Supplementary Figure S1). Finally, tertiles of proconvertase furin were inversely proportional to duration of symptoms (ANOVA, p-value for multiple comparisons = 0.021), defined as the time elapsed from the first symptom manifestation (presyncope or syncope) in patient’s history and the time of diagnostic examination (HUT).


[image: image]

FIGURE 1. The plasma levels of proconvertase furin, expressed on a log2 scale, presented in relation to POTS status. Data are shown as a box and whisker plot with median in the box and the whiskers representing the 5th and 95th percentiles in relation to plasmatic biomarker levels.



TABLE 2. High throughput multiplex analysis biomarkers selected by supervised multivariate principal component analysis.
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TABLE 3. Relationship between POTS status and selected biomarker in univariate and multivariate regression.
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TABLE 4. Relationship between changes in heart rate during head-up tilt test and selected biomarker in univariate and multivariate regression.
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DISCUSSION

In this study, we explored the inflammatory proteomic signature of POTS in order to elucidate pathophysiological mechanisms underlying this particular phenotype of cardiovascular autonomic dysfunction. We demonstrated that POTS is associated with lower circulating levels of proprotein convertases subtilisin/kexin type (PCSK)-3, i.e., proconvertase furin. Interestingly, the earlier the disease starts, the lower the proconvertase furin level.

Our findings confirm and further expand the growing body of evidence pointing to an immune dysregulation as the primary pathophysiological mechanism underlying POTS. However, it is noteworthy that pro-inflammatory cytokines and chemokines, i.e., interleukin-7, interleukin-12 and CXC motif chemokine 13, associated with systemic inflammatory diseases such as systemic lupus erythromatosus or rheumatoid arthritis were not increased among POTS-positive patients.

The Role of Immune System in POTS

The presence of immunoglobulins activating and modulating multiple G-protein coupled receptors (GPCR) linked to the autonomic nervous system has been previously demonstrated in POTS patients (Fedorowski et al., 2017; Yu et al., 2018), as well as their ability to alter dose-response to the natural ligands in vitro. Patients suffering from POTS are most frequently young females of childbearing age (Li et al., 2014). Its onset is occasionally preceded by or associated with a viral-like illness or post vaccination which leads to the suspicion that autoimmunity may have an important role in these patients (Li et al., 2014; Brinth et al., 2015). Studies performed recently indicate that patients with POTS have higher prevalence of autoimmune markers and co-morbid autoimmune disorders compared with the general population (Blitshteyn, 2015). Accordingly, nearly one fourth of patients with POTS have positive ANA and one in three have some type of autoimmune markers (Blitshteyn, 2015). Moreover, a high proportion of POTS patients are seropositive for circulating antiganglionic acetylcholine receptor antibodies (Watari et al., 2018).

Finally, presence of antibodies against adrenergic and cholinergic receptors were confirmed in patients suffering from POTS in a number of studies, which could explain the adrenergic-related symptoms including exaggerated heart rate during orthostatic challenge (Ruzieh et al., 2017).

Proconvertase Furin

Proconvertase furin is one of seven proprotein convertase family members that promote proteolytic maturation of proproteins (Barr et al., 1991). Ubiquitously expressed it has been reported to process a variety of secreted factors including cytokines and chemokines such as anti-inflammatory transforming growth factor (TGF)-β1 and secreted TNF-family receptors (Loetscher et al., 1990). Interestingly, previous evidence has suggested that proconvertase furin inhibition may result in a breakdown of peripheral tolerance (Pesu et al., 2008) and development of systemic autoimmune disease (Lisi et al., 2010). In experimental models of rheumatoid arthritis, exogenous proconvertase furin has been successfully used to harness autoimmunity (Lin et al., 2012). This is consistent also with recent findings reporting the association between high proconvertase furin levels and lower systemic activity disease in primary Sjögren’s syndrome (Ranta et al., 2018). Considering that proconvertase furin appears to be involved in maintaining immune homeostasis, it is important to note that only one POTS patient in our series had overt autoimmune comorbidity. Consequently, we may reasonably exclude that we have tracked down the effect of parallel autoimmune disorders on proconvertase furin in POTS population.

While the exact source of circulating levels of this protein in POTS patients remains unclear, we speculate that they may reflect a so far undetected viral activity. Indeed, cleavage of the human papilloma virus capsid protein L2 by proconvertase furin is necessary for infection (Richards et al., 2006), while the HIV-1 protein Nef is known to bind furin in order to sequester human leukocyte antigen-family receptors in the trans-Golgi network (Piguet et al., 2000). Presumably as a countermeasure, proconvertase furin is down-regulated during inflammation in a suppressor of cytokine signaling (Sox)-dependent manner (Guimont et al., 2007).

Taken together, further studies are warranted to confirm these findings in independent populations before proconvertase furin can be considered as an objective serum marker of POTS.

Limitations

There is a number of important limitations that should be addressed. Firstly, inflammatory biomarkers have been sampled only at the time of POTS diagnosis; the lack of serial measurements prevent us to understand whether the alterations seen are a cause or a consequence of POTS, and whether there is any temporal correlation between proconvertase furin levels and the progression of the disease.

Secondly, this is a hypothesis-generating study aimed to discover alternative pathophysiological pathways involved in POTS, requiring external validation in another cohort.

Thirdly, data on important pro-inflammatory cytokines like IL-2, TNF-a, IFN is lacking.

Finally, in order to rule-out possible false positive signals, our findings should be verified and validated with alternative technologies enabling as much sensitive and robust detection and quantification of biomarkers; However, the use of a proximity assay with the requirement for a dual binding event which ensures minimal background signal, and the robust discovery algorithm, based on a sequential two-step process including principal component analysis and a very strict Bonferroni correction, would make a false positive result less likely.



CONCLUSION

Proteomic profiling by proximity extension technique revealed an inflammation-specific biomarker fingerprint in POTS patients. Circulating levels of proconvertase furin are downregulated in POTS suggesting a complex and intriguing interplay between autoimmune activity and cardiovascular autonomic dysfunction.
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FIGURE S1 | Heatmap visualization of the proteomics data showing the hierarchical clustering of 48 biomarkers by POTS status.

FIGURE S2 | Quantile regression analysis. Furin regressed on 25th, 50th and 75th quantiles of delta HR max. The x axis is the quantile of delta HR max (black dots in the plots represent the regression coefficient at 0.25, 0.5 (median) and 0.75). The gray bands are the 95% CI of the quantile regression coefficient. The horizontal red and the two horizontal dotted lines are the ordinary least square (OLS) linear regression lines. What you can see here is that 95% CI of the coefficients from quantile regression overlaps widely with OLS lines indicating that Furin does not have differing effects on different quantiles of delta HR max.

TABLE S1 | Immuno-oncology panel: biomarker list.

TABLE S2 | Comparison of baseline characteristics between the whole cohort and complete cases without missing data.
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Previous research indicates that greater sympathetic vasoconstrictor drive to skeletal muscle occurs during isometric upper limb exercise compared to lower limb exercise. However, potential disparity between blood flow and metaboreflex activation in contracting upper and lower limbs could contribute to the augmented sympathetic response during upper limb exercise. Therefore, the aim of this study was to examine MSNA responses during ankle dorsiflexion and handgrip exercise under ischaemic conditions, in order to standardize the conditions in terms of perfusion and metaboreflex activation. Eight healthy male subjects performed 4-min contractions of ischaemic isometric handgrip and ankle dorsiflexion at ∼10% maximal voluntary contraction, followed by 6 min of post-exercise ischaemia. MSNA was recorded continuously by microneurography of the common peroneal nerve of the non-contracting leg and quantified from negative-going sympathetic spikes in the neurogram, synchronized with the cardiac cycle. The time-course of MSNA exhibited parallel increases during exercise of the upper and lower limbs, rising throughout the contraction to peak at 4 min. This represented an increase of 100% relative to resting levels for handgrip exercise (66 ± 24 vs. 33 ± 7 spikes/min at rest) and 103% for dorsiflexion (63 ± 25 vs. 31 ± 8 spikes/min at rest; P < 0.01). In both conditions MSNA remained elevated during post-exercise ischaemia and returned to pre-contraction levels during recovery. These findings demonstrate that that the MSNA response to metaboreflex activation is similar for upper and lower limb exercise when perfusion is controlled for.

Keywords: muscle contraction, metaboreflex, ischaemia, microneurography, muscle sympathetic nerve activity


INTRODUCTION

Muscle metaboreflex activation during sustained isometric exercise causes a progressive decrease in muscle vascular conductance (via sympathetically mediated vasoconstriction) and an increase in arterial pressure (Mitchell et al., 1983; Andersen and Saltin, 1985). Whilst there are reports of increases in muscle sympathetic nerve activity (MSNA) to inactive skeletal muscle in the arm (Saito et al., 1989; Seals and Enoka, 1989; Cui et al., 2001; Ichinose et al., 2004, 2006) and leg (Ray et al., 1992; Ray and Mark, 1993; Hansen et al., 1994) during exercise, the consistency of cardiovascular and sympathetic responses to exercise between different muscle groups is not clear. Ray et al. (1992) reported that MSNA is augmented during upper limb exercise compared to lower limb exercise at the same intensity. However, the isometric handgrip and knee extension exercise performed in this study involve vastly disparate muscle masses, which may account for the differential cardiovascular and sympathetic responses to exercise.

Saito (1995) compared MSNA responses to upper and lower limb exercise during isometric handgrip, dorsiflexion and plantarflexion, thus providing greater consistency with regards to muscle mass. They reported that the increases in MSNA were greatest during handgrip, followed by dorsiflexion and finally plantarflexion, which they attributed to differences in fiber type composition and the metabolic capacity associated with these fibers. The relative proportion of type II to type I fibers is greater in the forearm muscles compared with the tibialis anterior, and the proportion of type II is lower still in the soleus muscles (Johnson et al., 1973). Since type II fibers are highly glycolytic and fatiguable, muscles with greater proportions of these fibers may evoke a greater metaboreflex response and thus greater increases in MSNA. However, it should be noted that, when comparing responses between dorsiflexors and handgrip, there were no significant differences at the lowest (20% MVC) and highest (50% MVC) forces, but the MSNA response was significantly higher for handgrip at 33% MVC. These data suggest that the differences are not large and there is not a clear intensity-dependent effect. However, other influential factors, besides muscle mass and fiber type, may differ between upper and lower limbs during exercise. For instance, there is evidence to suggest that muscle blood flow during sustained contractions may be limited at different exercise intensities in the upper vs. lower limbs. During sustained contractions in the upper limb there is an increase in blood flow at intensities up to 70% MVC before blood flow is restricted (Kagaya and Homma, 1997). During sustained lower limb contractions, the increase in blood flow is limited to much lower intensities (Barcroft and Millen, 1939); Green et al. (2011) reported that hyperaemia was not present during sustained calf contractions exceeding 20% MVC. Given the lack of direct comparisons between upper and lower limb blood flow during sustained contractions, we cannot assume the blood flow is comparable even at lower exercise intensities. We therefore propose that contractions are performed whilst occluding blood flow to, firstly, standardize the conditions for the two limbs as much as possible (i.e., in terms of perfusion) and, secondly, to maximize metaboreflex activation. These conditions also provide the opportunity to use lower contraction intensities, during which a more stable MSNA recording can be maintained and contractions can be sustained for longer (4 min).

Both central command and the muscle metaboreflex have been implicated with the sympathetic and cardiovascular responses to sustained isometric exercise (Goodwin et al., 1972; Saito et al., 1989; Ray and Mark, 1993; Victor et al., 1995; Ichinose et al., 2006; Matsukawa, 2012). We have previously shown that central command is an important mechanism for mediating the sympathetic response to contracting muscle but has a negligible influence on MSNA to a non-contracting leg during exercise of the contralateral leg (Boulton et al., 2014, 2018). It is important to point out that these experiments consisted of isometric exercise; recent evidence suggests that central command may influence MSNA to non-contracting muscles during isotonic exercise, albeit attenuating a fall in total MSNA to non-contracting muscles through an increase in MSNA burst strength (Doherty et al., 2018). It is unclear whether metaboreflex-driven increases in MSNA to non-contracting muscles could respond differently to isometric contractions of the upper limb compared to isometric contractions of the lower limb. It is hypothesized that the MSNA response to metaboreflex activation does not differ between the upper and lower limb when contracting without perfusion. Therefore, the aim of the present study was to investigate sympathetic outflow to inactive leg muscles during ischaemic handgrip and dorsiflexion. A cuff was inflated to supra-systolic pressures around the upper arm (during handgrip) and thigh (during dorsiflexion). This expedites the build-up and turnover of metabolites stimulating group III/IV afferents, and standardizes the conditions in terms of perfusion. Sympathetic activity was measured from the negative-going sympathetic spikes in the raw neurogram (Bent et al., 2006; Fatouleh and Macefield, 2011, 2013; Hammam et al., 2011).



MATERIALS AND METHODS

Participants

Experiments were performed on 11 healthy male subjects, aged 18 to 33 years, with no cardiorespiratory, metabolic or neuromuscular disease. Participants were instructed to abstain from alcohol consumption and vigorous exercise for 24 h prior to the study, and from caffeine on the day of the study. Individuals who smoked or took regular medication were excluded from participation in the study. The study was conducted with the approval of the Human Research Ethics committee, Western Sydney University, and in accordance with the Declaration of Helsinki. Participants provided written informed consent before taking part in the study. The data for the dorsiflexion condition have previously been presented in our study comparing MSNA responses to contracting vs. non-contracting muscles (Boulton et al., 2018).

Measurements

Subjects were positioned semi-recumbent in a chair with their backs at 45°, legs supported horizontally and feet strapped in a plantarflexed position (95°) to independent footplates connected to a force transducer. Tungsten microelectrodes (Frederick Haer and Co., Bowdoinham, ME, United States) were used for microneurography to measure spontaneous MSNA from muscle fascicles of the left common peroneal nerve, located near the level of the fibular head, innervating the ankle dorsiflexor, ankle everter and toe extensor muscles; a reference microelectrode with an uninsulated tip was inserted approximately 1 cm from the active microelectrode. The common peroneal nerve was identified by electrical stimulation through a 2 mm diameter probe delivering a 0.2 ms pulse at 1 Hz with a 2–10 mA current (Stimulus Isolator, ADInstruments, Sydney, NSW, Australia). Further stimulation was used at a much lower current (1 mA) until twitches of the innervated muscle could be detected at 20 μA. Additional manipulation of the microelectrode was performed until specific observations were made: (i) electrical stimulation produced small contractions of the innervated muscle; (ii) increases of afferent discharges occurred upon passive stretching or tapping of the innervated muscle but not light stroking of the skin; (iii) clear, spontaneous bursts of MSNA were synchronized to the cardiac cycle; and (iv) a maximal inspiratory apnoea produced a sustained increase of spontaneous cardiac-locked bursts. Neural activity was amplified (gain 2 × 104) and filtered (bandpass 0.3–5.0 kHz sampling) using an isolated amplifier and headstage (NeuroAmpEX, ADInstruments) and stored on computer (10 kHz sampling) using a computer-based data acquisition and analysis system (PowerLab 16SP hardware and LabChart, version 8; ADInstruments).

A single lead (II) electrocardiogram (0.3–1 kHz) was recorded with Ag-AgCl surface electrodes (BioAmp, PowerLab, ADInstruments) on the chest and sampled at 2 kHz. Respiration (DC – 100 Hz) was recorded using a strain gauge transducer (Pneumotrace II; UFI, Morro Bay, CA, United States) around the chest and sampled at 100 Hz. Continuous, non-invasive beat-to-beat blood pressure was measured at 400 Hz from the middle finger of the right hand using digital arterial plethysmography (Finometer Pro, Finapres Medical Systems, Enschede, Netherlands). An electromyogram (EMG) (10 Hz to 1 kHz) was recorded with Ag-AgCl surface electrodes over the tibialis anterior muscle and sampled at 2 kHz, which was normalized to the EMG during a maximal voluntary contraction (MVC). Force was measured using two load cells (Aluminum S Type EG PT) connected to two independent footplates, amplified (gain × 200, bandpass DC–10 Hz; Quad Bridge Amplifier; ADInstruments), sampled at 100 Hz and normalized to the MVC of the subject. To control blood flow to the right leg, a large (22 cm) sphygmomanometer cuff was wrapped around the right upper thigh and attached to a rapid cuff inflation system (AG101 and E20; Hokanson, Bellevue, WA, United States), which was set to a suprasystolic pressure (220 mmHg). Blood flow occlusion was verified by the absence of a pulse in the second toe, which was assessed using a piezoelectric pulse transducer (UFI, Morro Bay, CA, United States). A smaller cuff (13 cm) was wrapped around the right upper arm and attached to the rapid inflation system, with a switch to enable occlusion of blood flow to either the right arm or right leg. Again, absence of blood flow was confirmed by monitoring the pulse in a finger using the pulse transducer referred to above.

Experimental Procedures

Maximal voluntary contraction of the right ankle (dorsiflexion) and right forearm (handgrip) was determined from two three-second attempts under freely perfused conditions. The experimental protocol began once a continuous MSNA recording was achieved. An initial 5-min baseline period was recorded to obtain resting measures of cardiovascular and sympathetic variables. In a random order, subjects performed one sustained isometric ankle dorsiflexion and one period of handgrip exercise, both at 10% MVC for 4 min. Ischaemia was imposed approximately 5 s before the onset of contraction and continued for 6 min post-contraction (Figure 1). Ten minutes of rest separated each contraction and the protocol was concluded with a 5-min rest period. To test the effect of ischaemia alone, an additional 5-min period of ischaemic rest was recorded at the end.
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FIGURE 1. The experimental protocol. Subjects performed sustained ischaemic handgrip (dashed line) for 4 min at 10% MVC with ischaemia imposed for 6 min after contraction. Sustained dorsiflexion (dotted line) was performed under the same conditions with a minimum of 10 min of rest.



MSNA Analysis

Negative spikes (half width 0.2–0.6 ms) were clearly observed in the neurogram during contractions and detected using window discriminator software (Spike Histogram, LabChart 2.5, ADInstruments). To account for the delay between the R-wave (ECG) and MSNA in the peroneal nerve (Fagius and Wallin, 1980), the neurogram was shifted back in time (∼1.15–1.30 s) relative to the R wave. As previously described (Boulton et al., 2016), autocorrelation histograms for the cardiac signal were generated in 50 ms bins. Cross-correlation and post-stimulus time histograms were generated between negative spikes and R-R intervals, ensuring that robust cardiac modulation of spike counts was apparent. Minimal changes in heart rate occurred during contraction (see section “Results”). However, to ensure that any differences in spike counts between contraction and rest could be attributed to changes in MSNA burst intensity or incidence as opposed to heart rate, an equal number of cardiac cycles were used for the analysis of contraction and rest periods for each subject (mean number of cardiac cycles used = 68 ± 12). MSNA spike counts were measured in 1-min epochs, meaning that the number of cardiac cycles for the first minute of rest were determined, and the same number of cardiac cycles were used from each subsequent 1-min epoch. MSNA spike counts included the number of spikes during 600 ms periods after each R-wave (i.e., diastole) and which centered about a peak spike count. Autocorrelation, cross-correlation and post-stimulus time histograms between the MSNA and R-R intervals of the electrocardiogram were sampled in 50 ms bins to determine the cardiac modulation and verify the sympathetic origin of the selected spikes (Figure 2).


[image: image]

FIGURE 2. Autocorrelation (A), cross-correlation (B) and post-stimulus time (C) histograms from one subject. The histograms were generated from 1-min epochs to measure the timing of neural spikes relative to cardiac beats and count the number of sympathetic spikes during each epoch.



Statistical Analysis

A two-way repeated measures ANOVA was performed to test for main effects and interactions between “time” and “exercising limb” (upper vs. lower limb) (Prism 5.0, GraphPad Software, United States). When a significant main effect was found by two-way ANOVA, the Sidak post hoc test was performed to make pairwise multiple comparisons between the last minute of rest prior to contraction and each of the subsequent minutes in the protocol. Significance was set at P < 0.05 and results are expressed as mean ± SD.



RESULTS

Resting MSNA

Sympathetic recordings of negative-going spikes from one subject during an ischaemic isometric dorsiflexion of the right ankle (A) and an ischaemic isometric handgrip performed on the right side (B) are shown in Figure 3. The total number of sympathetic spikes for each 1-min epoch was measured from the post-stimulus time histogram of successful recordings from eight subjects. A rest period of 5 min before and after the protocol demonstrated a stable sympathetic signal, with MSNA being similar in each period (31 ± 9 vs. 29 ± 10 spikes/min; P = 0.50). At the end of the protocol a period of ischaemia without contraction showed no effect on MSNA (29 ± 9 spikes/min; P = 0.56) when compared with the initial 5-min rest period. MSNA in the minute of rest immediately prior to contraction were not significantly different for upper vs. lower limb exercise, with 33 ± 7 spikes/min prior to handgrip and 31 ± 8 spikes/min prior to dorsiflexion (P = 0.40).
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FIGURE 3. Experimental records from one subject during ischaemic handgrip (A) and ankle dorsiflexion (B) with a period of post-exercise ischaemia. Analysis of MSNA involved measuring the negative-going sympathetic spikes of the raw nerve signal.



Effect of Upper Versus Lower Limb Exercise on MSNA

Experimental results for MSNA during ankle dorsiflexion and handgrip are shown in Figure 3. There was a significant main effect of time on MSNA (P < 0.01, F = 20.33), but no main effect of exercising limb (P = 0.42, F = 0.74) or significant interaction (P = 0.72, F = 0.76). For both handgrip and ankle dorsiflexion, MSNA increased incrementally for each minute of contraction, peaking at 63 ± 25 spikes/min for ankle dorsiflexion and 66 ± 24 spikes/min for handgrip, an increase of 103 and 100% of resting levels, respectively. In both conditions, MSNA remained elevated for the duration of post-exercise ischaemia and, upon cessation of circulatory arrest, returned toward pre-contraction levels.

Cardiovascular Responses

By design, there were no significant differences between the relative force outputs for handgrip and ankle dorsiflexion (P = 0.11) and no main effects of “time” or “limb” (upper vs. lower limb exercise) on respiratory rate (P > 0.05). Mean arterial blood pressure and heart rate responses were similar during ischaemic ankle dorsiflexion and handgrip (Figure 3). There was a significant effect of time (P < 0.01, F = 26.24), but not exercising limb (P = 0.23, F = 1.73) on mean arterial pressure. During both handgrip and dorsiflexion, blood pressure significantly increased during the first minute of contraction (P < 0.03) and continued to increase for each subsequent minute. In both conditions, the period of post-exercise ischaemia was associated with a small drop in blood pressure, but it remained elevated above pre-contraction levels (P < 0.01) until the cessation of ischaemia. Figure 4 indicates a gradual increase in heart rate during dorsiflexion and handgrip exercise, but this was not significant (P > 0.21). Heart rate remained at resting levels for the duration of post-exercise ischaemia and recovery after dorsiflexion and handgrip.
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FIGURE 4. Heart rate (HR), mean arterial pressure (MAP) and muscle sympathetic nerve activity (MSNA) responses to contraction of the upper (filled circles) and lower (empty circles) limbs. There were significant increases from rest (last min of rest period preceding contraction) during contraction of the lower (∗) and upper limbs (ˆ) (P ≤ 0.05).





DISCUSSION

In this study MSNA was measured to non-contracting muscles during sustained dorsiflexion of the ankle and sustained handgrip exercise, both performed in the presence of occlusion of blood flow to the contracting muscle and followed by a period of post-exercise ischaemia. The ischaemic nature of the contractions enhanced the excitation of metaboreceptors during these low intensity contractions and controlled for the potentially confounding factor of perfusion. The results revealed a similar incremental increase in MSNA during contractions of the upper and lower limbs. MSNA was elevated for the duration of post-exercise ischaemia and returned to pre-contraction levels upon cessation of ischaemia. The incremental rise in MSNA throughout the contraction indicates that the muscle metaboreflex may be the dominant mechanism involved in driving sympathetic outflow to non-contracting muscles, a conclusion we had reached in earlier studies (Boulton et al., 2014, 2016, 2018). The present findings demonstrate that sympathetic responses during isometric contractions of the upper and lower limbs are similar when controlling for potential differences in blood flow and muscle metaboreflex activation.

MSNA During Upper Versus Lower Limb Contraction

Prior to the current study the behavior of sympathetic outflow to sustained contractions of the upper and lower limbs was not clear. Ray et al. (1992) reported an increase in MSNA during moderate-intensity handgrip (2 min at 30% MVC) but a decrease in MSNA during the first minute of knee extension at the same intensity, followed by an increase during the second minute. With such disparity in muscle mass we might expect to observe these differences in cardiovascular and sympathetic responses to exercise. For instance, Seals (1989) reported augmented sympathetic and cardiovascular responses to a larger active muscle mass during two-arm handgrip compared to single-arm handgrip. However, the observations by Seals (1989) could also be a product of increasing the number of simultaneously active limbs, both with respect to central command to, and reflex inputs from, the contracting muscles. The size of the muscle groups used in upper and lower limb exercise in the current study are more comparable, and therefore discrepancies in muscle mass are less likely to influence the results. Certainly, the parallel cardiovascular and sympathetic responses in the current study indicate that the forearm and pretibial flexor muscles produced the same level of work for each contraction.

Differential sympathetic responses to exercise of the upper and lower limbs observed in previous studies could be due to differences in intramuscular blood flow during exercise of the upper and lower limbs. Previous research suggests that blood flow through contracting muscle is restricted at significantly lower exercise intensities during lower limb exercise compared with exercise of the upper limb (Barcroft and Millen, 1939; Green et al., 2011). The metaboreflex represents a response to a mismatch between blood flow and metabolic demand, whereby inadequate blood flow during exercise leads to the build-up of metabolites produced during contraction and a reflex increase in arterial pressure (Alam and Smirk, 1937; Rowell et al., 1976; O’Leary and Joyner, 2006). Given that the blunting of hyperaemia may occur at lower exercise intensities in the leg vs. arm, it is conceivable that this mismatch occurs more readily in the lower limbs, thereby leading to an earlier activation of metaboreceptors. Although Green et al. (2011) demonstrated that hyperaemia may be blunted in the lower limbs at intensities of 20% MVC, we cannot rule out potential limb-dependent differences in blood flow and therefore possible disparities in metaboreflex activation between upper and lower limbs. Given that previous studies have indicated that MSNA responses to upper and lower limb exercise differ when blood flow is not experimentally occluded (Saito, 1995), our findings suggest that perfusion may have a role to play in the level of metaboreflex activation between limbs. However, if hyperaemia is blunted at lower intensities in the lower limb vs. upper limb, we might expect greater metaboreflex activation and thus greater MSNA responses to have been reported for lower limb exercise. Saito (1995), however, reported greater MSNA responses to handgrip exercise compared with dorsiflexion, albeit these differences were significant only for contractions at 33% MVC and not 20 or 50%. Our data therefore suggests that the effect observed by Saito (1995) may not be related to fiber type per se but is related to perfusion and its effect on susceptibility to fatigue. Saito et al. (1989) showed in a separate study that the sensation of fatigue in the working muscles during contraction is correlated with the increase in MSNA. Although type II fibers are highly fatigable, and thus muscles with greater proportions of these fibers may evoke a greater MSNA response, the fatigability of different fiber types are more similar when the muscles are deprived of blood and oxygen. This may explain the lack of differences in the MSNA responses in the current study. Specifically, we demonstrate that when the level of metaboreflex activation is controlled for, the MSNA responses to that activation are similar for muscles of the upper and lower limbs.

Metaboreflex Control of MSNA

The failure of MSNA to increase during contraction in previous studies (Ray et al., 1992; Saito, 1995) could be due to an inadequate exercise stimulus (intensity and/or duration) (Ray and Mark, 1993) and metaboreflex activation. The contractions performed in the studies by Ray et al. (1992) and Saito (1995) were moderate to high-intensity (20–50% MVC) and of relatively short duration (2 min). The exercise parameters in the current study (ischaemic, low-intensity, sustained contractions) were implemented to reduce the influence of perfusion, while ensuring the metaboreflex was activated. Occlusion of blood flow to the active limb at the onset of contraction increases the concentration of metabolites, thus maximizing the stimulus for metaboreflex activation, as demonstrated by the sustained elevation in blood pressure during contraction and post-exercise ischaemia. In the present study, MSNA increased by 33% of resting levels during the first minute of ischaemic handgrip and by 58% of resting levels during the first minute of ankle dorsiflexion. These prompt increases in MSNA to contraction are quicker than observed in previous studies (Saito et al., 1986, 1989; Wallin et al., 1989; Ray et al., 1992; Ray and Mark, 1993; Saito, 1995; Cui et al., 2001; Ichinose et al., 2006) possibly because metabolic by-products were trapped from the onset of contraction, causing a more rapid increase in metabolite accumulation and a decrease in muscle acidity (pH) (Victor et al., 1988).

Numerous studies have indicated that central command does not directly contribute to the exercise-induced response of MSNA to non-active muscle (Victor et al., 1989; Wallin et al., 1992; Hansen et al., 1994), but rather exerts an influence on baroreflex resetting and vagal outflow to the heart during exercise (Victor et al., 1987; Cui et al., 2001; Querry et al., 2001; Matsukawa et al., 2005). However, the potential influence of central command on MSNA to an inactive limb cannot be dismissed because MSNA increased within 1 min of the start of exercise. Evidence suggests it has a role to play in isotonic exercise: Doherty et al. (2018) reported that the fall observed in total MSNA to inactive limbs during one-legged cycling is partially offset by an increase in MSNA burst strength driven by central command.

Methodological Considerations

The rationale for occluding blood flow both during and after exercise was to eliminate the potentially confounding factor of limb blood flow and to control for metaboreflex activation by attempting to maximize activation in both limbs studied. Whilst this does allow us to examine the intrinsic muscle response to metaboreflex activation, it is acknowledged that the current study is limited by a lack of an exercise condition without occlusion, which would have allowed confirmation of such differences in MSNA responses between limbs. In addition, it is possible that exercise training status may influence metaboreflex activation (Sinoway et al., 1996) and, whilst we did not recruit participants based on their training history, we did collect self-reported activity levels. These reports indicate that the participants were typically involved in combinations of aerobic and resistance training of the upper and lower limbs (>2 times per week). Future research may be directed toward examining the effects of training history on metaboreflex activation through comparisons between sedentary, aerobic and resistance trained individuals.

We appreciate that presenting traditional MSNA burst analysis may have allowed for comparisons with other studies in the literature. However, we have used spike analysis for a number of reasons. Firstly, for consistency with our previous studies in which this approach was necessary due to the fact that EMG can infiltrate the MSNA signal, as can the activity of muscle spindle and Golgi tendon organ afferents and alpha motor axons when recording MSNA to the contracting limb. Secondly, the spike analysis is a more sensitive approach for capturing a greater proportion of the sympathetic nerve activity, because the negative-going spikes extracted from the neurogram are defined as sympathetic because of their strong cardiac rhythmicity. Conversely, the traditional burst analysis may suffer from a poor signal-to-noise ratio and baseline shifts due to the participant tensing leg muscles, leading to periods of EMG infiltration. This can significantly hinder the ability to reliably identify bursts and measure their amplitude.



CONCLUSION

Metabolically mediated reflex control of sympathetic outflow to non-active skeletal muscle is essentially important for the regulation of blood pressure during movement and exercise. By controlling for differences in metaboreflex activation, our results support differences in metaboreflex activation as a mechanism for differences observed between upper and lower limb exercise in previous studies. Our findings suggest that the MSNA response is similar for upper and lower limb exercise, indicating that what actually differs is the level of metaboreflex activation when these muscles are “freely perfused.” Intrinsically, muscles do not differ in terms of the impact they have on MSNA; our data suggest that perfusion may be more important.
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Glutamate is a classic excitatory neurotransmitter in the central nervous system (CNS), but despite several studies reporting the expression of glutamate together with its various receptors and transporters within the enteric nervous system (ENS), its role in the gut remains elusive. In this study, we characterized the expression of the vesicular glutamate transporter, vGluT2, and examined the function of glutamate in the myenteric plexus of the distal colon by employing calcium (Ca2+)-imaging on Wnt1-Cre; R26R-GCaMP3 mice which express a genetically encoded fluorescent Ca2+ indicator in all enteric neurons and glia. Most vGluT2 labeled varicosities contained the synaptic vesicle release protein, synaptophysin, but not vesicular acetylcholine transporter, vAChT, which labels vesicles containing acetylcholine, the primary excitatory neurotransmitter in the ENS. The somata of all calbindin (calb) immunoreactive neurons examined received close contacts from vGluT2 varicosities, which were more numerous than those contacting nitrergic neurons. Exogenous application of L-glutamic acid (L-Glu) and N-methyl-D-aspartate (NMDA) transiently increased the intracellular Ca2+ concentration [Ca2+]i in about 25% of myenteric neurons. Most L-Glu responsive neurons were calb immunoreactive. Blockade of NMDA receptors with APV significantly reduced the number of neurons responsive to L-Glu and NMDA, thus showing functional expression of NMDA receptors on enteric neurons. However, APV resistant responses to L-Glu and NMDA suggest that other glutamate receptors were present. APV did not affect [Ca2+]i transients evoked by electrical stimulation of interganglionic nerve fiber tracts, which suggests that NMDA receptors are not involved in synaptic transmission. The group I metabotropic glutamate receptor (mGluR) antagonist, PHCCC, significantly reduced the amplitude of [Ca2+]i transients evoked by a 20 pulse (20 Hz) train of electrical stimuli in L-Glu responsive neurons. This stimulus is known to induce slow synaptic depolarizations. Further, some neurons that had PHCCC sensitive [Ca2+]i transients were calb immunoreactive and received vGluT2 varicosities. Overall, we conclude that electrically evoked release of endogenous glutamate mediates slow synaptic transmission via activation of group I mGluRs expressed by myenteric neurons, particularly those immunoreactive for calb.
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INTRODUCTION

Glutamate is the primary excitatory transmitter in the central nervous system (CNS). But its role the enteric nervous system (ENS) of the gut has remained elusive despite several reports of possible function (Kirchgessner, 2001; Filpa et al., 2016; Seifi and Swinny, 2016).

Several ultrastructural and immunofluorescence studies in rodent models provide evidence for the expression of glutamate, its release and re-uptake transporters, and its various receptor subtypes within the ENS (Liu et al., 1997; Tong et al., 2001; Giaroni et al., 2003; Tsai, 2005; Brumovsky et al., 2011; Seifi and Swinny, 2016). Enteric neurons immunoreactive for glutamate are found in the guinea-pig ileum and are reported to co-express choline acetyltransferase (ChAT), substance P (SP) and/or calbindin (calb) (Liu et al., 1997). Vesicular glutamate transporters (vGluTs) aid in the release of glutamate at pre-synaptic terminals. Although three distinct isoforms of vGluTs (vGluT1, vGluT2, and vGluT3) have been identified in the CNS, vGluT2 is the predominant isoform in the ENS (Tong et al., 2001; Brumovsky et al., 2011; Seifi and Swinny, 2016). While vGluT2 is expressed in enteric varicosities (Tong et al., 2001; Seifi and Swinny, 2016), the targets of these varicosities within the ENS have not been identified. Excitatory levels of glutamate are tightly regulated via excitatory amino acid transporters (EAATs). EAAT is expressed within the ENS, particularly by enteric glia (Liu et al., 1997; Seifi and Swinny, 2016). This is similar to the CNS where EAATs are expressed by glial cells including astrocytes (Rothstein et al., 1994; Lehre et al., 1995). Furthermore, the ionotropic glutamate receptors, N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), as well as subtypes of metabotropic glutamate receptors (mGluRs) are found on enteric neurons (Broussard et al., 1994; Burns et al., 1994; Liu et al., 1997; Liu and Kirchgessner, 2000; McRoberts et al., 2001; Chen and Kirchgessner, 2002; Tong and Kirchgessner, 2003; Del Valle-Pinero et al., 2007; Foong and Bornstein, 2009; Seifi and Swinny, 2016).

Despite the consensus in the literature about the expression of glutamate and its associated transporters and receptors in the ENS, its role in mediating synaptic transmission remains contentious (Liu et al., 1997; Liu and Kirchgessner, 2000; Ren et al., 2000; Foong and Bornstein, 2009; Wang et al., 2014). In the guinea-pig ENS, NMDA, and AMPA receptors were reported to mediate excitatory post synaptic potentials (EPSPs) in one study (Liu et al., 1997), while a later study found no functional role for ionotropic receptors, but instead demonstrated involvement of slower Group I mGluRs (Ren et al., 2000). Further, pharmacological studies have focused the role of NMDA and AMPA receptors in mediating gut contractility (Luzzi et al., 1988; Shannon and Sawyer, 1989; Wiley et al., 1991; Seifi and Swinny, 2016).

In this study, we examined potential roles of glutamate and its receptors in synaptic transmission within the myenteric plexus. We used calcium (Ca2+)-imaging to examine activity of neurons in the myenteric plexus. Connections between glutamatergic terminals and myenteric neurons were examined using high-resolution microscopy and advanced analysis methods. We found that antisera to vGluT2 stain varicosities that contact myenteric neurons. Exogenous application of glutamate excited myenteric neurons by activating glutamate receptors including NMDA receptors, while electrical stimulation evoked responses apparently mediated by group I mGluRs. Most glutamate responsive neurons were calb immunoreactive. Moreover, all calb immunoreactive neurons receive vGluT2 varicosities, thereby suggesting a role for glutamate modulating the excitation of these neurons.



MATERIALS AND METHODS

Experimental Animals

Adult mice (8–15 weeks old) were used. Wnt1-Cre; R26R-GCaMP3 mice of either sex were used in Ca2+ imaging experiments. They were the progeny of Wnt1-Cre mice and R2R-GCaMP3 mice (both C57BL/6 background, The Jackson Laboratory) and express the genetically encoded Ca2+ indicator, GCaMP3, in all neural crest derived cells including enteric neurons and glia (Danielian et al., 1998; Zariwala et al., 2012; Boesmans et al., 2013). Male C57BL/6 or female R2R-GCaMP3 mice were used for immunohistochemistry studies. All mice were killed by cervical dislocation, as approved by the University of Melbourne Animal Experimentation Ethics Committee. The colon was removed from each mouse and immediately placed in physiological saline (composition in mM: NaCl 118, NaHCO3 25, D-glucose 11, KCl 4.8, CaCl2 2.5, MgSO4 1.2, NaH2PO4 1.0) bubbled with carbogen gas (95% O2, 5% CO2) or in phosphate-buffered saline (PBS). The colon was cut along the mesenteric border, stretched and pinned flat mucosal side up in a Petri dish lined with silicon elastomer (Sylgard 184; Dow Corning, North Ryde, NSW, Australia). The distal colonic region was defined as the area of the colon (3 cm in length) that is 2 cm proximal to the anus.

Immunohistochemistry

Tissue Preparation

Pinned and stretched colonic segments were fixed overnight in 4% formaldehyde in 0.1 M phosphate buffer, pH 7.2, at 4°C, and then cleared of fixative via three washes with PBS. Longitudinal muscle-myenteric plexus (LMMP) whole mount preparations were obtained from the distal colon by microdissection to remove the overlying mucosa-submucosa-circular muscle layers. LMMP preparations were then treated with 0.1% Triton X-100 + 10% CASBLOCK (Invitrogen, Mount Waverley, VIC, Australia; ProSciTech, Thuringowa, QLD, Australia) prior to incubating with a combination of primary antibodies (Table 1) for 24–48 h at 4°C. Preparations were cleared of excess primary antibodies with 3 × 10 min PBS washes, and then incubated with appropriate secondary antibodies (Table 1) for 2.5 h at room temperature. Following another wash with PBS (3 × 10 min), preparations were mounted on a glass slide using a mounting medium (DAKO, Carpinteria, CA, United States).

TABLE 1. Primary and secondary antisera.
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Expression of vGluT2 in the myenteric plexus

Longitudinal muscle-myenteric plexus preparations double-labeled for vGluT2 and either one of two synaptic markers (vAChT or synaptophysin) were used to examine the expression pattern of vGluT2 and to determine the degree of co-expression of vGluT2 with the synaptic markers. Tissue samples were viewed using a Zeiss LSM880 Airyscan microscope (Carl Zeiss Microscopy, North Ryde, NSW, Australia). Preparations were labeled with secondary fluorophores 594 (for vGluT2) and 488 (either synaptophysin or vAChT) and were excited with VIS lasers 594 and 488 nm, respectively. Emission was detected using Airyscan filters (BP 420–480 + LP605 for 594 nm and BP 495–550 + LP 570 for 488 nm). Images (1748 pixels × 1748 pixels) were obtained using a Plan-Apochromat 63×/1.40 Oil DIC M27 objective, with a numerical aperture of 1.4, a 1.8× software zoom, z steps of 0.19 μm, 0.60 μs pixel dwell and averaging of 2 using the Zen Black software (Carl Zeiss Microscopy, North Ryde, NSW, Australia). For each combination (vGluT2 and vAChT; vGluT2 and synaptophysin), a total of 3 preparations, each from different animals were examined. In each preparation, 5 images of myenteric ganglia were chosen to be imaged based on their counterstains (vAChT or synaptophysin). The proportion of co-localization between vGluT2 with vAChT or synaptophysin in enteric varicosities was quantified using the image analysis software Imaris 9.0.0 (Bitplane).

The number of vGluT2 immunoreactive varicosities that made close contacts with the cell bodies and dendrites of neuronal nitric oxide synthase (nNOS)+ and calb+ myenteric neurons was examined. Cells positive for nNOS and calb were chosen as they both display characteristic cytoplasmic staining (Mann et al., 1997; Neal and Bornstein, 2007), which facilitates reliable 3D rendering of neuronal surfaces. Additionally, nNOS and calb neurons comprise 35 and 30% of all myenteric neurons in the mouse colon and represent distinct functional classes (Sang and Young, 1996, 1998). High-resolution confocal z-stacks were obtained using the Zeiss LSM880 Airyscan microscope (Carl Zeiss Microscopy, North Ryde, NSW, Australia) using parameters described above. For each combination (vGluT2 and nNOS; vGluT2 and calb) a total of 3 preparations, each from different animals were examined. Nine or ten calb or nNOS immunoreactive neurons were examined from each preparation. Imaris software was used to 3D render neuronal and varicosity labeling. We used the distance transformation extension to identify the number of vGluT2 surfaces that were in close contact with each calb and nNOS neurons. This extension creates a pseudo-colored channel, the intensity of this channel indicates the distance between vGluT2 varicosities and 3D rendered neurons of interest. High channel intensity indicates greater distance away from the 3D rendered neuron, and low channel intensity indicates proximity to the 3D rendered neuron. To filter vGluT2 varicosities that were in close contact with 3D rendered neurons of interest, we selected vGluT2 varicosities that located at sites where the pseudo channel intensity was 0 (indicating proximity to the neuron).

Proportion of calb and calr neurons in the myenteric plexus

Longitudinal muscle-myenteric plexus preparations were stained for calb, calretinin (calr) and Hu (pan neuronal marker) (Table 1). Immunofluorescently labeled samples were viewed using a LSM Pascal laser scanning microscope (Carl Zeiss Microscopy, North Ryde, NSW, Australia). Z stacks were obtained (1024 pixels × 1024 pixels) using a EC Plan-Neofluar 40×/1.30 Oil DIC M27 objective, with a 0.9× software zoom, z-steps of 0.9 μm, 1.60 μs pixel dwell and averaging of 2 using Zen 2.3 (blue edition) software (Zeiss, Australia). A total of 3 preparations were examined, each from a different animal. In each preparation, images of 10 myenteric ganglia were taken based on positive Hu labeling, and at least 250 Hu+ cell bodies were counted. Cell bodies with indistinct faint labeling, likely resulting from auto fluorescence or cross-labeling, were omitted from analysis. The mean proportions of Hu+ neurons immunoreactive for calb, calr or both were determined by calculating the averages from 3 animals.

Statistical analysis

All data are represented as mean ± SEM. Unpaired t-test analysis was used to compare the proportion of co-localization between vGluT2 with vAChT or synaptophysin (n = number of animals examined) and the number of vGluT2 surfaces that were in contact with myenteric neurons (n = number of neurons examined). One-way ANOVA was used to compare the mean proportions of Hu+ neurons that label for calb, calr or both (n = number of animals examined). All statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, United States). P < 0.05 was considered to be statistically significant.

Calcium Imaging

Tissue Preparation

Distal colon segments were removed from each Wnt1-Cre; R26R-GCaMP mice and placed in Mg2+ free physiological saline (composition in mM: NaCl 134 mM, KCl: 3.4 mM, CaCl2 2.8 mM, NaHCO3: 16 mM, D-glucose: 7.7 mM; modified from Shannon and Sawyer, 1989). All Ca2+-imaging experiments were performed in Mg2+ free physiological saline as it has previously been shown in the guinea pig ileum that extracellular Mg2+ blocks enteric NMDA receptors so removing Mg2+ reveals increased effects of L-glutamate (Luzzi et al., 1988; Shannon and Sawyer, 1989; McRoberts et al., 2011). Colon segments were cut along the mesenteric borders, stretched, and pinned flat mucosal side up in a Sylgard-lined petri dish. Overlaying mucosal and submucosal layers were removed, then the tissues were flipped, and the longitudinal muscle layer was carefully stripped away using fine microdissection forceps to finally obtain preparations of myenteric plexus attached to circular muscle layer (CMMP). The CMMP preparations were stretched over a small inox ring and stabilized by a matched rubber O-ring (Vanden Berghe et al., 2002). A maximum of 3 rings were prepared from each segment of distal colon. The rings were transferred to an organ bath for imaging. The bath was continuously superfused (1 ml/min) with 95% O2, 5% CO2 Mg2+ free physiological saline at room temperature.

Imaging and Experimental Protocols

Myenteric ganglia positive for the Ca2+ indicator GCaMP3 were imaged (512 pixels × 512 pixels) using a Plan-Apochromat 20×/1,0 DIC (UV) VIS-IR M27 water dipping objective, with a numerical aperture of 1 and a 1× software zoom on an upright Zeiss (Axio Examiner Z.1) microscope with an Axiocam 702 camera (Carl Zeiss Microscopy, North Ryde, NSW, Australia). Images (16 bit) were acquired at 7 Hz. The responses of myenteric neurons to agonists (glutamate, NMDA, AMPA, and GABA) were examined via pressure ejection (spritz, 2 s duration) of each agonist from a micropipette placed at the edge of the imaged ganglion. Up to 5 myenteric ganglia were examined from each animal. At least 3 animals per agonist were investigated unless otherwise stated.

Effects of NMDA receptor antagonist APV on NMDA (100 mM)-evoked and L-Glu (50 mM) evoked [Ca2+]i transients was investigated. In each preparation, time controls were first obtained by examining the [Ca2+]i transients of myenteric neurons evoked by two spritzes of either agonists (10 min apart) onto a myenteric ganglion in control saline. After this, a different ganglion was chosen and the agonist-evoked [Ca2+]i transients of myenteric neurons were examined firstly in control saline, then in the presence of an antagonist following superfusion of the drug for 10 min. Each ringed preparation was only exposed to an antagonist once and up to 4 CMMPs (each from different animals) were investigated per antagonist.

We examined the effects of glutamate receptor antagonists on neurons that displayed both L-Glu (50 mM) spritz- and electrically evoked [Ca2+]i transients. Firstly, myenteric ganglia were chemically stimulated via L-Glu (50 mM) spritz as described above. As reported by others (Liu et al., 1997; Kirchgessner, 2001), prolonged and repetitive exposure to L-Glu desensitized GCaMP3+ cells, accordingly the micropipette containing L-Glu was moved away from the ganglia between applications. An interganglionic fiber tract entering the recorded ganglion was electrically stimulated with a single pulse and then a train of pulses (20 pulses, 20 Hz) using a focal stimulating electrode (tungsten wire; 50 μm). The stimuli were applied 1 min apart. Single pulses and trains of 20 pulses (20 Hz) evoke fast and fast-slow EPSPs, respectively (Nurgali et al., 2004; Gwynne and Bornstein, 2007; Foong et al., 2012; Fung et al., 2018). Time controls and antagonist experiments were performed on each preparation as described by Koussoulas et al. (2018). For time controls, the stimulation protocol was performed twice separated by 10 min on a myenteric ganglion in control saline. To test the effects of the antagonists, another ganglion was chosen from the same preparation, and the stimulation protocol was first performed in control saline, then after superfusion of the antagonist into the organ bath for 10 min. Each ringed preparation was only exposed once to an antagonist. A different stimulation protocol was used to examine the effect of the AMPA receptor antagonist CNQX, as only L-Glu-evoked [Ca2+]i transients were investigated and only two preparations, each from a different animal, were examined. For all other antagonists, up to 3 CMMPs (each from different animals) were investigated.

Following live-imaging experiments, tissue preparations were fixed overnight with 4% formaldehyde at 4°C and immunostained using primary antisera to the neuron subtype markers nNOS, calb, and calr, or for calb and vGluT2 (Table 1). Imaged ganglia were relocated using an EC Plan-Neofluar 40×/0.75 M27 objective with a numerical aperture of 0.75 on a Zeiss Axio Imager M2 microscope by matching the micrographs with the Ca2+ imaging videos. Images were acquired with an Axiocam 506 mono camera using Zen 2.3 (blue edition) software (all from Zeiss, Australia). The immunoreactivity of responding GCaMP3+ neurons to calb, nNOS, or calr was identified.

Data Analysis and Statistical Analysis

Analysis was performed using custom-written directives (Li et al., 2019) in IGOR Pro (Wave Metrics, Lake Oswego, OR, United States). Regions of interest were drawn over a selected area of the cytoplasm for each neuron, excluding the nucleus because GCaMP3 is absent from the nuclei (Tian et al., 2009; Yamada and Mikoshiba, 2012). The amplitudes of [Ca2+]i transients evoked chemically or electrically were calculated and expressed as the maximum increase in fluorescence from the baseline (ΔFi/F0). [Ca2+]i transients were only considered if the signal increased above baseline by at least 5 times the intrinsic noise.

For both time control and antagonist experiments, the ΔFi/F0 of the second L-Glu spritz or the second electrical stimulation response was normalized and expressed as a fraction of the first (% ΔFi/F0). For all L-Glu time control and antagonist experiments consisting of both chemical and electrical stimulations, [Ca2+]i transients evoked by electrical stimulation were only analyzed for neurons that previously responded to L-Glu spritz.

At least 3 animals were examined for each experimental set, unless stated otherwise. Data are presented as the mean % ΔFi/F0 of the control ± SEM where n = number of neurons examined. Statistical analyses were performed using unpaired t-tests with P < 0.05 considered statistically significant. Comparisons were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, United States).

Drugs Used

Agonists used included L-Glutamic acid, GABA, N-Methyl-D-aspartic acid (NMDA) and Amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) (all from Sigma-Aldrich, Castle Hill, NSW, Australia). Antagonists used were DL-2-Amino-5-phosphonopentanoic acid (APV) (Sigma-Aldrich), N-Phenyl-7-(hydroxyimino) cyclopropa[b]chromen-1a-carboxamide (PHCCC) and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) (from Tocris Bioscience, Avonmouth, Bristol, United Kingdom). All drugs were diluted in distilled water to make stock solutions and in Mg2+ free physiological saline on the day of experimentation.



RESULTS

vGluT2 Is Mainly Expressed in Non-cholinergic Terminals in the Myenteric Plexus

We found vGluT2 immunoreactivity in varicosities and terminals, but not in neuronal cell bodies, in the myenteric plexus of the mouse distal colon (Figures 1A,B). This is consistent with previous studies conducted in the rat and mouse oesophageal myenteric plexus (Raab and Neuhuber, 2004, 2005), mouse colorectal (Brumovsky et al., 2011), and colonic myenteric plexuses (Seifi and Swinny, 2016).
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FIGURE 1. Expression of vGluT2 in the myenteric plexus of mouse distal colon. (A,B) High-resolution micrographs illustrating vGluT2 (red), synaptophysin (green), and vAChT (green) immunoreactive varicosities within the myenteric plexus of mouse colon. Scale bars = 10 μm. (A) Several vGluT2 immunoreactive varicosities contain synaptophysin (filled arrowhead) but some lack synaptophysin (open arrowhead). Some synaptophysin varicosities lack vGluT2 (arrow). (B) Some vGluT2 varicosities contain vAChT (filled arrowhead), but most vGluT2 varicosities lack vAChT (open arrowhead). Likewise, many vAChT varicosities do not express vGluT2 (arrow). (C) Histogram showing the percentage of vGluT2 varicosities co-localized with synaptophysin and with vAChT. A significantly higher percentage of vGluT2 varicosities contain synaptophysin compared to those containing vAChT. Numbers on the bar graphs indicate numbers of animals examined. Fluorescence images (D,F) and 3D rendered surfaces (E,G) of vGluT2 varicosities (red) with a calb+ neuron (D,E) (pseudo colored cyan) and a nNOS+ neuron (F,G) (green) shows vGluT2 varicosities contacting the calb+ (yellow filled arrowheads) but not the nNOS+ neuron (yellow open arrowheads). All scale bars = 10 μm. (H) Histogram illustrating the number of vGluT2 varicosities contacting calb neurons and nNOS neurons. Calb neurons receive significantly more vGluT2 immunoreactive varicosities compared to nNOS neurons. Numbers on the bar graphs indicate numbers of neurons examined. (I) Flurorescence micrograph of the myenteric plexus from the distal colon of a C57Bl/6 mice stained for calb (red), calr (green), and pan-neuronal marker Hu (blue). Some calb neurons lack calr (open arrowheads), some calr neurons lack calb (arrows) and some Hu+ neurons contain both calb and calr (filled arrowheads). Scale bar = 50 μm. (J) Histogram showing the proportions of calr and/or calb+, Hu+ neurons in the myenteric plexus. Numbers on the bar graphs indicate number of animals examined. ∗p < 0.05, ∗∗∗∗p-value < 0.0001; unpaired t-test.



To establish the nature of vGluT2 varicosities and terminals in the myenteric plexus, we quantified the co-localization of vGluT2 with two key markers of enteric varicosities (vAChT and synaptophysin). Antisera to synaptophysin (a synaptic vesicle protein) and vAChT (marker of cholinergic varicosities) label many varicosities in the myenteric plexus (Sang and Young, 1998; Sharrad et al., 2013). Most vGluT2 containing varicosities co-expressed synaptophysin (60 ± 5% of vGluT2+ varicosities, Figures 1A,C), but very few synaptophysin+ varicosities contained vGluT2 (5 ± 1% of synaptophysin+ varicosities). Some vGluT2+ varicosities contained vAChT (35 ± 5% of vGluT2+ varicosities, Figures 1B,C), but vAChT varicosities rarely co-expressed vGluT2 (4 ± 1% of vAChT+ varicosities). Thus, only a minority of terminals that release glutamate in the myenteric plexus of the distal colon are likely to be cholinergic.

vGluT2 Varicosities Innervate Calb Immunoreactive Myenteric Neurons

Examination of close contacts between enteric varicosities and neurons can reveal potential sites of synaptic communication (Mann et al., 1997; Neal and Bornstein, 2007). The number of vGluT2+ close contacts onto two major subtypes of myenteric neurons, calb+ (Figures 1D,E) and nNOS+ (Figures 1F,G) neurons, was quantified to examine whether they receive glutamatergic innervation. Calb+ neurons have either Dogiel type I or II morphology, where type I neurons have elongated cell bodies and lamellar dendrites, while type II neurons have multiple axons and smooth cell bodies (Furness, 2006). Furthermore, Dogiel type I neurons comprise of the interneurons and motor neurons within the enteric circuitry, while type II neurons are typically intrinsic sensory neurons. In this study, most calb+ neurons examined for close contact analysis had Dogiel type I morphology (27/29), the remaining 2/29 had Dogiel type II morphology. The disparity between the two morphological groups was because the outlines of type I neurons were easily distinguishable with high-intensity staining which allowed for 3D rendering of the cell surface, while the staining of the Dogiel type II neurons was weaker and so less suitable for the analysis. All (29/29) calb+ neurons, and 28/29 nNOS+ neurons examined received vGluT2+ innervation. However, calb+ neurons received 3 times as many vGluT2 immunoreactive varicosities compared to nitrergic neurons (calb+ neurons: 41 ± 6, nNOS+ neurons: 14 ± 2 vGluT2+ varicosities; both n = 29 neurons, p < 0.0001, Figure 1H). Note, the two Dogiel type II calb+ neurons included in the sample had 33 and 43 vGluT2 contacts, well above the mean contacts to nNOS+ neurons. Additionally, the average volume of contacting vGluT2 varicosities was significantly larger for calb+ compared to nNOS+ neurons (calb+: 1.0 ± 0.1 μm3, nNOS+: 0.7 ± 0.05 μm3; both n = 29 neurons, p = 0.04, unpaired t-test). This suggests that neurally released glutamate plays a greater role in the excitation of calb+ neurons than of nitrergic neurons.

We found both distinct and co-expression of the two Ca2+ binding proteins, calb and calr, which is similar to previous studies (Sang et al., 1997; Sang and Young, 1998). Thirty ± 4% (Figures 1I,J) and 43 ± 1% of all Hu immunoreactive myenteric neurons in the distal colon expressed calb and calr, respectively. Of all Hu+ myenteric neurons, 26 ± 4% contain both calb and calr (Figures 1I,J), 17 ± 3% (n = 3 animals) only express calr and 4 ± 0.1% only contain calb.

Many Myenteric Neurons Have Either Glutamate or GABA Receptors or Both

Central nervous system neurons receive both glutamatergic and GABAergic synaptic inputs. In a previous study, we showed that GABA (1 mM) evokes [Ca2+]i transients in over 20% of all GCaMP3+ neurons in the mouse ileum (Koussoulas et al., 2018). For comparison, in the mouse distal colon, we spritzed GABA (1 mM) onto 18 myenteric ganglia and found that this induced robust [Ca2+]i transients (ΔFi/F0 = 0.60 ± 0.02, n = 169 neurons; Figures 2A,F,G) in 23 ± 3% of all GCaMP3+ cells. As in the ileum (Koussoulas et al., 2018), GABA-evoked [Ca2+]i transients in the distal colon are most likely to be exhibited exclusively by neurons, as the cell bodies of responding cells were ∼20 μm in diameter consistent with the larger size of enteric neurons compared to glia (Gabella and Trigg, 1984). Further, GABA induced responses were immediate and it is reported that neurons respond instantaneously to stimuli with a sharp increase in [Ca2+]i, while glia tend to have slower increases in [Ca2+]I (Boesmans et al., 2013). L-Glu (50 mM) spritz also evoked robust increases in [Ca2+]i in a proportion (26 ± 3%) of all GCaMP3+ cells examined (ΔFi/F0 = 0.53 ± 0.02, n = 229 neurons, 21 ganglia; Figures 2B–D,F,G). In contrast to GABA, L-Glu spritz also evoked [Ca2+]i transients in some GCaMP3+ cells that express the glia marker, glial fibrillary acidic protein (GFAP) (Figures 2B–D) but this was not further investigated in this study. We next recorded the proportion of myenteric neurons that responded to L-Glu (50 mM) and/or GABA (1 mM) (Figure 2E). Seven ganglia (from 2 animals) were spritzed with L-Glu followed by GABA. Of the 392 GCaMP3+ cells examined, 101 (25.8%) responded to L-Glu, 134 (34.2%) to GABA and only 57 (14.5%) had [Ca2+]i transients evoked by both L-Glu and GABA. Hence, unlike the CNS, many GCaMP3+ enteric neurons responded to only one of the two amino acids.
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FIGURE 2. GABA and L-Glu evokes [Ca2+]i transients predominantly in different enteric neurons. (A) Representative fluorescence micrographs of GABA (1 mM) evoked [Ca2+]i transients in myenteric neurons (filled arrowheads) [GCaMP3 signal at rest (t = 0 s) and during GABA spritz in neurons (t = 3.5 s)]. GABA did not evoke [Ca2+]i transients in glia (t = 3.8 s) (B) fluorescence micrograph of L-Glu evoked [Ca2+]i transients in myenteric neurons (filled arrowheads) and glia (open arrowheads) [GCaMP3 signal at rest (t = 0s) and during L-Glu stimuation in neurons (t = 3.5 s) and in glia (t = 3.8 s)]. (C) Confocal micrograph of the imaged myenteric ganglion (in B) showing GCaMP3+ neurons (filled arrowheads) and GCaMP3+/GFAP+ glia (open arrowheads) that responded to L-Glu spritz. (D) Example traces from a neuron (1; green) and a glial cell (2; red) that responded to L-Glu (marked in C). The amplitude of [Ca2+]i transients were larger in enteric neurons compared to glia. Arrow indicates L-Glu application. (E) Representative fluorescence micrographs of L-Glu (50 mM) and GABA (1 mM) evoked [Ca2+]i transients in myenteric neurons [GCaMP3 signal at rest (t = 0 s) and during L-Glu (t = 3.5 s) stimuation and GABA (t = 3.5 s) stimulation, respectively]. Most neurons either responded to L-Glu (blue arrowheads) or GABA (pink arrowheads). Few neurons responded to both L-Glu and GABA (white arrowheads). (F) [Ca2+]i transient traces obtained from neuron 1 and neuron 2 (marked in E). Arrow indicates drug application. (G) Histogram showing the average amplitude of [Ca2+]i transients in response to L-Glu and GABA stimulation. All scale bars = 50 μm. Numbers on the bar graphs indicate numbers of neurons examined.



As we previously examined GABA-induced responses in mouse enteric preparations, albeit in the distal ileum (Koussoulas et al., 2018), the rest of this study focused on characterizing L-Glu evoked [Ca2+]i transients in the mouse distal colon.

L-Glu Evoked [Ca2+]i Transients in Calb+ Myenteric Neurons

Most neurons (85/146, 58%) that responded to L-Glu (50 mM) were immunoreactive for calb. The amplitude of the L-Glu response was similar in neurons that either expressed or lacked calb (calb+ ΔFi/F0: 0.5 ± 0.03, n = 85 neurons; calb- ΔFi/F0: 0.5 ± 0.03; n = 61 neurons). Calb staining co-localized with calr in two preparations. Of the 36 L-Glu responders in these preparations, 14 were calb+/calr+, 11 were calb-/calr-, 10 were calb+ only, and 1 neuron was calr+ only (Figures 3A,B). Calb+ neurons that responded to L-Glu included both Dogiel types I and II neurons. The majority of calr+ neurons in the ganglia examined did not respond to L-Glu (68%). The amplitudes of responses in neurons that expressed both calb and calr were significantly lower than in neurons that only contained calb (calb+/calr+ ΔFi/F0: 0.19 ± 0.03, n = 14 neurons; calb+ only ΔFi/F0: 0.53 ± 0.10, n = 10 neurons, p = 0.003, One-way ANOVA, Figures 3C,D). No significant differences in the amplitude of Ca2+ responses were observed between the other groups identified. These findings suggest that glutamate has a greater influence on the excitation of neurons that are immunoreactive for calb only and not calr.
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FIGURE 3. Neurons that expressed calb or lacked nNOS had larger L-Glu-evoked [Ca2+]i transients. (A) Representative fluroescence micrographs of L-Glu (50 mM) evoked [Ca2+]i transients in myenteric neurons [GCaMP3 signal at rest (t = 0 s) and during L-Glu stimuation (t = 3.5 s)]. (B) Confocal micrograph of the imaged myenteric ganglion (in A) shows some L-Glu responsive neurons that did not express calb or calr (open arrow, neuron 1), was only immunoreactive for calb (open arrowhead, neuron 2) or was immunoreactive for calb and calr (filled arrowhead, neuron 3). (C) Example traces from the 3 neurons (marked in A,B) that responded to L-Glu, demonstrating that the neuron that contained calb only exhibited larger L-Glu-evoked [Ca2+]i transient. Arrow indicates the when L-Glu was spritzed. (D) Histogram showing the average amplitude of L-Glu-evoked [Ca2+]i transients. Neurons only positive for calb had larger amplitudes compared to those that contained both calb and calr. (E) Representative fluroescence micrographs of L-Glu (50 mM) evoked [Ca2+]i transients in myenteric neurons [GCaMP3 signal at rest (t = 0 s) and during L-Glu stimuation (t = 3.5 s)]. (F) Confocal micrograph of the imaged myenteric ganglion (in A) shows some L-Glu responsive neurons were nNOS+ (psuedo colored cyan; open arrowheads). Most L-Glu responding neurons lacked nNOS (filled arrowheads). (G) Example traces from 2 neurons (marked in E,F) that responded to L-Glu, demonstrating that the nNOS – neuron (2) exhibited larger L-Glu-evoked [Ca2+]i transient compared to the nNOS+ neuron (1). Arrow indicates when L-Glu was spritzed. (H) Histogram showing the average amplitude of L-Glu-evoked [Ca2+]i transients. nNOS– neurons had larger amplitudes compared to nNOS+ neurons. All scale bars 50μm. Number of neurons examined are indicated on the bar graphs; ∗p < 0.01, ∗∗p = 0.003; unpaired t-test.



A large proportion of L-Glu responsive neurons (61/146) did not express calb, so we examined immunoreactivity of these neurons for nNOS, which marks another major subpopulation of myenteric neurons (Figures 3E,F). Only 7/27 (26%) L-Glu-responding neurons were nNOS+ and the amplitude of this response was significantly lower than in neurons without nNOS (nNOS+ ΔFi/F0: 0.2 ± 0.05, n = 7 neurons; nNOS- ΔFi/F0: 0.4 ± 0.06, n = 20 neurons, p = 0.04, Figures 3E–H). This suggests that glutamate does not have a major influence in exciting nNOS+ neurons.

Although NMDA Receptors Are Expressed by L-Glu Responding Neurons, They Are Not Involved in Glutamatergic Synaptic Transmission

Ionotropic glutamate receptors and their subunits are present on guinea-pig enteric neurons, where they have been reported to mediate glutamatergic neurotransmission (Liu et al., 1997; Kirchgessner, 2001). We found that spritzed NMDA (100 mM) induced an increase in [Ca2+]i in 22 ± 3% of GCaMP3+ cells examined (ΔFi/F0 = 0.5 ± 0.04, n = 95 neurons, 10 ganglia; Figures 4A,B). Like L-Glu, NMDA spritz evoked delayed [Ca2+]i transients in some GCaMP3+ glia (Figures 4A,B), but the glial responses were not investigated further. L-Glu (50 mM) was applied to 4 myenteric ganglia (from 1 animal) followed by NMDA to examine if neurons respond to both L-Glu and NMDA (Figures 4C,D). Of the 212 GCaMP3+ cells examined, 39 (18%) responded to L-Glu, 29 (14%) responded to NMDA, and 17 (8%) responded to both L-Glu and NMDA. Hence, most (17/29, 59%) NMDA responding GCaMP3+ cells also responded to L-Glu. Many L-Glu responding GCaMP3+ cells (22/39, 56%) did not respond to NMDA, probably because other glutamate receptors were present. Likewise, some (12/29, 41%) NMDA responding GCaMP3+ cells did not respond to L-Glu, indicating that there may be non-specific actions of NMDA on myenteric neurons.


[image: image]

FIGURE 4. Many myenteric neurons exhibited [Ca2+]i transients in response to L-Glu and NMDA. (A) Representative fluorescence micrographs of NMDA (100 mM) evoked [Ca2+]i transients in myenteric neurons (filled arrowheads) and glia (open arrowheads) [GCaMP3 signal at rest (t = 0 s) and during NMDA spritz in neurons (t = 3.5 s) and in glia (t = 5.5 s)]. (B) Example traces from a neuron (1) and a glial cell (2; marked in A) that responded to L-Glu. Glial cell shows delayed response to NMDA compared to the GCaMP3+ neuron. Arrow indicates NMDA application. (C) Representative fluorescence micrographs of L-Glu (50 mM) and NMDA (100 mM) evoked [Ca2+]i transients in myenteric neurons [GCaMP3 signal at rest (t = 0 s) and during L-Glu stimulation and NMDA stimulation, respectively]. Most L-Glu responding neurons also respond to NMDA (filled arrowhead). Some neurons either respond to L-Glu (orange arrowhead) or NMDA (blue arrowhead). (D) [Ca2+]i transient traces obtained from neuron 1 and neuron 2 (marked in C). Arrow indicates drug application. Histograms showing pooled [Ca2+]i transient amplitudes from all neurons stimulated with NMDA (E) and L-Glu (F), and from L-Glu responding neurons stimulated with 1 pulse (G) and 20 pulse (H) in time control (con) and in the presence of APV. Changes in amplitude after application APV are presented as a percentage of the first response in control saline (% Δ Fi/F0). APV did not alter the amplitude of agonist or electrically evoked [Ca2+]i transients in myenteric neurons. All scale bars 50 μm. Number of neurons examined are indicated on the bar graphs.



We examined the effects of the NMDA receptor antagonist APV (100–500 μM) on [Ca2+]i transients evoked by exogenous NMDA and L-Glu. APV significantly reduced the proportion of GCaMP3+ cells that responded to NMDA (100 mM) (Fisher’s exact test p = 0.023, Table 2), but had no effect on the amplitude of NMDA-evoked [Ca2+]i transients (% ΔFi/F0 control: 59.5 ± 5.2, n = 65 neurons; APV: 53.1 ± 6.6, n = 57 neurons; Figure 4E). Similarly, APV significantly reduced the number of L-Glu responding neurons (Fisher’s exact test p = 0.02, Table 2), but not the amplitude of the L-Glu- evoked [Ca2+]i transients (% ΔFi/F0 control: 73 ± 8, n = 54 neurons; APV: 54 ± 11, n = 30 neurons; p = 0.2; Figure 4F).

TABLE 2. Number of responding neurons during time controls and in the presence antagonists.
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Inputs to myenteric ganglia were electrically stimulated to investigate the effects of APV on potential endogenous glutamate neurotransmission. APV (500 μM) did not affect 1 pulse- (% ΔFi/F0 control: 65 ± 17%, n = 27 neurons; % ΔFi/F0 APV: 72 ± 25%, n = 14 neurons; p = 0.8; Figure 4G) or 20 pulse-evoked (% ΔFi/F0 control: 104 ± 18, n = 41 neurons; % ΔFi/F0 APV: 114 ± 25%, n = 27 neurons; p = 0.8; Figure 4H) [Ca2+]i transients in L-Glu responding neurons. Further, APV did not affect the number of neurons that exhibited electrically evoked [Ca2+]i transients relative to time controls (Table 2).

We applied AMPA (50 and 100 μM) to some myenteric ganglia using concentrations effective in other studies (Parsons et al., 1994; Nissen et al., 1995), but it did not evoke reliable responses. Further, the AMPA receptor antagonist CNQX (20 μM) did not alter the number of neurons that exhibited L-Glu evoked [Ca2+]i transients relative to time controls (Table 2) or their amplitude (% ΔFi/F0 control: 69 ± 12, n = 25 neurons; CNQX: 87 ± 17, n = 38 neurons; p = 0.4). Thus, AMPA receptors were not investigated further.

Glutamatergic Synaptic Transmission Involves Group I mGlu Receptors in Myenteric Ganglia

Group I metabotropic glutamate receptors (mGluRs) are involved in enteric neurotransmission in guinea pig (Ren et al., 2000; Foong and Bornstein, 2009). We focused on neurons that expressed glutamate receptors by first identifying the neurons that responded to exogenous L-Glu (50 mM). However, it should be noted that L-Glu responsive neurons may include secondary neurons that do not express glutamate receptors themselves but receive synaptic input from other neurons that do. We examined whether the Group I mGluR antagonist PHCCC (30 μM) affects the L-Glu- and electrically evoked [Ca2+]i transients of these neurons to determine whether they express Group I mGluRs, and if the probable release of endogenous glutamate in response to electrical stimuli can activate these receptors.

PHCCC did not alter the proportion of GCaMP3+ cells that responded to L-Glu (Table 2) or the amplitude of L-Glu evoked [Ca2+]i transients (% ΔFi/F0 control: 59 ± 6, n = 75 neurons; % ΔFi/F0 PHCCC: 53 ± 8, n = 61 neurons; Figure 5A). PHCCC also did not affect the proportion of responsive GCaMP3+ cells (Table 2) or amplitude of [Ca2+]i transients evoked by 1 pulse stimulation (% ΔFi/F0 control: 68 ± 12%, n = 35 neurons; % ΔFi/F0 PHCCC: 63 ± 17%, n = 37 neurons; p = 0.828, Figure 5B). However, it significantly reduced the proportion of neurons that responded to 20 pulse stimulation (p = 0.04, Fisher’s exact test; Table 2) and the amplitude of the 20 pulse-evoked [Ca2+]i transients (% ΔFi/F0 control: 96 ± 10, n = 62 neurons; % ΔFi/F0 PHCCC: 58 ± 6, n = 50; p = 0.003, Figure 5C).
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FIGURE 5. Calbindin+ myenteric neurons receive vGluT2+ varicosities, and exhibit 20 pulse-evoked [Ca2+]i transients that are mediated by Group I mGluRs. Representative traces of [Ca2+]i transients evoked by L-Glu (50 mM) spritz (A), 1 pulse (B), and 20 pulse (C) electrical stimulation during time controls (1st stimulation: black trace; 2nd stimulation: gray trace) and PHCCC treatment (control: black trace; PHCCC: purple). Histograms showing pooled [Ca2+]i transient amplitudes from all neurons stimulated with L-Glu (A), 1 pulse (B), and 20 pulse (C) in time control (con) and in the presence of PHCCC. Changes in amplitude after application PHCCC are presented as a percentage of the first response in control saline (% ΔFi/F0). Numbers on bar graphs indicate the number of neurons examined. PHCCC significantly reduced the amplitude of 20 pulse-evoked [Ca2+]i transients in L-Glu responding neurons (∗∗p < 0.01; unpaired t-test). (D) Representative fluroescence micrographs of 1 pulse and 20 pulse electrical stimulation-evoked [Ca2+]i transients in myenteric neurons [GCaMP3 signal at rest (t = 0 s) and during 1 pulse and 20 pulse electrical stimulation stimuation (t = 3.5 s), respectively]. (E) Confocal micrograph of the imaged myenteric ganglion (in D) stained for calb. Some neurons calb+ neurons responded to 1 pulse (yellow open arrows in D), most calb+ neurons identified responded to 20 pulse stimulations (yellow filled arrows in D). Scale bars 50 μm. Enlarged confocal micrograph (F) and 3D rendered surfaces (G) of a section in (E), illustrate close contacts of vGluT2 varicosities (open arrowheads) onto two calb+ neurons (marked 1 and 2) that responded to 20 pulse stimulation. Scale bar 10 μm.



Post hoc immunohistochemistry was conducted to identify the neurochemistry of the responding neurons. Of the 49 neurons that exhibited 1 pulse-evoked [Ca2+]i transients, 24 (49%) were immunoreactive for calb+, while 39/73 (53%) of the neurons that exhibited 20 pulse-evoked [Ca2+]i transients were immunoreactive for calb. In a particular ganglion examined, 6 of the 17 neurons that responded to 20 pulse stimulation were calb+ and of these 5 had vGluT2+ varicosities contacting their somata (Figures 5D–G). Moreover, the 20 pulse responses in the calb+ neurons in this ganglion were depressed by the group I mGluR antagonist. Thus, calb+ myenteric neurons receive glutamatergic innervation and receive slow synaptic inputs mediated by endogenous release of glutamate activating group I mGluRs.

PHCCC was dissolved in DMSO, so vehicle control experiments were conducted to eliminate the possibility of DMSO effects on [Ca2+]i transients. DMSO did not affect the proportion of L-Glu responders (Fisher’s exact test p = 0.6, Table 2) or the amplitude of L-Glu-evoked [Ca2+]i transients (% ΔFi/F0 control: 94 ± 12%, n = 20 neurons; % ΔFi/F0; DMSO: 79 ± 7%, n = 35 neurons; p = 0.3). DMSO also did not affect the numbers of responsive neurons that responded to 1 pulse or 20 pulse stimulation (both p > 0.3 Fisher exact test, Table 2) or the amplitude of electrically evoked [Ca2+]i transients (% ΔFi/F0 1 pulse control: 158 ± 36%, n = 15 neurons; % ΔFi/F0 DMSO: 124 ± 35%, n = 20 neurons; p = 0.5; 20 pulse % ΔFi/F0 control: 104 ± 14%, n = 17 neurons; % ΔFi/F0 DMSO: 114 ± 17%, n = 30 neurons; p = 0.7).



DISCUSSION

How glutamate mediates synaptic transmission in the ENS has been difficult to decipher even though several studies implicate glutamate in the regulation of gastrointestinal function (Kirchgessner, 2001; Filpa et al., 2016). This may be due to its role as an auxiliary neurotransmitter compared to the dominant neurotransmitter acetylcholine, and to the vast diversity of glutamatergic receptors expressed in this system (Liu et al., 1997; Ren et al., 2000; Kirchgessner, 2001; Seifi and Swinny, 2016). Here, we provide several lines of evidence for glutamatergic excitation of a proportion of calb immunoreactive neurons via activation of Group I mGluRs. Firstly, we show that most vGluT2+ varicosities are non-cholinergic and many express synaptophysin. We also show that vGluT2+ varicosities preferentially surround calb+ neurons rather than nitrergic neurons. Likewise, we found that calb+ neurons are excited by glutamate receptors. Further, we showed that electrically evoked release of putative endogenous glutamate contributes to slow synaptic transmission in myenteric neurons, especially those immunoreactive for calb, via the activation of Group I mGluRs.

vGluT2+ Varicosities Are Often Non-cholinergic and Contain the Synaptic Vesicle Protein Synaptophysin

Although vGluT2 expression is observed in varicosities within the myenteric plexus of several rodent models, the neurochemistry of glutamate containing varicosities and their innervation patterns have not been examined in detail (Liu et al., 1997; Tong et al., 2001; Brumovsky et al., 2011; Seifi and Swinny, 2016). Our observation of vGluT2 expression in myenteric varicosities of mouse is consistent with previous studies (Tong et al., 2001; Brumovsky et al., 2011; Seifi and Swinny, 2016). Varicosities are putative neurotransmitter release sites in the enteric neural circuitry. Using advanced imaging and quantification methods adapted for enteric preparations, we found that most vGluT2+ varicosities (∼65%) are non-cholinergic as they lacked vAChT, confirming previous qualitative descriptions (Tong et al., 2001; Seifi and Swinny, 2016). We found that only a small proportion of few vGluT2+ varicosities contain vAChT. These varicosities are likely to originate from intrinsic glutamatergic enteric neurons or from dorsal root ganglion neurons (Liu et al., 1997; Tong et al., 2001). The non-cholinergic vGluT2+ varicosities may also originate from extrinsic neurons, as previous studies have reported the expression of vGluT2+ neurons in the nodose and dorsal root ganglia, which innervate the mouse stomach (Tong et al., 2001). In addition, we found that most vGluT2+ varicosities (60%) co-express the synaptic vesicle protein synaptophysin, a protein involved in exo- and endocytosis of synaptic vesicles in the CNS (Edelmann et al., 1995;Takamori et al., 2006; Kwon and Chapman, 2011). Thus, potential glutamate release sites are present within the myenteric plexus, and synaptophysin, a major constituent of glutamatergic synaptic vesicles in the CNS (Takamori et al., 2006), is most likely involved in regulating glutamate release in the ENS. However, given that some vGluT2+ varicosities lack synaptophysin, other families of synaptic vesicles are probably involved in endo- and exocytosis of glutamate within the ENS.

Glutamate Excites Calb+ Myenteric Neurons by Activating Glutamate Receptors Including NMDA and Group I mGluRs

Exogenous application of L-Glu evoked [Ca2+]i transients in some myenteric neurons, these neurons were largely distinct from those that responded to the other prominent CNS neurotransmitter, GABA. Most L-Glu responders were calb+, some of which co-express calr, but fewer L-Glu responders were nNOS+, indicating that functional glutamatergic receptors are predominantly localized to calb+ myenteric neurons. These findings align with our anatomical observations that all calb+ neurons examined received vGlu2+ varicosities and are contacted by substantially more vGluT2+ varicosities than nNOS+ neurons. L-Glu responding calb+ neurons exhibit either Dogiel types I and II morphology. In combination with our finding that all Dogiel type I calb+ neurons examined receive vGluT2 innervation, we provide strong evidence that glutamate excites calb+ interneurons. Though under-represented, our data also suggests that Dogiel type II, calb+ neurons which are typical intrinsic sensory neurons also receive functional glutamatergic inputs. Moreover, the L-Glu responsive neurons that co-express calb and calr are probably either intrinsic sensory and interneurons, as calb+ varicosities do not innervate the smooth muscle layers (Sang and Young, 1998). Most calr+ only and nNOS+ neurons were unresponsive to L-Glu, suggesting that glutamate does not influence the excitation of motor neurons, interneurons and some intrinsic sensory neurons identified by these markers. Therefore, these observations indicate that glutamate is likely to play a significant role in modulating the activity of neural pathways involving calb+ interneurons and intrinsic sensory neurons.

Thus far, electrophysiological studies have resulted in conflicting findings in relation to the involvement of NMDA receptors in mediating glutamate-evoked depolarizations within the ENS (Liu et al., 1997; Ren et al., 2000). Liu et al. (1997) observed that the NMDA receptor antagonist AP5 inhibited glutamate-elicited slow depolarizations in enteric neurons. However, Ren et al. (2000) reported that glutamate induced excitation was unaffected by the NMDA receptor antagonists MK-801 and D-APV. In this study, we found that the amplitudes of NMDA- and L-Glu-evoked [Ca2+]i transients were unaffected by APV, but that APV reduced the number of neurons that respond to NMDA and L-Glu.

Although our findings align with previous reports that identify expression of NMDA receptors in enteric neurons (Broussard et al., 1994; Burns et al., 1994; Liu et al., 1997; McRoberts et al., 2001; Del Valle-Pinero et al., 2007), the lack of effect of NMDA receptor blockade could be due to the presence of other glutamate receptors such as Kainate receptors, which have also been shown to be expressed on myenteric neurons (Carpanese et al., 2014). Likewise, [Ca2+]i transients are dominated by Ca2+ entry due to action potentials (Vanden Berghe et al., 2000), therefore it is likely that the amount of Ca2+ into these neurons was insufficient to evoke depolarizations. It is also possible that the lack of response observed in some neurons during NMDA blockade could be due to the high-density of NMDA receptors on those particular neurons. Indicating potential heterogeneity in the expression of NMDA receptors on myenteric neurons. Therefore, further clarification into the expression of NMDA receptor subunits within the myenteric plexus is required. Additionally, it should be noted that the concentration (100 mM) of NMDA in the spritz pipette required to evoke [Ca2+]i transients in this study is higher than the concentration (10 mM) used in a previous study which examined membrane potentials of neurons with intracellular recording (Liu et al., 1997), thus, we cannot exclude the possibility of potential non-specific effects of the agonist in this study.

Calb+ Myenteric Neurons Receive Slow Synaptic Transmission Mediated by Group I mGluRs

Activation of NMDA, AMPA, and Group I mGlu receptors depolarizes enteric neurons in guinea pig tissues (Liu et al., 1997; Liu and Kirchgessner, 2000; Ren et al., 2000; Foong and Bornstein, 2009), but the precise involvement of these receptors in synaptic transmission is unclear. We used a single pulse and a train of electrical pulses as stimuli, which evoke fast, and fast-slow EPSPs in mouse myenteric neurons (Shuttleworth and Smith, 1999; Nurgali et al., 2004; Gwynne and Bornstein, 2007; Foong et al., 2012, 2015; Koussoulas et al., 2018) to ascertain the effects of potential endogenous glutamate release on L-Glu–responsive neurons. The amplitudes of both electrically evoked [Ca2+]i transients, and the number of neurons responding to electrical stimuli were unaffected by the competitive NMDA receptor antagonist, APV. Thus, NMDA receptors are unlikely to mediate fast and slow EPSPs in mouse myenteric neurons, as previously reported for guinea pig (Liu et al., 1997; Ren et al., 2000). Nevertheless, Liu et al. (1997) found that APV reduced the amplitude of glutamate-evoked slow depolarizations in guinea pig enteric neurons but suggested that these slow responses are unlikely to represent slow EPSPs and that NMDA receptors play a modulatory role in the enteric neural circuitry. NMDA receptors are non-specific cation channels (Hansen et al., 2018), and increase underlying membrane conductance, but slow EPSPs in the ENS are associated with decreases in membrane conductance (Gwynne and Bornstein, 2007). Indeed activation of NMDA receptors would produce [Ca2+]i transients in the absence of action potentials. Thus, even a subthreshold NMDA response might mimic an action potential driven [Ca2+]i transient. The antagonist used in this study acts on all four GluN2 subunits of the NMDA receptor, so the lack of effect observed in this study is unlikely due to antagonist specificity and efficiency issues (Ogden and Traynelis, 2011). However, the involvement of NMDA receptors in mediating synaptic transmission within the ENS cannot yet be ruled out.

Despite considerable evidence for the expression of AMPA receptor subunits in rodents (Liu et al., 1997; Seifi and Swinny, 2016), we did not find robust effect of exogenous AMPA on myenteric neurons, or any effect of AMPA blockade on L-Glu evoked responses. However, the role of AMPA receptors in the ENS warrants future investigation.

The Group I mGluR antagonist (PHCCC), which targets both mGlu1 and mGlu5 receptor subtypes, did not alter [Ca2+]i transients or the number of neurons responsive to exogenous L-Glu. It could be that the effect of exogenous glutamate is dominated by receptors other than group I mGluRs, and hence the antagonist was ineffective. However, 20 pulse train-evoked [Ca2+]i transients were significantly reduced by PHCCC. This indicates that endogenous release of glutamate activates Group I mGluRs to regulate slow synaptic potentials. Moreover, it is likely that glutamate mediates slow transmission to calb+ myenteric neurons, as calb+ neurons receive substantial numbers of vGluT2+ varicosities and constitute the majority of L-Glu and 20 pulse responsive neurons. These observations are consistent with several electrophysiological studies that implicate Group I mGluRs in slow excitatory synaptic events in enteric neural circuitry (Liu and Kirchgessner, 2000; Ren et al., 2000; Foong and Bornstein, 2009). This suggests a role for both glutamate in mediating transmission within enteric circuits and for Group I mGluRs in the regulation of gastrointestinal function.



CONCLUSION

We used anatomical and functional assays to demonstrate that glutamate excites calb+ neurons via the activation of Group I mGluRs. Further investigation of the group I mGluR subtypes involved could be fruitful in identifying the mechanism behind glutamatergic action on calb+ neurons, and the reflex circuitry underlying colonic motility.
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Previous research has reported that different coping types (active or passive) are required depending on the stress-inducing task. The aim of this study was to examine the autonomic nervous response during speech tasks that require active coping, by using Lorenz plot analysis. Thirty-one university students participated in this study (M = 21.03 years, SD = 2.27). This study included 3 phases: (1) resting phase, (2) silent reading phase, and (3) reading aloud phase. Autonomic nervous system responses were recorded in each phase. We asked participants to evaluate their subjective states (arousal, valence, and mood) after the silent reading phase and the reading aloud phase. We observed that the cardiac sympathetic index (CSI) for the sympathetic nervous response was significantly higher during the reading aloud phase than during the silent reading phase. In contrast, the cardiac vagal index (CVI) for the parasympathetic nervous response was significantly higher during the reading aloud phase than during the resting phase. There were no significant differences between the resting phase and the silent reading phase in both cardiac sympathetic and CVIs. We also observed that the degree of arousal was significantly higher after the reading aloud phase than after the silent reading phase. Our findings indicate that the psychological load during silent reading is ineffective for activating the sympathetic nervous system. The sympathetic nervous response was activated in the reading aloud phase. Also, the parasympathetic nervous response in the reading aloud phase was activated compared with the resting phase. Reading aloud is necessary to adequately activate the parasympathetic nervous system by requiring participants to respire (i.e., expiration) more than during resting and silent reading tasks. The increase in the CVI likely stems from activating the parasympathetic nervous system during expiration. Although the speech task required participants to perform active coping, it was designed to activate both the sympathetic and parasympathetic nervous systems during expiration.
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INTRODUCTION

Both time-domain analysis and frequency-domain analysis are used as methods of analyzing autonomic nervous response. Billeci et al. (2018) and Dodo and Hashimoto (2015) recently used both methods of analysis. Frequency-domain analysis (spectral analysis) of short (≤5 min) interbeat interval (IBIs, or R–R intervals) time series typically yields 3 peaks: 0–0.04 Hz, very low frequency (VLF); 0.04–0.15 Hz, low frequency (LF); and 0.15–0.40 Hz, high frequency (HF). The HF component represents parasympathetic nervous system activity and is strongly influenced by respiratory sinus arrhythmia. VLF and LF are used as indicators of sympathetic nervous system activity. However, as noted by Sawada (1999) and Lahiri et al. (2008), the LF and VLF components are affected by both sympathetic and parasympathetic nervous system activities. Therefore, it is difficult to use spectrum analysis to independently measure sympathetic nervous system activity. Lorenz plot analysis is a type of time-domain analysis. Notably, Lorenz plot analysis allows parasympathetic and sympathetic nervous system activities to be measured separately (Toichi et al., 1997). Lorentz plot analysis uses the cardiac sympathetic index (CSI) as an indicator of sympathetic nervous system activity; it uses the cardiac vagal index (CVI) as an indicator of parasympathetic nervous system activity. Dodo and Hashimoto (2015) found that time-domain analysis (Lorenz plot analysis) is a useful method for examining autonomic nervous system activity during a cold presser test (CPT), whereas frequency-domain analysis (spectral analysis) of heart rate variability (HRV) is not.

Obrist (1981) suggested that different coping types (active or passive) are required depending on the stress-inducing task. With active coping, sympathetic nervous system activity increases and parasympathetic nervous system activity decreases from baseline. During passive coping, sympathetic nervous system activity decreases and parasympathetic nervous system increases from baseline. Allen et al. (2007) reported results of a mental arithmetic task that requires active coping using Lorenz plot analysis. In the mental arithmetic task, the CSI increased and the CVI did not change, compared to baseline. Dodo and Hashimoto (2015, 2017) conducted CPT studies that required passive coping. In CPT, the CSI did not change and the CVI increased, compared to baseline. Indexes activated during tasks that required active or passive coping were consistent with those identified by Obrist; active coping activated CSI, whereas passive coping activated CVI.

Other tasks that require active coping include speech and mental arithmetic tasks. Most studies of HRV during speech tasks use frequency-domain analysis (spectral analysis; for review, see Bernardi et al., 2001). However, respiratory patterns change with utterance during speech. When analyzing HRV using spectral analysis, Sawada (1999) noted that, with changes in respiratory patterns, the values of both HF and LF components increase. Beda et al. (2007) compared tasks with and without utterance. They suggested that the use of spectral analysis to assess autonomic function during tasks with utterance was problematic.

Therefore, our study aimed to use Lorentz plot analysis (i.e., independent analysis of the sympathetic and parasympathetic nervous systems) to examine influence on the autonomic nervous system during tasks with utterance.



MATERIALS AND METHODS

Participants

We selected 40 university students to participate in this study. For participating in the experiment, we paid approximately 9 US dollars (1,000 Japanese yen) to each participant, and we provided all students with written informed consent forms before participation. We asked them to refrain from eating or drinking anything other than water for at least 2 h before arriving at the laboratory. We excluded four volunteers because they were smokers or were taking medications. Because smoking and medications affect the autonomic nervous system, these were not permitted. We also excluded five volunteers due to electrocardiogram (ECG) artifacts. Thus, we included 31 participants (10 male and 21 female; age range: 19–29 years; mean age: 21.03 years; SD age: 2.17).

Procedure

Stimuli

We prepared several stories that cited the famous classical essay “Tsurezuregusa” (“Essays in Idleness”) by Yoshida Kenkō (1330–1332). Words and expressions used in classical literature are rarely used in modern literature. Therefore, participants could not easily read the stories, as they were difficult to comprehend. We selected four of the less familiar stories from the essay. We divided each story into 12 texts. We presented the 12 texts on a display at a constant pace. Each text was presented every 13 s. The intertext interval was 2 s.

Experiment

The study was composed of three phases: (1) resting phase (R phase), (2) silent reading phase (SR phase), and (3) reading aloud phase (RA phase). Each phase lasted 3 min. Participants were seated and maintained their posture throughout the experiment. In the R phase, they watched a silent movie. In the SR phase, they were shown text on the display and read it in silence. During the RA phase, we asked them to read the text presented on the screen with clear enunciation. Based on the findings of Piferi et al. (2000), we streamed a monochrome silent movie in the R phase. The content of the movie was summer flower scenery that did not change the psychological state of participants. We gave the following instructions to participants prior to the movie: “Please sit back in the chair. Please watch the movie in a relaxed posture without moving.”

To prevent the autonomic nervous system from being affected by the content of the presented story, we randomly showed one of the four stories in each phase. We monitored participants’ faces using a video camera placed in front of them and observed their commitment to the task. Furthermore, we recorded any comments they made with their consent.

We asked participants to evaluate their subjective states (degrees of arousal and valence) and mood after the silent reading and reading aloud phases. After the RA phase, all participants evaluated their performance on the reading aloud task (self-evaluation).

Psychological Estimation

Subjective state

We queried participants’ degree of arousal and valence according to the dimensions of affect proposed by Russell et al. (1989). We asked participants to assess their subjective states (degrees of arousal and valence), using a seven-point Likert scale. For the degree of arousal, the median score (4) was neutral. The highest score represented low arousal (7), while the lowest score denoted high arousal (1). Regarding valence, the highest score denoted more positive affect (7), the lowest score denoted more negative affect (1), and the scale midpoint (4) represented neutral affect.

Mood

We asked participants to judge their subjective moods (happy, melancholy, feeling pleasure, sad, lonely, or satisfied) using a seven-point Likert scale (Sakaki, 2006). Each descriptor was scored from 1 (not applicable) to 7 (perfectly applicable). We applied reverse scoring for three descriptors (melancholy, sad, and lonely). We recorded the total score of the six descriptors as the mood score.

Self-evaluation

We directed participants to rate their performance (fluency) on the reading aloud task, using a seven-point Likert scale that ranged from poor (1) to excellent (7), while the midpoint (4) denoted average performance.

Autonomic Nervous Response

We recorded heart rate in all three phases. To assess HRV, we administered an ECG with three Ag–AgCl disposable electrodes (PSC-SC43m, Senstec Co., Ltd., Tokyo, Japan) arranged in a similar manner to that of a lead II configuration (i.e., two electrodes on the breastbone and one on the left lower abdomen). We digitized the ECG data using a 12 bit A/D converter at a sampling rate of 1 kHz (MaP222A, NIHONSANTEKU Co., Ltd., Osaka, Japan) and recorded data to a notebook computer (T60, IBM Japan, Ltd., Tokyo, Japan).

We evaluated HRV using Lorenz plot analysis (MaP1060, NIHONSANTEKU Co., Ltd., Osaka, Japan). We observed fluctuations of the IBI and transformed them into an ellipsoid distribution using the Lorenz plot. Following Toichi et al. (1997), a program (MaP1060) calculated the length of the longitudinal (L) and transverse (T) axes within the ellipsoid distribution. The CVI was calculated as a log10 (L × T) transformation, and the CSI was calculated as L/T (Toichi et al., 1997).

Statistical Analyses

The data were analyzed using IBM SPSS, Version 25. The Shapiro–Wilk test was applied to evaluate whether the variables considered were normally distributed. If the data had normal distribution, we performed a paired t-test for psychological measures or a one-way repeated-measure analysis of variance (ANOVA) for autonomic nervous response with phases. If the data had a non-normal distribution, we performed the Wilcoxon signed-rank test for psychological measures or the Friedman test for autonomic nervous response among phases. We carried out post hoc analyses with Bonferroni correction.



RESULTS

The Shapiro–Wilk test was applied to evaluate whether the variables considered were normally distributed. The data were analyzed using IBM SPSS, Version 25.

Psychological Measures

Subjective State

According to the results of the Shapiro–Wilk test, state had a non-normal distribution in the R, SR, and RA phases. Thus, we used the Wilcoxon signed-rank test for comparison of subjective state. Arousal scores were significantly higher after the SR phase (M = 4.26, SD = 1.26) than after the RA phase (M = 3.03, SD = 1.17) (p < 0.05). This result means that the degree of arousal was higher after the RA phase. Valence scores were not significantly different after the SR phase (M = 4.48, SD = 0.89), relative to those of the RA phase (M = 4.23, SD = 0.99; Table 1).

TABLE 1. Psychological estimation.
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Mood

According to the results of the Shapiro–Wilk test, mood had a non-normal distribution in the R, SR, and RA phases. Thus, we used the Wilcoxon signed-rank test for comparison of mood; notably, it did not significantly differ between the SR phase (M = 27.74, SD = 4.88) and the RA phase (Table 1).

Self-Evaluation

The mean self-evaluation score was 3.26 (SD = 1.41).

Autonomic Nervous Response

According to the results of the Shapiro–Wilk test, CSI and CVI had normal distributions in the R, SR, and RA phases. Thus, we conducted a one-way repeated-measures ANOVA of CSI and CVI values with phase (resting, silent reading, and reading aloud) as the factor. We observed a significant main effect of the phase on CSI [F(2, 60) = 3.95, p < 0.05, [image: image] = 0.12]. CSI values during the R phase (M = 2.96, SD = 0.91) were significantly lower than in the RA phase (M = 3.33, SD = 0.95; d = 0.40; Figure 1). We observed a significant main effect of phase on CVI [F(2, 60) = 7.40, p < 0.05, [image: image] = 0.20]. CVI values in the R phase (M = 4.35, SD = 0.33) and the SR phase (M = 4.29, SD = 0.36) were significantly lower than those in the RA phase (M = 4.44, SD = 0.26; R versus RA: d = 0.30, SR versus RA: d = 0.48; Figure 2).
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FIGURE 1. Cardiac sympathetic index (CSI) changes during the resting, silent reading, and reading aloud phases. Values are expressed as means and SDs. ∗p < 0.05.
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FIGURE 2. Cardiac vagal index (CVI) changes during the resting, silent reading, and reading aloud phases. Values are expressed as means and SDs. ∗p < 0.05.





DISCUSSION

We observed that the degree of arousal was significantly higher after the RA phase than after the SR phase. Moreover, the sympathetic nervous response was significantly higher during the RA phase than during the SR phase, and the parasympathetic nervous response was significantly higher during the RA phase than during the R phase.

Psychological Response

The degree of arousal was greater after the RA phase than after the SR phase. However, there was no difference in valence after the SR phase, nor after the RA phase. In contrast, because there is no significant difference between valence and moods, the emotional influence on the autonomic nervous system caused by the tasks is considered equivalent for the silent reading and reading aloud conditions. The self-evaluation scores were slightly lower than the midpoint (“average”) of the seven-category scale. Thus, participants evaluated their reading quality as below average. This signifies that the chosen text was challenging. According to the results of the psychological ratings, reading aloud produces greater psychological loading.

Autonomic Nervous System

There was no significant difference between CSI values, which is an index sympathetic nervous system activity, during the resting and silent reading phases. However, it was found that CSI values significantly increase during the RA phase rather than in the SR phase. The CSI findings during the RA phase are consistent with an increase in the sympathetic nervous system due to tasks requiring active coping, as noted by Obrist (1981). The CSI did not increase more in the SR phase than during the R phase; this finding suggests that psychological loading in the SR phase is ineffective as an active coping task.

Obrist (1981) indicated that the parasympathetic nervous system activity decreases below baseline during tasks that require active coping. However, our data show that the CVI, a measure of the parasympathetic nervous system, rises significantly more during the RA phase than in the R phase. The reading aloud task requires vocalization and causes participants to respire (expirate) more than in the resting and silent reading tasks. Increases in the CVI are considered to result from activating the parasympathetic nervous system by said expiration. Although the speech task required participants to perform active coping, it also activated both the sympathetic and parasympathetic nervous systems during expiration.

Allen et al. (2007) utilized Lorenz plot analysis with a mental arithmetic task that required active coping; they found that the CSI increased during the arithmetic task, which was consistent with our findings in CSI during the RA phase. We speculate that the increase in CSI (i.e., the sympathetic nervous system index) arose from active engagement in the task among participants. Allen et al. (2007) also reported that the CVI did not change during the mental arithmetic task. However, we found that the CVI increased during the RA phase. In the RA phase, respiratory pattern changed with utterance, but not with the mental arithmetic task. The difference in respiratory pattern may have led to the difference in CVI between RA and mental arithmetic tasks. We considered that the increase in CVI (i.e., the parasympathetic nervous system index) during the RA phase resulted from changes in respiratory pattern during speech.

Limitations

The main purpose of this study was to examine influence on the autonomic nervous system during a reading task with utterance. However, we did not confirm if the participants were reading with effort or not reading at all during the SR phase. For example, a memory task is a method for confirming the engagement of the participants in reading. Adding a memory task to the reading tasks would change this to a dual task, which is a higher psychological load. Thus, we would not be able to clearly discern the effect of utterance alone. In the present study, we did not add a memory task during silent reading or reading aloud. We monitored participants’ faces using a video camera placed in front of them; thus, we observed their commitment to the task. No participants closed their eyes except to blink during the SR phase.

We did not perform the SR and RA phases in random order. The outcome of the RA phase may have been contaminated by habituation. However, arousal during the RA phase was significantly higher than in the SR phase. This suggests that habituation to the reading task did not affect the outcomes of the RA phase.



CONCLUSION

For speech tasks requiring active coping, we separately analyzed sympathetic and parasympathetic nervous system activity, using Lorenz plot analysis. Our results suggest that each effect on the autonomic nervous system is evoked by two different behaviors: one behavior was the action of reading aloud, which required active coping and led to the activation of the sympathetic nerve system. The other behavior was the action of speech with utterance; respiratory pattern changed during speech, and this change led to the activation of the parasympathetic nervous system. When evaluating the activity of the autonomic nervous system in tasks associated with utterance, Lorenz plot analysis is recommended.
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Background: Variability in the glycated hemoglobin (HbA1c) level is associated with a higher risk of microvascular complications in patients with type 2 diabetes. We tested the hypothesis that HbA1c variability is not only strongly associated with the presence but also the degree of severity of cardiovascular autonomic neuropathy (CAN) in patients with long diabetes durations (more than 10 years).

Methods: For each patient, the intrapersonal mean, standard deviation (SD), and coefficient of variation (CV) for HbA1c were calculated using all measurements obtained 3 years before the study. We constructed the composite autonomic scoring scale (CASS) as a measure of the severity of cardiovascular autonomic functions. Stepwise logistic regression and linear regression analyses were performed to evaluate the presence of CAN and the influence of independent variables on the mean CASS, respectively.

Results: Those with CAN had a higher mean age, a higher low-density lipoprotein cholesterol (LDL-C), HbA1c-SD, HbA1c-CV, mean HbA1c, and index HbA1c, higher prevalence of retinopathy as the underlying disease, and lower high-density lipoprotein (HDL) levels. Stepwise logistic regression showed that HbA1c-SD and retinopathy were risk factors that were independently associated with the presence of CAN. Mean HbA1c, HbA1c-CV, HbA1c-SD, and index HbA1c were positively correlated with mean CASS, and a multiple linear regression analysis revealed that HbA1c-SD was independently associated with the mean CASS.

Conclusion: HbA1c variability is strongly associated with not only the presence but also the degree of severity of CAN. A longitudinal study is required to confirm whether controlling blood glucose level is effective in reducing CAN progression.

Keywords: cardiovascular autonomic neuropathy, composite autonomic scoring scale, HbA1c variability, long diabetes duration, type 2 diabetes


BACKGROUND

Diabetic cardiovascular autonomic neuropathy (CAN) is common but is one of the most overlooked complications of diabetes (Ewing et al., 1980). Autonomic nervous systems, including parasympathetic and sympathetic nervous systems, innervate various organ systems and modulate their function. CAN indicates a length-dependent pattern of the disease (Papanas and Ziegler, 2015). The vagus nerve, responsible for approximately 75% of the parasympathetic activity in humans, can be damaged in the early phase of CAN (Ewing et al., 1985), resulting in decreased parasympathetic activity and contributing to sympathetic predominance. As the disease progresses, sympathetic denervation occurs in the late stage of CAN. Therefore, it has a wide spectrum of clinical presentation.

There is a wide variation in the prevalence of CAN, depending on the definition and criteria used for diagnosis. Estimating the severity of CAN is also a formidable challenge for clinicians. Although there are no uniform criteria for diagnosing or staging CAN (Tesfaye et al., 2010; Rolim et al., 2013), the recent Toronto Consensus recommends the use of four cardiovascular reflex tests [deep breathing, Valsalva maneuver (VM), orthostatic (30:15) and orthostatic hypotension] and frequency-domain tests as the most sensitive and specific method of assessing the presence of CAN in patients with diabetes (Spallone et al., 2011). Further, Phillip Low constructed the composite autonomic scoring scales (CASS) for laboratory quantification of generalized autonomic failure (Low, 1993) and the CASS have been proven useful for estimating the severity of CAN (Huang et al., 2016).

There are several well-known risk factors associated with CAN development, including age, diabetes duration, glycemic control, hypertension, and dyslipidemia, body mass index (BMI), and development of other microvascular complications (e.g., retinopathy, proteinuria) (Dafaalla et al., 2016). Glycemic variability (GV) is a term used to describe the impairment of glycemic control. Multiple measures of GV have been suggested as potential predictors for CAN, and long-term GV assessment using HbA1c variability is significantly associated with the presence of CAN (Fleischer, 2012; Jun et al., 2015; Yang et al., 2018).

Cardiovascular autonomic neuropathy has a strong influence on various cardiovascular diseases and leads to severe morbidity and mortality in patients with diabetes (Vinik et al., 2003; Vinik and Ziegler, 2007). To date, there is paucity of information on the estimation of the overall severity of CAN using the CASS and its relationship between chronic glycemic impairment and different cardio-metabolic parameters in patients with long-duration type 2 diabetes. Scientists have been exploring the role of chronic GV in the subsequent severity of CAN and developing therapeutic strategies that may be beneficial in patients with diabetes. Therefore, potential risk factors need to be delineated to determine patients who are most appropriate for aggressive treatment. In this study, we tested the hypothesis that chronic GV is not only a risk factor for the presence of CAN but is also associated with the severity of CAN in patients with type 2 diabetes. The successful translation of these approaches offers the promise of reducing microvascular complications and improving the quality of life of patients with type 2 diabetes.



PATIENTS AND METHODS

Patients

A total of 238 patients (≥20 years old) with type 2 diabetes who visited the outpatient diabetic clinic at Kaohsiung Chang Gung Memorial Hospital in Taiwan were identified from our previous cross-sectional prospective study (IRB 96-1361B, 99-2276C) (Huang et al., 2016). The exclusion criteria included (1) number of HbA1c measurements less than four, (2) diabetes duration less than 10 years; (3) moderate-to-severe heart failure [New York Heart Association (NYHA) class III and IV]; and (4) any type of arrhythmia that prevents the analysis of heart rate variability, or pacemaker implantation due to any cause. Thus, only 110 participants were enrolled in the study (Figure 1). The study was approved by the Ethics Committee of Chang Gung Memorial Hospital Institutional Review Board (201701243B0 and 201800388B0C501).
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FIGURE 1. Enrollment of patients.



Baseline Clinical and Laboratory Measurements

All patients underwent complete neurological and physical examinations upon enrollment and at their subsequent follow-ups at the outpatient clinic. A detailed medical history regarding prior use of medications was obtained from the patients and their families through standardized questions. Demographic data, including age, sex, duration of diabetes (years), BMI, systolic, and diastolic blood pressure (BP) during autonomic function testing, underlying diseases [hypertension, coronary artery disease (CAD), ischemic stroke, and diabetic retinopathy (DR)], and laboratory parameters were obtained at baseline.

Assessment of Glycemic Variability

For each patient, the intrapersonal mean, SD, and coefficient of variation [CV = HbA1c-SD/(0.1 × mean HbA1c)] of HbA1c was calculated using all measurements obtained 3 years before the study. The HbA1c-SD was considered a measure of GV and the CV, a normalized measure of GV. Because the number of individual visits could influence the HbA1c-SD (with fewer visits likely to artificially inflate SD), we defined the adjusted SD of HbA1c as the SD of HbA1c divided by [n/(n-1)]0.5 (where n is the number of HbA1c measurements), to minimize any effect of different values of HbA1c on the ones calculated (Kilpatrick et al., 2008). Our study was repeated using adjusted HbA1c-SD instead of HbA1c-SD.

Assessment and Scoring of Cardiovascular Autonomic Functions

All subjects underwent a standardized evaluation of the cardiovascular autonomic function, as described by Low (2003). The test battery consisted of the heart rate response to deep breathing (HR_DB), Valsalva ratio (VR), and baroreflex sensitivity (BRS). The heart rate was derived using a continuously recorded standard three-lead electrocardiography (Model 3000; Ivy Biomedical, Branford, CT, United States). Arterial BP was continuously measured at the finger, using beat-to-beat photoplethysmographic recordings (Finameter Pro; Ohmeda, Englewood, OH, United States). The tests were done between 9:00 am to noon for all patients. No coffee, food, alcohol, or nicotine was permitted 4 h before the tests. Patients on medications known to cause orthostatic hypotension or otherwise affecting autonomic testing were asked to stop taking the drug for five half-lives, provided that it was not harmful to the patient’s well-being. For patients on β-blockers for BP control, the drug was omitted on the day of the study and resumed after the test. The detailed computing of HR_DB and VR were as described by Low (2003). To quantify BRS, a linear regression analysis was performed between systolic BP and RR interval (RRI) changes during the early phase II of VM. In this phase, there was a progressive decrease in systolic BP due to reduced preload (venous return) and stroke volume with associated tachycardia (gradual shortening of RRI).

To improve the assessment of laboratory grading of CAN, we constructed a CASS for laboratory quantification of CAN according to our previous diabetic study (Huang et al., 2016). The severity of CAN was assessed using the cardiovagal and adrenergic sub-scores of the CASS. In this study, the scale was modified in the adrenergic sub-score since the 5-min head-up tilt test (HUTT) was not done in the current study. Thus, the CASS version used here allotted 3 points instead of 4 for the adrenergic domain. Further, patients with a CASS score ≥2 were defined as having CAN (Huang et al., 2016).

Statistical Analysis

Data are expressed as means ± standard derivations (SDs) or medians (interquartile ranges). Categorical variables were compared using Chi-square or Fisher’s exact tests. Continuous variables that were not normally distributed in the Kolmogorov–Smirnov test were logarithmically transformed to improve normality and compared. Four separate statistical analyses were performed. Firstly, patients were stratified into two groups according to the presence or absence of CAN. One-way analysis of covariance (ANCOVA) was used to compare parameters of cardiovascular autonomic study with age as the added covariate. Secondly, the risk factors for the presence of CAN including sex and baseline characteristics, underlying diseases, and parameters of laboratory testing were analyzed using stepwise logistic regression. Thirdly, correlation analysis was used to evaluate the relationship between the CASS and variables that included age, diabetes duration, BMI, waist circumference, systolic and diastolic BP, and peripheral blood studies for vascular risks. Fourthly, stepwise models of multiple linear regression analysis were used to evaluate the influence of independent variables on the mean CASS. All statistical analyses were conducted using the SAS software package, version 9.1 (2002, SAS Statistical Institute, Cary, North Carolina).



RESULTS

General Characteristics of the Patients With Diabetes

The 110 patients with diabetes included 45 women and 65 men. Patient characteristics, baseline underlying diseases and laboratory data at assessment are presented in Table 1, stratified into two groups according to the presence or absence of CAN. Those with CAN had higher mean age (P = 0.002), higher low-density lipoprotein cholesterol (LDL-C), HbA1c-SD, HbA1c-CV, mean HbA1c and index HbA1c (P = 0.04, P = 0.003, P = 0.009, P = 0.009, and P = 0.01, respectively), higher prevalence of retinopathy as the underlying disease (P < 0.0001) and lower high-density lipoprotein (HDL) levels (P = 0.02). Significant variables used in the stepwise logistic regression model included mean age, baseline LDL-C, HbA1c-SD, CV HbA1c, mean HbA1c, index HbA1c, and HDL level and the presence of retinopathy as the underlying disease. After analysis of all the aforementioned variables, only HbA1c-SD (P = 0.007, OR = 10.1, 95% CI = 1.90–54.4) and presence of retinopathy (P < 0.0001, OR = 731.1, 95% CI = 67.9–7869.3) were independently associated with the presence of CAN.

TABLE 1. Baseline characteristics of patients with Type 2 diabetes.
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Parameters of Cardiovascular Autonomic Study Between Patients With or Without CAN

Cardiovascular autonomic study in patients with type 2 diabetes stratified into two groups according to the presence or absence of CAN is presented in Table 2. The parameters of cardiovascular autonomic study were compared by ANCOVA after controlling for age. Those with CAN had higher CASS (P < 0.0001) and lower HR_DB (P < 0.0001), VR P < 0.0001, and BRS P < 0.0001.

TABLE 2. Baseline cardiovascular autonomic study with Type 2 diabetes.
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Effect of Glycemic Variability and Other Vascular Risk Factors on Composite Autonomic Scoring

Correlation analysis parameters used to test the influence of GV and other vascular risk factors on CASS are listed in Table 3. The significant statistical results (correlation coefficient, P-value) were as follows: mean HbA1c (%) (r = 0.220, P = 0.028), HbA1c-CV (r = 0.197, P = 0.05), HbA1c-SD (r = 0.232, P = 0.02), index HbA1c (%) (r = 0.207, P = 0.039). All the correlation coefficients in mean HbA1c (%), HbA1c-CV, HbA1c-SD, and index HbA1c (%) indicate a weak positive linear relationship (r < 0.4).

TABLE 3. Correlation analysis of composite autonomic scoring scale in patients with type 2 diabetes.
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Clinical Factors Are Significantly Associated With Composite Autonomic Scoring

Effects of the variables on the CASS in patients with type 2 diabetes according to correlation analysis are listed in Table 4. Statistical analysis was subsequently carried out to decipher the relationship between the augmented CASS in patients with diabetes and GV. Based on correlation analysis, our results revealed that mean HbA1c, HbA1c-SD, and index HbA1c were significantly correlated with CASS (Table 3). We further employed multiple linear regression analysis on the aforementioned variables to identify the crucial determinant that underlies the augmented CASS in patients with diabetes. Results from the model analysis (Table 4) revealed that only HbA1c-SD were significantly associated with the CASS.

TABLE 4. Effects of the variables on composite autonomic scoring scale in patients with type 2 diabetes according to correlation analysis.
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DISCUSSION

Major Findings of Our Study

To our knowledge, this is the first study to confirm the hypothesis that HbA1c variability is not only strongly associated with the presence but also the degree of severity of CAN, in patients with long-duration type 2 diabetes. We examined the role of HbA1c variability on the presence and severity of CAN to obtain three major findings.

First, those with CAN had higher mean age, higher LDL-C, HbA1c-SD, HbA1c-CV, mean HbA1c, and index HbA1c, higher prevalence of retinopathy as the underlying disease, and lower HDL levels. Second, HbA1c-SD and the presence of retinopathy were independently associated with the presence of CAN. Finally, although mean HbA1c (%), HbA1c-CV, HbA1c-SD, and index HbA1c were positively correlated with the CASS score in correlation analysis, the correlation coefficient indicates a weak positive linear relationship (r < 0.4). Multiple linear regression analysis revealed that HbA1c-SD was independently associated with the mean CASS.

The Role of Persistent Poor Glucose Control and Glycemic Variability in Diabetic Complications

Aggressive control of blood glucose is pivotal for patients with type 2 diabetes, and can prevent microvascular and macrovascular complications (Brownlee and Hirsch, 2006; Siegelaar et al., 2010). Short-term GV indicated that patients with similar mean glucose or HbA1c values can show markedly different daily glucose profiles (Brownlee and Hirsch, 2006; Siegelaar et al., 2010). Either fluctuating or persisting high glucose levels can induce oxidative stress, contribute to endothelial dysfunction, and finally result in diabetic complications (Brownlee and Hirsch, 2006; Siegelaar et al., 2010). Recently, clinical evidence also demonstrated that long term GV might be related to microvascular complications in type 2 diabetes (Fleischer, 2012; Jun et al., 2015; Wei et al., 2016; Yang et al., 2018).

Glycemic Variability and Other Potential Risk Factors Associated With the Development of CAN

The pathophysiological mechanism of CAN development is multifactorial, and several studies reported the important role of cardiovascular risk factors, such as systolic BP, triglyceride levels, BMI, and smoking, in the development of CAN (Rolim et al., 2008; Dafaalla et al., 2016). Even more important, however, were the results of one clinical study that concluded that intensified multifactorial intervention (hyperglycemia, hypertension, dyslipidemia, and microalbuminuria) in patients with type 2 diabetes reduced the risk of CAN progression by 68% (Gæde et al., 1999). Another study also enhanced the role of intensive control in preventing and slowing the progression of CAN in patients with type 1 diabetes (The Diabetes Control and Complications Trial Research Group, 1998).

Glycemic Variability and the Severity of CAN

The risk factors for CAN that were identified may provide important clues to etiologies, or merely reflect chance associations. Only when the same risk factor is found to be associated with the severity of CAN consistently, can it be concluded that there is a plausible mechanistic link between the risk factor and the disease progression or prevention. To the best of our knowledge, only limited studies have investigated the impact of GV on the severity of CAN in type 2 diabetes (Jun et al., 2015; Yang et al., 2018). One study of 110 patients with type 2 diabetes who underwent both short term and long term GV (HbA1c variability) demonstrated that only long term GV (HbA1c variability) was significantly associated with the presence of CAN by logistic regression analysis, and higher long term GV (HbA1c variability) had an increased risk of advanced CAN (Jun et al., 2015). In this study, the authors only investigate the role of both short term and long term GV without other vascular risk factors in the severity of CAN which was graded using ordinal logistic regression analysis. Another study enrolled 681 subjects (294 normal, 318 early, and 69 severe CAN) and the severity of CAN was categorized as normal, early, or severe according to the cardiac autonomic reflex tests (CARTs) score. The study was repeated using HbA1c-CV or adj-HbA1c-SD instead of HbA1c-SD as a measure of HbA1c variability and performed to test the association between the CAN and HbA1c variability indices by multivariable logistic regression analysis (Yang et al., 2018). In comparison to the patients described in the previous two studies, our patients were older and had longer diabetes durations and HbA1c variability was not only strongly associated with the presence but also the degree of severity of CAN. The discrepancy between these studies and our study may be attributed to different enrollment criteria (e.g., age and diabetes duration of patients, the time period before the study for measurement of HbA1c variability was obtained, the minimum number of HbA1c measurements), diagnostic criteria for CAN, and statistical methods used for assessing the severity of CAN (ordinal logistic regression, multiple logistic regression and linear regression).

Study Limitations

This study has several limitations. Firstly, although the measurement of HbA1c variability was obtained 3 years before the study and there was a relationship between HbA1c variability and the degree of severity of CAN in patients with diabetes in this observational study, our study does not allow inferring causality or whether controlling blood glucose can improve CAN, even though it can be a starting point for future studies. A prospective longitudinal study is necessary to evaluate the efficiency of CASS as a scale of severity in clinical follow-up. Secondly, we excluded patients whose disease duration for diabetes was less than 10 years and the number of HbA1c measurements were less than four. Thus, there is uncertainty in assessing the role of chronic glycemic impairment and other cardio-metabolic parameters in the patients with type 2 diabetes who were omitted. Thirdly, the severity of CAN was assessed using the modified CASS rather than the original version because the 5-min HUTT was not done in this study. We aimed to set up a highly effective autonomic screening service at the out-patient clinic. The tests of deep breathing and VM can be conducted only by one technician within 10–15 min. One may argue about the validity of the modified CASS. Table 5 lists the comparison between the modified and the original versions of CASS. The only difference is in the three points versus four points in the adrenergic sub-score. If the 5-min HUTT is done, the adrenergic sub-score may reach to four points in a patient with extremely severe autonomic failure. In other words, the limitation of modified CASS is mainly in its resolution in differentiating severe from extremely severe patients. However, it is uncommon for patients with diabetes to have severe autonomic failure. It was reported as occurring in about 1–5% of the diabetic population (Low, 1996). In the current study, only four patients had severe adrenergic failure (three points in adrenergic sub-score). The four patients are those who may have different scores between the two versions of CASS. In other words, it is certain that the other 106 patients (96%) would have the same scores even if the original version of CASS was used. Therefore, we suppose that the impact of alteration in CASS is trivial to this study. The final limitation is that only cardiovagal and adrenergic domains were assessed, and the sympathetic sudomotor function was not included in this study. Thus, all the variability in severity found in CAN may not have been accounted for and this may produce statistical bias. Other quantitative approaches to assess the sudomotor function, such as quantitative sudomotor axon reflex test or sudoscan, should be taken into account for future studies.

TABLE 5. Comparison of composite autonomic scoring Scale (CASS) and Modified CASS (sub-scores in cardiovagal and adrenergic domains).
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CONCLUSION

Based on our results, HbA1c variability is not only strongly associated with the presence but also the degree of severity of CAN. As HbA1c variability is considered a prognostic factor, a longitudinal study is required in order to state that controlling blood glucose is effective in reduce CAN progression.
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The present study examined the potential moderating role respiratory sinus arrhythmia (RSA) plays in the relationship between parental marital conflict and adolescents’ internalizing problems. To examine this issue, data were collected from 330 adolescents (13–14 years, 182 boys). The Chinese version of the Achenbach Youth Self-Report-2001 and the Chinese version of the Children’s Perception of Interparental Conflict were used to assess the adolescents’ internalizing problems and their perceptions of parental marital conflict. To obtain RSA data, electrocardiogram monitoring was performed on the adolescents at baseline and during a series of stress tasks (watching a film clip depicting marital conflict, a mental arithmetic task, and a speech task). The results indicated that baseline RSA and RSA reactivity to the film clip moderated the relationship between parental marital conflict and internalizing problems in early adolescents. The moderating effect of baseline RSA supported the BSCT hypothesis. Specifically, adolescents with low baseline RSA have both the highest and lowest levels of internalizing problems, depending on the level of marital conflict. In contrast, adolescents with high levels of baseline RSA have moderate levels in internalizing problems, regardless of the level of marital conflict they experience. Similarly, high marital conflict was related to internalizing problems for adolescents with less RSA suppression or RSA augmentation but not for those with greater RSA suppression. This effect was specific to stress related to marital conflict, as RSA reactivity to the mental arithmetic task and speech task did not moderate the relationship between marital conflict and internalizing problems. These findings suggest that certain profile of parasympathetic nervous activity is a risk factor for internalizing problems particularly for those who experience high-conflict environments.

Keywords: marital conflict, internalizing problems, respiratory sinus arrhythmia, adolescent, interaction


INTRODUCTION

Internalizing problems (e.g., anxiety, depression) are common in adolescents and predict pervasive impairment in relation to social adaptation and academic achievement (e.g., Forns et al., 2012; Scalco et al., 2014). Thus, from a prevention viewpoint, it is critical to investigate and identify related vulnerabilities and protective factors regarding such problems. The developmental psychopathology framework suggests that multiple environmental and individual risk factors contribute to the development of internalizing problems (Cummings and Davies, 2002; Saxbe et al., 2012; Barroso et al., 2018) and, among such environmental risk factors, marital conflict has begun to be regarded as an important adverse family factor related to internalizing problems in adolescents (Cummings and Davies, 2010; El-Sheikh et al., 2013). Similarly, parasympathetic nervous system (PNS) function, indexed by respiratory sinus arrhythmia (RSA) activity, has been regarded as a physiological protective or risk factor that decreases or increases internalizing problems (Dietrich et al., 2007; Porges, 2007; Gentzler et al., 2009; El-Sheikh et al., 2013). Several studies have explored RSA activity, including baseline RSA and RSA reactivity interact with marital conflict, through the Person × Environment perspective (Cicchetti, 2006), mainly in attempts to predict internalizing problems among children and adolescents (Katz and Gottman, 1997; Whitson and El-Sheikh, 2003; El-Sheikh and Whitson, 2006); however, the findings have been inconclusive. As a result, the present study was conducted to examine how baseline RSA and RSA reactivity to stress interact with marital conflict to predict adolescents’ internalizing problems. In particular, this study sought to clarify whether high or low baseline RSA is an indicator of high physiological reactivity to marital-conflict environments, and whether the interacting role of marital conflict and RSA reactivity in predicting adolescents’ internalizing problems is influenced by RSA reactivity measured during different tasks.

Marital conflict is defined as any difference, disagreement, or argument regarding an issue of family life, and this includes all kinds of psychological and physical conflicts (Cummings and Davies, 2002). Marital conflict is widely regarded as a core indicator of family solidarity and the key element in determining the quality of family life (Erel and Burman, 1995; Cummings and Davies, 2002). The emotional security theory (Davies and Cummings, 1994; Davies et al., 2002) proposes that marital conflict disrupts children’s and adolescents’ emotional security and increases their negative emotional and behavioral responses, thereby increasing their psychological maladjustment, including their risk of developing internalizing problems (Tu et al., 2016). Moreover, a large number of studies have demonstrated that marital conflict is associated with a broad array of adjustment problems in adolescents, such as academic difficulties, externalizing problems, and internalizing problems (for reviews, see Grych and Fincham, 2001; Davies and Lindsay, 2004; Cummings and Davies, 2010; Tu et al., 2016).

According to recent conceptual and empirical work, individual factors, such as certain profiles of PNS activity, may play a role in influencing the vulnerability of psychopathology including internalizing problems (Beauchaine, 2001; Porges, 2007). PNS activity can be assessed using a cardiac measure of RSA, which reflects rhythmic fluctuations in heart rate in relation to phases of the respiratory cycle (e.g., Porges, 1995; Gentzler et al., 2009). Baseline RSA (i.e., RSA level when in a resting state) and RSA reactivity (i.e., estimated by RSA change from baseline to a challenging state) are two commonly used RSA indices. Research has proposed that baseline RSA reflects a person’s ability to maintain organism homeostasis, focus attention in normal situations, and conduct social engagement (Porges, 1995, 2007), while RSA reactivity reveals the extent to which a person can respond flexibly to internal stimuli and external environmental changes (Porges, 1995, 2007; Thayer and Lane, 2000). RSA reactivity can be quantified as RSA suppression (decreased RSA when performing tasks as compared to that at baseline) or RSA augmentation (increased RSA when performing tasks as compared to that at baseline). Specifically, during a challenging task, RSA suppression is generally considered an index of individuals’ ability to adapt flexibly to environmental demands, which in turn reflects the physiological processes that help the individuals address the challenge and self-regulate their emotions and/or behaviors (Beauchaine, 2001; Calkins and Keane, 2004; Gentzler et al., 2009). RSA augmentation represents a heightened parasympathetic response, which is associated with hypervigilance and predicts problem behaviors such as internalizing problems (Katz, 2007; Graziano and Derefinko, 2013).

Many studies have found that lower baseline RSA is linked to internalizing problems (Forbes et al., 2006; Dietrich et al., 2007; Wei et al., 2017), while in contrast, other studies have found that lower baseline RSA is not linked to internalizing problems in children and adolescents (El-Sheikh et al., 2011; Hinnant and El-Sheikh, 2013). One possible explanation for these conflicting findings is that the association between baseline RSA and internalizing problems might partly be affected by environmental variables. Similarly, mixed findings have been found in regard to the association between RSA reactivity and internalizing problems. Some studies have found that greater RSA suppression is associated with less internalizing problems (Pearson et al., 2005; Gentzler et al., 2009), some other studies have observed contradictory results (Boyce et al., 2001; Hinnant and El-Sheikh, 2009), and another set of studies has found no direct link between RSA reactivity and internalizing problems such as depression in non-clinical samples (Hinnant and El-Sheikh, 2013; Koenig et al., 2016). One potential explanation for such mixed findings is that the association between RSA reactivity and adjustment outcomes largely depends on the characteristics of the environmental challenge in question (Porges, 2007; Obradović et al., 2011; Overbeek et al., 2014; Cui et al., 2015).

The diathesis-stress model and the biological sensitivity to context theory (BSCT; Boyce and Ellis, 2005) propose that individual temperament, genetics, or autonomic nervous system responses interact with the environment to exacerbate or attenuate an individual’s maladaptation (Belsky and Pluess, 2009; Obradoviæ et al., 2010). Considering that baseline RSA is associated with self-regulatory capacity, and that RSA reactivity during a task is associated with self-regulatory effort (Segerstrom and Nes, 2007; Thayer et al., 2009; Balzarotti et al., 2017), RSA activity has recently been considered a moderator between environment and an individual’s adaptation (e.g., El-Sheikh et al., 2001; Obradović et al., 2011). In contrast to the diathesis-stress model, which conceptualizes high reactivity as a vulnerability factor for maladjustment (Monroe and Simons, 1991), the BSCT proposes that high physiological stress reactivity reflects high biological sensitivity to context (Boyce and Ellis, 2005). It also posits that children with high physiological reactivity are more sensitive to both negative and positive environments. In other words, in an adverse environment, high physiological reactivity might intensify the risk of maladjustment, whereas in supportive and nurturing environments, it might result in positive adjustment. In contrast, low biological stress reactivity is less affected by the environment (Boyce and Ellis, 2005).

In this regard, whether high or low baseline RSA represents high physiological reactivity still remains an open question. Some researchers have suggested that high baseline RSA reflects greater physiological reactivity, as it facilitates flexible responses to stress, and the ability to adapt to environmental challenges (Thayer and Lane, 2000; Porges, 2007). However, some other researchers have proposed that low baseline RSA reflects high physiological reactivity (Eisenberg et al., 2012), as it is related to higher negative emotional reactivity and motor/affective reactivity, which have been viewed as indicators of susceptibility to the environment (Fabes and Eisenberg, 1997; Beauchaine, 2001; Kagan and Fox, 2007; Eisenberg et al., 2012). Therefore, whether high or low baseline RSA represents high physiological reactivity in response to marital-conflict environment is needed to be clarified further.

Several studies have identified the moderating effect of RSA reactivity on the relationship between marital conflict and internalizing problems (Katz and Gottman, 1997; El-Sheikh et al., 2001; Whitson and El-Sheikh, 2003; El-Sheikh and Whitson, 2006). In contrast to the BSCT, these studies have found that children and adolescents who showed greater RSA suppression while watching a mock adult argument were less affected by the negative effects of adverse family environments, whereas children and adolescents who showed less RSA suppression or RSA augmentation while watching the mock adult argument were more vulnerable to adverse family environments (Katz and Gottman, 1997; El-Sheikh et al., 2001; Whitson and El-Sheikh, 2003; El-Sheikh and Whitson, 2006). However, other studies have failed to find a moderating effect of RSA reactivity in the connection between marital conflict and internalizing problems, using both cognitive tasks and watching peer-bullying film clips as stressors (Obradović et al., 2011). This indicates, and previous studies have suggested, that the moderating effect of RSA reactivity on the relationship between family factors (including marital conflict) and individuals’ adjustment may largely depend on the characteristics of the laboratory challenge tasks used to elicit RSA reactivity (Obradović et al., 2011; Overbeek et al., 2014; Cui et al., 2015). Therefore, it is important to examine whether the characteristics of the stress tasks used to evoke RSA reactivity affect the relationship between family environment and psychological adaptation in children and adolescents. Considering this, in the present study, watching a film clip depicting marital conflict, a mental arithmetic task, and a speech task were used to explore interaction effects between RSA reactivity and marital conflict in regard to predicting internalizing problems. These tasks were chosen because they are common stress-induction stimuli used in reactivity protocols (Dickerson and Kemeny, 2004; Lü et al., 2017).

The present study was performed on a sample of early adolescents. Early adolescence has been regarded as a critical period during which individuals’ biological and psychological states undergo marked developmental changes and they face a series of challenges, such as more complicated school tasks (Cicchetti and Rogosch, 2002). Previous studies have suggested that there is also a marked increase in internalizing problems during this crucial developmental stage (Angold et al., 2002); therefore, the present study focused on internalizing problems in early adolescents.

In addition, there is mixed evidence for gender difference in the moderating effect of RSA on the relationship between marital conflict and internalizing problems (El-Sheikh and Erath, 2011). Therefore, the present study also examined whether the moderating effect of RSA activity on the relationship between parental marital conflict and adolescents’ internalizing problems differed by sex.

Overall, the present study was conducted to examine whether high or low baseline RSA represents high biological susceptibility to marital-conflict environment. This study also examined whether greater RSA suppression might function as a protective factor and moderate the association between marital conflict and adolescent’s internalizing problems, and whether the moderating effect of RSA suppression on the relationship between marital conflict and adolescents’ internalizing problems might depend on RSA reactivity measured during different challenge tasks.



MATERIALS AND METHODS

Participants

Three hundred and forty-six junior high school students aged 13–14 years, all from two-parent families, were recruited from a city in northwest China. Their parents were married and were the students’ biological parents. Almost all participants (97%) were of Chinese Han ethnicity, and all were Mandarin Chinese speaking students. Of these, the data of six participants were excluded from the analysis because they did not complete the questionnaires, and the physiological data of 10 participants were not usable as a result of acquisition issues (e.g., equipment malfunction or electrode misplacement). Therefore, data from 330 participants [182 boys, mean age = 13.7 years, standard deviation (SD) = 0.8] were valid. They completed questionnaires that assessed internalizing problems and parental marital conflict, and then participated in a laboratory-based physiological experiment. All of the participants reported no history of cardiovascular disease and that they were not taking any medications that could interfere with the research results. All of the participants reported normal or corrected-to-normal vision.

The participants were asked to report their parents’ monthly income using a 4-point scale (1 = less than ¥3000, 2 = ¥3000-¥7000, 3 = ¥7000-¥10000, and 4 = more than ¥10000) and their parents’ education level using a 7-point scale (1 = lower than elementary school, 2 = elementary school, 3 = junior high school, 4 = high school, 5 = college or university, 6 = master’s degree, 7 = doctoral degree). The participants’ socioeconomic status (SES) was obtained by summing the standard scores (M = 0, SD = 1) of the following three variables according to previous studies (Schulting et al., 2005; Cohen et al., 2006): (a) the father’s education level (M = 2.64, SD = 0.92); (b) the mother’s education level (M = 2.60, SD = 0.94); and (c) household income (M = 2.88, SD = 0.39). Among the participants’ parents, 59% of mothers and 71% of fathers had an educational attainment ranging from vocational school to a college or university degree. Most of their parents worked outside the home in occupations ranging from blue collar to professional. The mean monthly combined family income was between about ¥7000 and ¥10000. The sample was well representative of school adolescents in urban China. All participants were compensated ¥60 (approximately $10) for their participation.

Procedure

This study was approved by the Institutional Review Board of the Psychology School of Shaanxi Normal University. Written informed consent was obtained from the parents of all participants prior to data collection, and the participants were informed of the nature of the study and were told that there was no penalty for not participating. The experiment was conducted from 2:00 pm to 5:00 pm every day for 4 weeks, with each participant attending for a single day. The participants were invited into a brightly lit, quiet room, which was equipped with computers. Before the formal test, detailed instructions were provided to ensure that the participants clearly understood the experimental procedures. All participants were instructed to refrain from performing physical exercise or consuming any caffeine or alcohol for 2 h before the commencement of the experiment, which was in order to eliminate the risk of any exogenous effects on the physiological measures. After completing the questionnaires, electrocardiogram (ECG) recording electrodes (SOMNOtouchTM device) were attached to the participants. The participants were then given 10 min to acclimate to the laboratory and to relax. After this, the formal physiological experiment began, with all instructions for the experimental procedure being simultaneously presented on a monitor screen.

The entire experiment included seven phases (see Figure 1), and after each phase, the participants were asked to rate their subjective emotional experience (SEE), including nervousness and anxiety, on two 5-point scales from 0 (“relaxed”) to 4 (“nervous” or “anxious”). First, the participants were shown a neutral picture on the computer screen (a picture of a cup, selected from the International Affective Picture System, IAPS; Lang et al., 2005), which was designed to keep them relaxing while ECG and respiration signals were recorded; this enabled the measurement of the participants’ 5-min baseline RSA values. Second, the participants were instructed to watch a film clip depicting marital conflict, which served to induce a stress response. Third, the participants were given 5 min for rest (recovery period 1), during which they were instructed to sit, relax, and view neutral pictures (e.g., a picture of a cup or an umbrella also selected from the IAPS; Lang et al., 2005). Fourth, the participants were requested to complete a mental arithmetic task (Diamond et al., 2012). Fifth, the participants rested again (recovery period 2). Sixth, the participants were instructed to give a speech. Seventh, the participants rested again (recovery period 3).
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FIGURE 1. Time-line of experimental session.



In order to reduce the impact of order effects, the sequences of the three stress tasks were balanced across the entire experiment. Specifically, one third of the participants watched the marital-conflict film clip first, then performed the mental arithmetic task second, and performed the speech task third; one third performed the mental arithmetic task first, the speech task second, and watched the marital-conflict film clip third; and the other third performed the speech task first, watched the marital-conflict film clip second, and performed the mental arithmetic task third.

Stress Tasks

Watching a Marital-Conflict Film Clip Task

The participants were instructed to watch a 5-min film clip featuring marital conflict. The suitability of the conflict film, featuring verbal and physical conflict between a couple, was previously assessed through a preliminary experiment. Pre-experimental testing showed that the watching the film clip task induced higher subjective and physiological responses1.

Mental Arithmetic Task

The participants were informed that their mathematical skills would be evaluated based on their performance in the task, in which they were asked to subtract 13 from a series of four-digit numbers as fast and accurately as possible. Every 4.5 s, the correct number would be displayed on the monitor, accompanied by a beep sound. The participants were requested to state the result of their calculation before the correct answer was displayed on the monitor after the beep. For avoiding social-evaluative threat, the two research assistants who were present with them left the experiment room when the participants performed the mental arithmetic task.

Speech Task

The participants were told to give a speech for a mock class-leader election. Two research assistants served as live interviewers for each speech. The participants were provided with the following instruction (originally given in Chinese): “You will deliver a speech for a class-leader election, for which you have 120 s to prepare; then, you will have 5 min to state the type of position you are running for, as well as the reasons you qualify for this position. Your performance will be evaluated by the research assistants in terms of overall content, clarity, and delivery.” After the 120-s preparation phase, the participants delivered their 5-min speech to the two assistants. During the speech period, whenever the participants paused for more than 10 s, they were prompted to continue. The validity of the social stress task has been verified in a previous study (Lü et al., 2016).

Measures

Marital Conflict

The conflict characteristics subscale of the Chinese version of the Children’s Perception of Interparental Conflict (the original instrument was developed by Grych and Fincham, 1990, and the Chinese version was revised by Chi and Xin, 2003) was used to measure parental marital conflict. This subscale includes three dimensions: conflict frequency (six items; e.g., “I often see my parents arguing”), conflict intensity (seven items; e.g., “when my parents have an argument, they yell a lot”), and conflict resolution (six items; e.g., “even after my parents stop arguing, they stay mad at each other”). The three dimensions are summed to create a single overall measure of parental marital conflict, with higher scores indicating greater parental marital conflict. Responses are given using a 5-point scale ranging from 1 (“never”) to 5 (“always”). For the present study, the Cronbach’s α for this subscale was 0.86.

Internalizing Problems

Internalizing problems were assessed using the Chinese Version of the Achenbach Youth Self-Report-2001 (Achenbach and Rescorla, 2001; Wang et al., 2016). The internalizing problem subscale contains 30 items that measure withdrawal/depressed, anxious/depressed, and somatic complaints, which are then summed to create a single overall measure of internalizing problems; higher scores indicate more internalizing problems. Sample items include “I worry a lot” and “I am unhappy, sad, or depressed.” Responses are provided using a 3-point scale ranging from 0 (“not true”) to 2 (“very true or often true”). For the present study, the Cronbach’s α for the internalizing subscale was 0.88.

Physiological Data

The ECG data were continuously recorded using SOMNOtouchTM RESP (SOMNOmedics, Germany), with a sampling rate of 256 Hz. Disposable Ag-AgCl electrodes were attached to each participant’s lower left rib and right and left clavicle. The ECG sensors were subsequently connected to the SOMNOtouchTM RESP.

The ECG data were then transferred into DOMINO light software 1.4.0 (SOMNOmedics, Germany) for automatic detection of artifacts (which were to be discarded from the analysis). In data preparation, the R-R intervals were resampled at 4 Hz and detrended based on the smoothness prior approach (Tarvainen et al., 2002). RSA was quantified via a high-frequency interbeat-interval power spectrum (0.22–0.40 Hz for adolescents aged 13 years and 0.20–0.40 Hz for adolescents aged 14; Shader et al., 2018) corresponding to the respiratory cycle, and the values were natural log transformed (ln) to fit the assumption of linear analyses, yielding ln units (ms2). RSA during each study phase was averaged to compute mean level for each experimental period (i.e., baseline RSA and RSA reactivity). Additionally, a standardized residual score was computed to remove overlap between baseline RSA and RSA reactivity scores (Calkins and Keane, 2004). RSA reactivity was computed as the standardized residual of the RSA value that was predicted for each stress task based on the RSA value during the baseline period (Hastings et al., 2008; Burt and Obradoviæ, 2013). A positive standardized residual score would indicate a significant increase from baseline (RSA augmentation), while a negative standardized residual score would indicate a significant decrease from baseline (RSA suppression; Hastings et al., 2008).

Analytic Strategy

Outliers, +/-3 SD from the mean, were identified for the study variables. One adolescent had very low baseline RSA, three had a very strong RSA suppression response to speech task, and two had a very strong RSA augmentation response to the speech task. All of the outlier data points were replaced with the next value present in the data (Wilcox, 2012), and the main findings were not changed by using this approach.

First, to test whether the challenging tasks successfully induced participants’ stress reactivity, within-subject comparisons of subjective nervousness, subjective anxiety and RSA data obtained during baseline, the watching the film clip task, the mental arithmetic task, the speech task, and the recovery periods were performed with separate repeated measures analyses of variance (ANOVAs). Pairwise comparisons were conducted using Bonferroni correction. Greenhouse-Geisser corrections would be applied if the assumption of sphericity was violated.

All statistical tests were conducted using SPSS 22 (IBM, United States). First, difference scores (the absolute change between baseline and RSA response to each challenge) analysis was conducted to report the general variation trends in RSA from baseline to the stress task periods. Second, Pearson correlations were computed to examine the associations among the study variables. Third, separate multiple regression analyses were used to examine the main effects of marital conflict and RSA variables (baseline RSA and RSA reactivity) and the interaction effects on adolescents’ internalizing problems; all the predictor variables were mean-centered prior to conducting regression analyses (Aiken and West, 1991). In each regression, the main effects of sex, marital conflict, and baseline RSA (or RSA reactivity) were entered in the first step, and the two-way interaction terms (i.e., marital conflict × baseline RSA) were entered in the second step. The three-way interaction of sex × marital conflict × baseline RSA (or RSA suppression) was entered in the third step. A power analysis indicated that to detect a three-way interaction with a medium effect size (i.e., 0.15), a sample size of at least 89 is needed. Thus, our sample size is comparably large and can be used to reliably detect a three-way interaction. To evaluate the significant interaction, the procedures outlined by Aiken and West (1991) were used to plot the predicted outcome variable for levels of the independent variable (ranging from -1 SD to +1 SD) at both high and low levels of the moderator (ranging from -1 SD to +1 SD).



RESULTS

Descriptive Statistics

The means and standard deviations of the variables are provided in Table 1. Compared to boys (M = 10.33, SD = 7.70), girls had greater internalizing problems (M = 14.50, SD = 9.14). No other difference was observed between boys and girls.

TABLE 1. Descriptive statistics among variables.
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During the watching the film clip task, 156 (47%) children displayed RSA augmentation, and 174 (53%) displayed RSA suppression. During the mental arithmetic task, 128 (39%) children displayed RSA augmentation, and 202 (61%) displayed RSA suppression. During the speech task, 125 (38%) children displayed RSA augmentation, and 205 (62%) displayed RSA suppression.

Analyses of Variance (ANOVAs) by Task

Regarding the watching the marital-conflict film clip task, the repeated measures ANOVAs showed significant main effects for subjective nervousness [F(1.99, 640.92) = 74.34, p < 0.001, η2p = 0.19], subjective anxiety [F(1.98, 638.48) = 45.75, p < 0.001, η2p = 0.12], and RSA [F(1.79, 585.64) = 23.31, p < 0.001, η2p = 0.10]. Post hoc tests indicated that the levels of subjective nervousness and anxiety were greater during the challenge task than during the baseline period [t(329) = 7.96, p < 0.001; t(329) = 8.51, p < 0.001] and the recovery period [t(329) = 10.18, p < 0.001; t(329) = 8.00, p < 0.001]. Similarly, post hoc tests also showed that RSA decreased significantly from baseline to the challenge task period [t(329) = 5.62, p < 0.001], and then increased significantly during the recovery period [t(329) = 3.72, p < 0.01]. These results showed that using the watching the marital-conflict film clip task was effective in inducing changes in individuals’ subjective and physiological reactivity.

Regarding the mental arithmetic task, the repeated measures ANOVAs significant main effects for subjective nervousness [F(1.96, 640.14) = 166.04, p < 0.001, η2p = 0.34], subjective anxiety [F(1.98, 642.22) = 161.96, p < 0.001, η2p = 0.55], and RSA [F(1.92, 619.04) = 49.71, p < 0.001, η2p = 0.13]. Post hoc tests indicated that the levels of subjective nervousness and anxiety were greater during the challenge task than during the baseline period [t(329) = 11.03, p < 0.001; t(325) = 10.18, p < 0.001] and the recovery period [t(329) = 12.12, p < 0.001; t(329) = 13.08, p < 0.001]. Similarly, post hoc tests also showed that RSA decreased significantly from baseline to the challenge task period [t(329) = 4.11, p < 0.001], and then increased significantly during the recovery period [t(329) = 2.87, p < 0.01]. These results showed that using a mathematical challenge task was also effective in inducing changes in individuals’ subjective and physiological reactivity.

Finally, with regard to the speech task, the repeated measures ANOVA showed significant main effects for subjective nervousness [F(1.84, 157.98) = 179.13, p < 0.001, η2p = 0.36], subjective anxiety [F(1.94, 629.59) = 93.50, p < 0.001, η2p = 0.22], and RSA [F(1.74, 589.61) = 50.63, p < 0.001, η2p = 0.14]. Post hoc tests indicated that the levels of subjective nervousness and anxiety were greater during the challenge task than during the baseline period [t(329) = 9.80, p < 0.001; t(329) = 8.80, p < 0.001] and the recovery period [t(329) = 10.23, p < 0.001; t(329) = 9.21, p < 0.001]. Similarly, post hoc tests also showed that RSA decreased significantly from baseline to the challenge task period [t(329) = 4.24, p < 0.001], and then increased significantly during the recovery period [t(329) = 2.05, p < 0.05]. These findings showed that using a speech task was also effective in inducing changes in individuals’ subjective and physiological reactivity.

Correlations Analyses

Correlations among study variables were presented in Table 2. As hypothesized, exposure to marital conflict was related to a high level of internalizing problems. Moreover, baseline RSA and RSA reactivity to the three challenge tasks were not related to internalizing problems as main effects.

TABLE 2. Correlation among variables.
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Predictions for Internalizing Problems Based on Marital Conflict and Baseline RSA

The results of the regression analyses were presented in Tables 3, 4. As shown in Table 3, the moderating effect of baseline RSA (t = -2.26, p < 0.05) on the relationship between marital conflict and internalizing problems was significant (see Figures 2, 3). The simple slope test found that for adolescents with low baseline RSA, marital conflict significantly predicted internalizing problems [simple slope = 2.50, SE = 0.06, t(329) = 0.62, p < 0.001], but for adolescents with high baseline RSA, marital conflict did not have significant effect on internalizing problems [simple slope = 0.62, SE = 0.05, t(329) = 3.85, p > 0.05]. The three-way interaction role of sex × marital conflict × baseline RSA was not significant (p > 0.05).

TABLE 3. Main effect and interactive effect of marital conflict and baseline RSA.
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TABLE 4. Main effect and interactive effect of marital conflict and RSAR (watching film clip).
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FIGURE 2. The association between marital conflict and adolescents’ internalizing problems at low (–1 SD) and high (+1 SD) levels of baseline RSA.
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FIGURE 3. The association between baseline RSA and adolescents’ internalizing problems at low (–1 SD) and high (+1 SD) levels of marital conflict.



Predictions for Internalizing Problems Based on Marital Conflict and RSA Reactivity

As shown in Table 4, RSA reactivity to the marital-conflict film clip (t = -2.34, p < 0.05) had a significant moderating effect on the relationship between marital conflict and internalizing problems (see Figures 4, 5). The simple slope test found that for adolescents with RSA augmentation, marital conflict significantly predicted internalizing problems [simple slope = 2.55, SE = 0.06, t(329) = 3.76, p < 0.001], but for adolescents with greater RSA suppression, marital conflict did not have significant effect on internalizing problems [simple slope = 0.61, SE = 0.06, t(329) = 0.92, p > 0.05]. The three-way interaction role of sex × marital conflict × RSA reactivity (watching film clip) was not significant (p > 0.05). Meanwhile, as shown in Tables 5, 6, RSA reactivity to the mental arithmetic and speech tasks (ps > 0.05) did not have significant moderating effects on the relationship between marital conflict and internalizing problems. The three-way interaction roles of sex × marital conflict × RSA reactivity (mental arithmetic and speech tasks) were not significant (ps > 0.05).
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FIGURE 4. The association between marital conflict and adolescents’ internalizing problems at low (–1 SD) and high (+1 SD) levels of RSA reactivity under watching film clip task.
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FIGURE 5. The association between RSA reactivity (watching film clip task) and adolescents’ internalizing problems at low (–1 SD) and high (+1 SD) levels of marital conflict.



TABLE 5. Main effect and interactive effect of marital conflict and RSAR (mental arithmetic task).
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TABLE 6. Main effect and interactive effect of marital conflict and RSAR (speech task).
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DISCUSSION

The present study examined the associations among parental marital conflict, adolescents’ RSA variables (baseline RSA and RSA reactivity), and adolescents’ internalizing problems. The results showed that the adolescents’ baseline RSA and RSA reactivity in response to a film clip depicting marital conflict moderated the relationship between parental marital conflict and adolescents’ internalizing problems.

Consistent with previous studies (Cummings and Davies, 2010; El-Sheikh et al., 2013), the present study found that marital conflict is positively related to adolescents’ internalizing problems, that is, high marital conflict is related to more internalizing problems in adolescents. According to the emotional security theory (Davies and Cummings, 1994; Davies et al., 2002), marital conflict disrupts adolescents’ emotional security, causes negative emotional responses, undermines their psychological adjustment, and increases the likelihood of internalizing problems (Tu et al., 2016). The present study together with previous studies (Cummings and Davies, 2010; El-Sheikh et al., 2013) demonstrate that high parental marital conflict has a negative association with children’s psychological functioning and may elevate the risk of adolescents’ internalizing problems.

Similar to some previous studies (El-Sheikh and Erath, 2011; Hinnant and El-Sheikh, 2013; Koenig et al., 2016), the present study did not find any direct association between baseline RSA or RSA reactivity and adolescents’ internalizing problems. However, consistent with previous studies (Katz and Gottman, 1997; El-Sheikh and Erath, 2011), the present study found that baseline RSA has a significant moderating effect on the relationship between marital conflict and adolescents’ internalizing problems. The moderating effect of baseline RSA supported the BSCT hypothesis. The moderating effect indicated that adolescents with low baseline RSA have low levels of internalizing problems only if they lived in low-conflict environments. Low baseline RSA reflected a low threshold for autonomic nervous system arousal, which may facilitate adolescents’ sensitivity to the support and resources from positive family environments. However, in a high-conflict family, such adolescents were also biological vulnerable to the negative effect of their parents’ psychological and physical conflicts and had little protection from the risk of internalizing problems. In contrast, adolescents with high levels of baseline RSA have moderate levels in internalizing problems, regardless of the level of marital conflict they experience. Adolescents with high baseline RSA were more likely to maintain calm and to have the ability to adaptively regulate their emotions and behavior and were better able to cope with marital conflict, and may be at less risk of internalizing problems in high-conflict environments.

Moreover, consistent with previous studies (Whitson and El-Sheikh, 2003; El-Sheikh and Whitson, 2006), the present study found that RSA reactivity in response to a film clip depicting marital conflict moderated the relationship between marital conflict and adolescents’ internalizing problems and the moderating effect didn’t support the BSCT hypothesis. In other words, adolescents who showed appropriate RSA responses (greater RSA suppression) during marital conflict appear to be protected from internalizing problems, even when marital conflict was high, whereas adolescents who showed inappropriate RSA responses (either RSA augmentation or less RSA suppression) to marital conflict film clip were only protected from internalizing problems if they lived in a low-conflict environment (a more peaceful family). In the context of marital conflict, adolescents with greater RSA suppression might be able to better regulate their physiological arousal and emotional response and may be at less risk of internalizing problems (e.g., Whitson and El-Sheikh, 2003; El-Sheikh and Whitson, 2006). In contrast, adolescents with either RSA augmentation or less RSA suppression tended to be hypervigilant to negative emotional environments and might exhibit poor emotional regulation (Katz, 2007; Graziano and Derefinko, 2013), and such adolescents were more likely to develop internalizing problems in high-conflict environments.

In addition, considering that moderating effects are symmetrical, the results also suggested that marital conflict has significant moderating effects on the relationship between RSA activity (baseline RSA and RSA reactivity in response to marital-conflict film clip) and adolescents’ internalizing problems. The moderating effects indicated that in a high marital-conflict environment, adolescents with lower baseline RSA or RSA augmentation exhibited the most internalizing problems, and in a low marital-conflict environment, adolescents with lower baseline RSA exhibited the least internalizing problems; however, adolescents with higher baseline RSA or greater RSA suppression exhibited less internalizing problems even lived in a high marital-conflict environment. Therefore, in families with parental conflict, more attention should be paid to signs of internalizing problems in adolescents with more limited physical resources.

Despite the above, the present study did not find RSA reactivity to the mental arithmetic and speech tasks have significant moderating effects on the relationship between marital conflict and adolescents’ internalizing problems. These findings indicated that, as previous researchers have suggested, the moderating effects of RSA reactivity on the relationship between adverse family environments and adolescents’ maladaptive outcomes might vary with the characteristics of the laboratory stress tasks applied (Porges, 2007; Obradović et al., 2011; Overbeek et al., 2014; Cui et al., 2015). Previous studies have suggested that the mental arithmetic and speech tasks can be categorized as motivated performance tasks, while watching a film clip can be categorized as a passive task (Blascovich and Mendes, 2000), and that these stressors activate different cognitive and affective processes and have different central nervous system underpinnings (Dickerson and Kemeny, 2004). Moreover, it is plausible that the moderating effects depend on a match between RSA reactivity to the particular task and the task-related predictor. Watching a marital-conflict film clip closely resembles a parental marital-conflict situation that many adolescents witness in their daily lives, RSA reactivity to a marital-conflict film clip might be consistent with the RSA reactivity they usually experience during their parent’s conflict, and this might partly cause explain the present study observation that RSA reactivity to the marital-conflict film clip had a significant moderating effect on the relationship between marital conflict and adolescents’ internalizing problems.

The present study also examined whether the interactions between marital conflict and RSA activity in the prediction of adolescents’ internalizing problems differed by sex. Consistent with previous studies, the present study found that girls had greater internalizing problems than boys (Nolen-Hoeksema and Girgus, 1994), while no other difference was noted between boys and girls. These results suggested that higher baseline RSA and greater RSA suppression might protect both boys and girls against internalizing problems associated with marital conflict, and low baseline RSA among boys and girls might reflect their biological susceptibility to both negative and positive family environments.

Several limitations to the present study should be considered. First, although the findings indicated that baseline RSA and RSA reactivity interact with marital conflict to predict internalizing problems, as a result of the cross-sectional nature of the present study, no conclusion regarding causality or the direction of the effect can be drawn. Thus, future longitudinal research must explore the temporal relations among these variables. Second, marital conflict scores were obtained through adolescents’ self-reports. Although previous studies have noted that children’s and adolescents’ self-reports of marital conflict are more consistent predictors of adjustment than are parents’ reports of marital conflict (Grych et al., 2000), future research should include parents’ reports of marital conflict to fully evaluate the effect of family environments on adolescents. Third, the present study did not measure interpersonal violence at home. Future research should measure this factor as it is known to make adolescents feel less safe at home and lead to the development of more internalizing problems. Fourth, a low level of marital conflict does not necessarily indicate a supportive and nurturing environment; further studies should explore the issues that exist in positive family environments. Finally, the present study examined the moderating roles of RSA activity on the relationship between marital conflict and early adolescents’ internalizing problems. Future researchers should extend the findings to samples with a broader age range such as elementary and high school students to improve the generalizability of the results.



CONCLUSION

In conclusion, the present study identified the moderating effects of PNS activity (baseline RSA and RSA reactivity) on the relationship between parental marital conflict and internalizing problems in early adolescents. It provided evidence indicating that poor parasympathetic regulation (low baseline RSA and inappropriate augmentation to a stressor) is a risk factor for internalizing problems particularly for those who experience high-conflict environments. It also provided preliminary evidence suggesting that the moderating effect of baseline RSA supported the BSCT hypothesis. Moreover, it indicated that the moderating effect of RSA reactivity on the relationship between parental marital conflict and early adolescents’ internalizing problems partly depend on the RSA reactivity measured during different challenge tasks.
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FOOTNOTES

1 Pre-experimental testing with a sample of 32 participants (boys = 16, mean age = 12.8 years) showed that the film clip depicting marital conflict elicited greater subjective nervousness [t(30) = 2.34, p = 0.031, d = 1.08], subjective anxiety [t(30) = 2.34, p = 0.031, d = 1.08], and RSA stress reactivity [t(30) = 2.23, p = 0.039, d = 1.04] compared to the scores before watching the film clip.
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Introduction: Optical coherence tomography angiography (OCT-A) is a novel diagnostic tool with increasing applications in ophthalmology clinics that provides non-invasive high-resolution imaging of the retinal microvasculature. Our aim is to report in detail an experimental protocol for analyzing both vasodilatory and vasoconstriction retinal vascular responses with the available OCT-A technology.

Methods: A commercial OCT-A device was used (AngioVue®, Optovue, CA, United States), and all examinations were performed by an experienced technician using the standard protocol for macular examination. Two standardized tests were applied: (i) the hypoxia challenge test (HCT) and (ii) the handgrip test, in order to induce a vasodilatory and vasoconstriction response, respectively. OCT-A was performed at baseline conditions and during the stress test. Macular parafoveal vessel density of the superficial and deep plexuses was assessed from the en face angiograms. Statistical analysis was performed using STATA v14.1 and p < 0.05 was considered for statistical significance.

Results: Twenty-four eyes of 24 healthy subjects (10 male) were studied. Mean age was 31.8 ± 8.2 years (range, 18–57 years). Mean parafoveal vessel density in the superficial plexus increased from 54.7 ± 2.6 in baseline conditions to 56.0 ± 2.0 in hypoxia (p < 0.01). Mean parafoveal vessel density in the deep plexuses also increased, from 60.4 ± 2.2 at baseline to 61.5 ± 2.1 during hypoxia (p < 0.01). The OCT-A during the handgrip test revealed a decrease in vessel density in both superficial (55.5 ± 2.6 to 53.7 ± 2.9, p < 0.001) and deep (60.2 ± 1.8 to 56.7 ± 2.8, p < 0.001) parafoveal plexuses.

Discussion: In this work, we detail a simple, non-invasive, safe, and non-costly protocol to assess a central nervous system vascular response (i.e., the retinal circulation) using OCT-A technology. A vasodilatory response and a vasoconstriction response were observed in two physiologic conditions—mild hypoxia and isometric exercise, respectively. This protocol constitutes a new way of studying retinal vascular changes that may be applied in health and disease of multiple medical fields.

Keywords: optical coherence tomography angiography, retinal vascular response, retinal superficial plexus, retinal deep plexus, hypoxia challenge test, handgrip test, autonomic nervous system


INTRODUCTION

In the central nervous system, the possibility of direct visualization of the vascular system is unique to the retina vessels, which derive from the ophthalmic artery, the first branch of the internal carotid artery. (Riva et al., 2016). As one of the most metabolically active tissues in the body, the retina requires an effective blood flow regulation for its normal functioning (Wei et al., 2018). It has the ability for local autoregulation, which is important to keep blood flow relatively constant despite the variations in perfusion pressure (Arjamaa and Nikinmaa, 2006).

The impairment of the normal retinal vascular response is reported in the early stages of a number of ocular diseases, such as diabetic retinopathy (Nguyen et al., 2009; Pemp et al., 2009; Yau et al., 2012; Ramm et al., 2016), age-related macular degeneration, and glaucoma (Garhöfer et al., 2004; Gugleta et al., 2013). Therefore, the study of retinal vessel behavior and blood flow regulatory function is crucial to increase our knowledge about the mechanisms behind several ocular vascular diseases.

A number of non-invasive methods have been used to for retinal vessels’ assessment, including laser Doppler velocimetry (Riva et al., 1985), laser Doppler flowmetry (Riva, 2001; Riva et al., 2010), laser speckle flowgraphy (Tamaki et al., 1994), blue-field entoptoscopy (Riva and Petrig, 1980; Fallon et al., 1985), and color Doppler imaging (Stalmans et al., 2011; Abegao Pinto et al., 2012). However, these devices and techniques are not widely available in clinic, being mostly limited to research purposes (Wang and Luo, 2017; Wei et al., 2018).

Optical coherence tomography angiography (OCT-A) is a novel diagnostic tool with increasing applications in ophthalmology clinics. OCT-A technology uses infrared wavelengths to provide non-invasive, high-contrast, high-resolution imaging of the retinal microvasculature (Koustenis et al., 2017; Spaide et al., 2017; Wei et al., 2018). This technology is an extension of the widely used optical coherence tomography (OCT) and generates images of unprecedented detail by interferometrically measuring the amplitude and delay of reflected or backscattered light from moving erythrocytes. It does so by detecting motion contrast produced by moving blood cells in retinal vessels. Retinal blood flow induces a change between sequential B-scans, while no-flow areas produce no variation. Since no motion in the retina other than blood flow is expected, stationary objects will not produce a significant change in sequential images, while moving objects produce a detectable change. By comparing changes over time, the generated final image clearly defines retinal microvasculature. Recent advances in projection artifact removal allowed researchers to accurately define the deep retinal vascular layers and not only the superficial plexus, overcoming one of its main limitations (Garrity et al., 2017). Its potential for clinical use is tremendous; not only does it allow clinical evaluation of vascular pathologies without the need for invasive procedures, but it can also allow quantitative assessment of the retinal vascular bed. Furthermore, it unlocks new possibilities in detecting functional changes subjects with no visible structural defects.

Our research group has previously reported the potential of OCT-A to detect changes in retinal vessels, having recently published a proof of concept in healthy volunteers to characterize the physiologic retinal vascular response under hypoxic conditions. This work confirmed the ability of this technology to non-invasively detect a significant retinal vasodilatory response to a mild hypoxic stress, in a healthy cohort (Sousa et al., 2017).

Given the reported ability of OCT-A to assess dynamic retinal vascular changes, this manuscript aims to report in detail a protocol for analyzing both vasodilatory and vasoconstriction retinal vascular responses to a standard stimulus with the widely used clinically available OCT-A technology.



MATERIALS AND METHODS

Ethics and Informed Consent

This research protocol follows the tenets of the Declaration of Helsinki (Carlson et al., 2004) and was submitted and approved by the Ethics Committee of Lisbon Academic Medical Center in March 2018. Written informed consent was obtained from all the participants before enrolment, after detailed explanation of the objectives, procedures, and risks of the study. Two standardized tests were applied: i) the hypoxia challenge test (HCT; Vohra and Klocke, 1993) and ii) the handgrip test (Ewing et al., 1985).

As recommended by the Ethics Committee, in order to minimize ethical concerns regarding the HCT, patients and volunteers recruited must had the intention to fly in the future. All the safety recommendations regarding the handgrip test were also followed and the test was stopped if necessary (Ewing et al., 1985). Only the physicians had access to each subject’s electronic health records. Medical confidentiality was assured. By agreeing to be part of this study, all the participants had access to a comprehensive ophthalmological exam. At any time, enrolled subjects could anonymously withdraw from the study.

Participants

Twenty-four healthy volunteers were recruited. An anonymous questionnaire was carried out, including the following questions: age, gender, smoking-pack years, known diseases and current chronic medication, previous intraocular surgery or trauma, symptoms during previous flights, and intention to fly in the future. Subjects were also asked to abstain from alcohol and caffeine for at least 6 h before the study to reduce the possible autonomic effects and measurement bias (Vinader-Caerols et al., 2012) and were instructed to rest for 10 min in a sitting position before the protocol start.

Exclusion ophthalmological criteria were as follows: the presence of significant lens opacities (Lens Opacities Classification System III equal to or higher than stage 2), high refractive error (spherical equivalent below −6.50 or above +4.00 diopters), history of glaucoma or ocular hypertension, neuro-ophthalmic disease, and previous intraocular surgery. Exclusion systemic criteria included the following: hypertension (defined as systolic blood pressure higher than 140 mmHg and diastolic blood pressure higher than 90 mmHg or use of anti-hypertensive drugs), nephropathy or other documented microvascular complication, diabetes mellitus, local or systemic inflammatory diseases, those taking vasoactive drugs, and smokers of more than 20 cigarettes a day. Pregnant women were excluded.

Protocol

Firstly, the study protocol was explained individually to every subject, a written consent was given, and the questionnaire was filled. Then, a complete ophthalmological examination was conducted to all subjects, including best-corrected visual acuity, slit-lamp biomicroscopy with fundoscopy, auto-refractometer (RK-5®, Canon Europe®, The Netherlands), fundus photography (CR-2®, Canon, United States), intraocular pressure, and eye biometry (Lenstar®, Haag-Streit, Switzerland). Other baseline measurements performed included arterial pressure (Carescape®V100, GE Healthcare, Portugal) and pulse oximetry. Room temperature was kept at 22°C, and similar mesopic conditions were adopted throughout the study.

Optical Coherence Tomography Angiography

A commercial OCT-A device was used (AngioVue®, Optovue, CA, United States), which has an A-scan rate of 70,000 A-Scan/s with 5-μm axial resolution and uses the split-spectrum amplitude-decorrelation angiography (SSADA) algorithm, thus enhancing signal-to-noise ratio of flow detection. The device used also included the latest projection artifact removal algorithm, allowing for a more precise deep plexus analysis.

All examinations were performed by an experienced technician at the required timepoints using the standard protocol for macular examination. Two repeated scans were performed at baseline and during the stress test, respectively. Vessel density of the superficial and deep plexuses was assessed from the en face angiograms, by analyzing a predefined annulus with an outer diameter of 3 mm and an inner diameter of 1 mm, corresponding to the parafoveal region. This variable was automatically gathered using AngioAnalytics®, the built-in software of the OCT-A device, as a ratio of the white pixels to the total number of pixels (i.e., the proportion of the image occupied by retinal vessels; Yu et al., 2015). Only high-quality images (high signal strength, focused, and without movement artifacts) were considered.

Vasodilatory Response—Hypoxia Challenge Test

The vasodilatory response with retinal blood flow increase in response to a decreased arterial oxygen value has already been reported as a physiologic response, mainly associated with the local release of hypoxia-related metabolites, such as retinal relaxing factor, prostacyclin, and lactate (Pournaras et al., 2008; Cheng et al., 2016).

The following protocol was designed in order to comparatively characterize with OCT-A the retinal vessel density changes induced under hypoxia conditions using HCT as a hypoxic stress test. The HCT is performed at sea level in order to create a normobaric hypoxic environment by reducing FiO2 and making it equivalent to the flight cabin values. The British Thoracic Society (BTS) proposes a practical and inexpensive protocol to perform HCT (Vohra and Klocke, 1993). Briefly, participants had to breathe FiO2 of 15% by using a gas mixture with a supply of 99.993% nitrogen (Linde Healthcare®, Portugal) through a 40% flow Venturi mask (Intersurgical®, United Kingdom) at 10 L/min. Cardiorespiratory monitoring during HCT was performed using a polygraph and an oximeter in a hand finger (Alice PDX, Philips-Respironics®, United States). The parameters monitored during HCT were oxygen peripheral saturation, arterial pressure, and continuous electrocardiography.

As established by the BTS, the recommended HCT duration to obtain stable conditions is 20 min. Accordingly, OCT-A was performed at baseline and then, again, 30 min after HCT start, under the described hypoxic conditions. Then, the Venturi mask and cardiorespiratory monitoring devices were withdrawn. All symptoms were recorded, and the test was stopped if medically necessary.

Vasoconstrictive Response—Handgrip Test

The handgrip test, as an isometric exercise, is a sympatheticomimetic test causing steady and safe increases in heart rate and arterial pressure. The associated physiologic retinal vascular response consists in a vasoconstriction response (Ewing et al., 1985; Blum et al., 1999; Zhang et al., 2012).

The following protocol was conducted after having been previously explained in detail to all participants. Subjects sat in a chair in front of the OCT-A device, with the forearm in neutral position, the elbow flexed at 90°, and the wrist with the thumb facing upward. The participants were asked to hold a Jamar hydraulic dynamometer, and maximal grip force (MGF) was calculated with the dominant arm. Systemic blood pressure was monitored in the contralateral arm. The participants were then instructed to relax and place the chin in the OCT-A chinstrap and be prepared for examination. When ready, a voice signal requested the participant to keep a steady contraction of at least one-third of the maximal calculated force (monitored by an investigator). After 90 s, the OCT-A acquisition started, completed for both eyes within the 3- to 5-min handgrip test. The arterial pressure in the contralateral arm was measured every minute and registered. According to the handgrip test recommendations (Ewing et al., 1985), if a diastolic blood pressure higher than 120 mmHg and/or any adverse symptom was registered, the test was interrupted. The procedure was repeated after a 15-min resting time if any reliability-limiting situation occurred.

Statistics

Statistical analysis was performed using STATA v14.1. A repeated-measures ANOVA model was used to assess differences between the baseline and stress measurements. The Shapiro–Wilk and skewness/kurtosis test suggested the normal distribution of the variables considered, and the inexistence of significant outlier values was also confirmed. Equality of variances was investigated, and the results were reported accordingly, applying the Greenhouse–Geisser correction when variables’ variances were not equal. p < 0.05 was considered for statistical significance. To guarantee independence of observations, only the right eye of each patient was considered for analysis.



RESULTS

Demographics and Baseline Data

Twenty-four eyes of 24 healthy subjects (10 male) were studied. Mean age was 31.8 ± 8.2 years (range, 18–57 years). Mean best-corrected visual acuity was 0.0 LogMar, mean intraocular pressure was 13.3 ± 2.1 mmHg (range, 10–18 mmHg), with a mean spherical equivalent of −1.3 ± 1.8 D (range, −5 to 2 D) and mean axial length of 24.12 ± 0.9 mm (range, 22.5–25.9 mm). Mean body mass index was 22.6 ± 3.0 kg/m2 (range, 18.6–28.7 kg/m2).

Vasodilatory Response—Hypoxia Challenge Test

The peripheral oxygen saturation decreased from 98 ± 1% to stable minimum values of 87 ± 2% during HCT (Table 1). The mean parafoveal vessel density in the superficial plexus increased from 54.7 ± 2.6 in baseline conditions to 56.0 ± 2.0 in hypoxia (F1,23 = 15.69, p < 0.001). The mean parafoveal vessel density in the deep plexuses also increased, from 60.4 ± 2.2 at baseline to 61.5 ± 2.1 during hypoxia (F1,23 = 16.26, p < 0.001) (Table 1). The increase in vessel density was observed in 22 (92%) of the 24 eyes in both plexuses.

TABLE 1. Systemic variables and retinal vascular response to the hypoxia challenge test.
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Vasoconstrictive Response—Handgrip Test

As depicted in Table 2, the handgrip test was associated with an expected heart rate and systolic and diastolic blood pressure increase compared to baseline (all p < 0.001).

TABLE 2. Systemic variables and retinal vascular response to the handgrip test.
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The OCT-A during the handgrip test revealed that isometric exercise elicited a decrease in vessel density in both superficial (55.5 ± 2.6 to 53.7 ± 2.9, F1,23 = 27.37, p < 0.0001) and deep (60.2 ± 1.8 to 56.7 ± 2.8, F1,23 = 27.90, p < 0.0001) parafoveal plexuses (Table 2). The decrease in vessel density was observed in 22 (92%) and 23 (96%) of the 24 eyes in the superficial and deep plexuses, respectively.

Regarding the systemic response, the mean percent increase in mean arterial pressure and heart rate was 32 ± 1.7% and 23 ± 1.7%, respectively. Table 2 summarizes both OCT-A and cardiovascular response findings to the handgrip test.



DISCUSSION

As an energy-demanding tissue, the retina blood flow autoregulatory mechanisms are crucial to keep blood flow relatively constant despite the variations in perfusion pressure (Arjamaa and Nikinmaa, 2006; Wei et al., 2018). In this study with OCT-A, we report a standardized, reliable, and non-invasive way of studying retinal vascular vasodilatory and vasoconstrictive responses to hypoxia and isometric exercise, respectively.

Despite the constant blood flow thought to be provided by the choroidal circulation, retinal vessels are believed to present a large reserve for vasodilation and vasoconstriction in order to balance changes in the arterial pressure of oxygen (Geiser et al., 2000; Cheng et al., 2016). The encountered vasodilatory response under mild hypoxic conditions is consistent with the findings of previous studies using different technologies, such as blue-field entoptic phenomenon and scanning laser Doppler flowmetry (Fallon et al., 1985; Strenn et al., 1997). The stress test used in our study, HCT, consistently induced the expected systemic responses, with an increase in heart rate accompanying the hypoxemia. A few OCT-A studies have been published reporting the vasoconstrictive response to hyperoxia (Xu et al., 2016; Hagag et al., 2018). However, to the best of our knowledge, our group was the first to report the vasodilatory response to hypoxia, using the standardized HCT as the hypoxic stimulus.

Although it is believed that autonomic innervation of retinal vasculature is not significant (Pournaras et al., 2008; McDougal and Gamlin, 2015), the vasoconstrictive response to isometric exercise was clearly observed in our study. This response was associated with the expected sympathetic nervous system induced increase in arterial blood pressure and heart rate. As previously described, this regulation should be, at least partially, induced by the local response to the increase in arterial pressure—the Bayliss effect in retinal autoregulation (Robinson et al., 1986; Blum et al., 1999). This observed vasoconstrictive response in retinal vessels is similar to the one described in peripheral arteries’ behavior (Ewing et al., 1985). However, with still so much to unveil about mechanisms behind the retinal autoregulation, we are not able to definitely attribute this retinal vascular response to a specific factor.

For both retinal vascular responses, the differences observed in our sample were striking and quite homogeneous, with more than 90% of the subjects presenting a similar vessel density change in both plexuses. This reinforces the potential of the above-described protocol as a repeatable method for the evaluation of retinal vascular function, in a healthy retina and possibly in a pathologic vascular setting as well. Although the clinical significance of the statistically significant findings encountered should be discussed, the magnitude of change we encountered is comparable to other OCT-A studies. For example (Simonett et al., 2017) were able to distinguish a healthy cohort from patients with no or mild diabetic retinopathy with changes in vessel density similar in magnitude to the ones reported in our study.

In a recent study, Hagag et al. have demonstrated a reduction on the flow index and vessel density (−7.8%) of the deep capillary plexus only and in the flow index of the all-plexus slab measured by OCT-A with hyperoxia. These authors describe an approach to induce hyperoxia that consists in fitting a simple face mask and giving supplemental oxygen for 10 min at a flow rate of 15 L/min, which delivers 60–90% oxygen in the inspired oxygen, therefore creating a systemic hyperoxic condition (Hagag et al., 2018). In contrast, in our work, in order to induce vasoconstriction, we used the handgrip test. We found a significant decrease in the vessel density of both superficial and deep plexus, although with a lower magnitude of change, as detailed in Table 2. The small sample in the work of Hagag et al. and the fact that another vasoconstrictor stimulus (with a different physiologic mechanism) was chosen may have contributed to this difference. These results should be validated by performing both tests (induced hyperoxia and handgrip tests) and comparing the retinal vascular response with OCT-A technology.

Regarding the vasodilatory response, an alternative method that could be considered to induce retinal vessel dilation is the hypercapnia test, as described elsewhere (Raurich et al., 2008, 2009). However, compared to our choice to induce a safe level of hypoxia, this test involves re-inhalation of expired air by inserting a length of corrugated tube between the Y-piece and the endotracheal tube, which increases the deadspace by a volume similar to the tidal volume (VT) obtained with a pressure support of 7 cmH2O (Raurich et al., 2009). Comparatively, we believe that our work presents a simpler, safer, and reproducible methodology to induce a detectable vasodilation in the retina using OCT-A.

After establishing a protocol to evaluate retinal vascular response with OCT-A, it will be possible to study not only the healthy eye but also responses in a compromised vascular setting, such as in diabetic retinopathy, age-related macular degeneration, and glaucoma. We hypothesize that local factors may play a crucial role when it comes to the retinal vascular regulation and responses in metabolic diseases. In fact, a recent thesis (Eliasdottir, 2018) has suggested that retinal autoregulation is mostly due to myogenic and metabolic factors in order to accommodate local blood flow to differences in perfusion pressure and metabolic needs. In this context, we think that this protocol, once established, could be used to assess functional changes in the retinal vascular physiology before clinically detectable diseases, taking the paradigmatic example of DR.

In summary, this work details a simple, non-invasive, safe, and non-costly method to assess vascular changes in healthy subjects that can be the stepping stone for several experiments. It has gone some way toward enhancing our understanding of possible and reproducible methods to induce and detect vasoconstriction and vasodilation in retinal vessels. Because OCT-A technology and devices are increasingly used in ophthalmology, we hope that our research will serve as an encouragement for the development of technology capable of dynamically assessing the vascular response in opposition to static images only. In fact, and contrary to other devices with mainly research purposes, OCT-A technology is easy to use and increasingly available in ophthalmology clinical practice worldwide (Sadda, 2017) and therefore we think that establishing a protocol with an available tool will have an impact in the neurosciences community.

Limitations

As a first limitation of our study, we should mention the relatively small sample size, which limits association analysis with demographic and ophthalmic features of the participants. Secondly, the current OCT-A technology is still evolving and one should be careful in the interpretation of the findings and their magnitude. As an example, with the current device, we are not able to estimate absolute blood flow values, but only perfused vessel densities. Thirdly, in both protocols, there is an autonomic nervous system activation and, therefore, we are not able to isolate the factor inducing the retinal vascular response from the autonomic-related vascular consequences. Moreover, despite reporting statistical significance in the parafoveal vessel density means in response to both the hypoxic and handgrip tests, we are unsure of the clinical significance of these differences. In fact, there are no current data in literature to indicate what would normal inter-exam variation be when calculating parafoveal vessel density. To be able to comment more accurately about the obtained results, it is essential to know the error associated with the built-in software and then be able to distinguish clinical change from measurement variability. Assessing the reproducibility of these measurements would then be a next step to overcome this caveat (Bland and Altman, 1996). With this study, we expect to promote the development of the technology in order to allow for larger studies to confirm our results with a dynamic (and continuous, ideally) analysis of retinal vascular responses in health and disease, with potentially relevant diagnostic and therapeutic implications.



CONCLUSION

This study on human volunteers constitutes a proof of concept on how to evaluate a central nervous system response (i.e., the retinal circulation) in two physiologic conditions—hypoxia and isometric exercise. The importance of identifying such a response with a rapid, non-invasive, and reliable technology used in clinical practice—OCT-A—may be a stepping stone for new lines of research not only in ophthalmology, but also in physiology and neuroscience.
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The autonomic nervous system (ANS) is involved in the regulation of physiologic and homeostatic parameters relating particularly to the visceral organs and the co-ordination of physiological responses to threat. Blood pressure and heart rate, respiration, pupillomotor reactivity, sexual function, gastrointestinal secretions and motility, and urine storage and micturition are all under a degree of ANS control. Furthermore, there is close integration between the ANS and other neural functions such as emotion and cognition, and thus brain regions that are known to be important for autonomic control are also implicated in emotional functions. In this review we explore the role of the central ANS in the control of the bladder, and the implications of this for bladder dysfunction in diseases of the ANS.
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INTRODUCTION

Normal bladder function in the mature human relies on integration between the autonomic and somatic nervous systems. In disease, and during development, the balance may be altered so that the autonomic nervous system (ANS) plays an increased or altered role in bladder control. However, most studies highlight the role of the ANS in bladder control at the level of peripheral nerve and spinal networks, neglecting the role of supraspinal autonomic nuclei. In this review we describe the anatomic distribution of the central autonomic network (CAN), and then discuss what is known about the supraspinal control of the bladder, and consider the overlap between the CAN and central bladder network. Finally, we consider the implications of central autonomic bladder centers for our understanding of diseases affecting the bladder.



SUPRASPINAL NEURAL ORGANIZATION OF AUTONOMIC CONTROL

Collectively, the network of brain areas involved in maintaining and regulating the ANS is known as the ‘central autonomic network’ (CAN). Important progress in our understanding of the anatomy and function of the CAN in the human has been made in recent years, including its role in other neural functions such as emotion and cognition (Critchley and Garfinkel, 2015). Much of this progress is due to developments in neuroimaging techniques (Hyam et al., 2012; Macey et al., 2016). Furthermore, modulation of activity within the CAN at specifically selected anatomic targets, using deep brain stimulation (DBS), offers a possible means of altering or modifying autonomic functions in human patients, and carefully observed studies of autonomic side effects arising from DBS for other indications, have made it possible to experimentally test the effects of DBS on the ANS (Lovick, 2014).

Regulation of autonomic function occurs via the interaction of various brain structures, which contribute to the CAN. Functions of the CAN include regulating the balance of sympathetic and parasympathetic activity at any one time. This regulation can occur as part of feedback loops that are specific to selected organ systems, or secondary to central command mechanisms which are generated by higher cortical areas, for example, as occurs in preparation for exercise (Basnayake et al., 2012). Brainstem sites that are important for autonomic outflow include the locus coeruleus, the parabrachial nucleus of the pons (Loewy, 1991; Napadow et al., 2008), and various nuclei within the medulla including sympathetic outflow pathways in the ventral medulla, the caudal and rostroventral medulla (Loewy, 1982; Gianaros et al., 2012) and parasympathetic outflow nuclei including the nucleus ambiguus and the dorsal motor nucleus (Gianaros et al., 2012). Important subcortical autonomic input nuclei include the nucleus of the solitary tract (NTS) in the medulla, which receives afferent input from the sympathetic and parasympathetic systems, and from baroreceptors and chemoreceptors. The interaction between midbrain, diencephalic and forebrain structures and the brainstem autonomic nuclei are extensive. The role of these regions has been extensively studied in animal recording and lesion studies as well as human cases of stroke and other lesions. Now, autonomic challenges can be applied during functional magnetic resonance imaging (fMRI) to study neural changes associated with autonomic activation in the human. Autonomic challenges include the Valsalva maneuver and handgrip challenges (Saito et al., 1986), forehead, foot or hand cold pressor tests (Macey et al., 2014) and end-expiratory breath hold challenges, which produce sympathetic excitation (Zubin Maslov et al., 2014). These tasks typically induce global changes in blood oxygenation and blood flow in addition to local changes related to increased or decreased neural activation, thus, the global changes are typically excluded from analyses as confounding factors (Macey et al., 2016). fMRI has been particularly useful for investigating the role of cortical structures in autonomic control.

One important cortical region in higher response to autonomic challenges is the insula (Napadow et al., 2008; Al-Otaibi et al., 2010; Critchley et al., 2015; Macey et al., 2016). The insular cortex is buried within the lateral sulcus, and is overlain by and intimately related to, the parietal opercula, whose gyri and sulci interdigitate with those of the insula (Ture et al., 1999). Its activity may affect autonomic outflow via connections to thalamic, limbic and brainstem regions, including the hypothalamus (Allen et al., 1991). Certain fMRI paradigms, using a foot cold pressor challenge, handgrip task (both with predominantly sympathetic components) and Valsalva maneuvre (activating both sympathetic and parasympathetic pathways) have demonstrated a topographical organization of autonomic response within the insula, with an anteroposterior and lateralized differentiation of responses over the 5 gyri of the insula and the two brain hemispheres (Macey et al., 2012) and a unique pattern of activation associated with each task.

The cingulate cortex has also been established as a key region for autonomic response with anterior, mid and posterior cingulate cortex showing differential involvement. For example, posterior cingulate cortex activity has been associated with a withdrawal or reduction in parasympathetic activity (O’Connor et al., 2007; Wong et al., 2007), while anterior cingulate cortex activity has been correlated with sympathetic nervous system activity using pupillary dilatation and skin conductance to infer sympathetic activation (Nagai et al., 2004; Critchley et al., 2005). Stressor-evoked suppression of baroreflex sensitivity was found to co-vary with signal in the perigenual anterior cingulate cortex, dorsal anterior cingulate cortex and posterior cingulate cortex (Gianaros et al., 2012), as well as producing increased functional connectivity between the perigenual ACC and the amygdala, periaqueductal gray area (PAG), and pons.

The hippocampus and amygdala both respond to changes related to activation of the sympathetic nervous system, such as blood pressure challenges (Harper et al., 2000) and tasks evoking effortful stress (Critchley et al., 2000). Their activity has also been shown to correlate with changes in a heart rate variability derived high frequency regressor, which is thought to provide an indication of parasympathetic output to the heart (Napadow et al., 2008). Both amygdala and hippocampus are activated in tasks involving the Valsalva maneuver (Harper et al., 1998; Henderson et al., 2002); the amygdala during hypoxic breathing challenge (Critchley et al., 2015), and the hippocampus in tasks involving inspiratory resistance (Faull et al., 2016). Interestingly, feedback from the ANS modulates activation of these regions in response to an emotional fear task: both amygdala and hippocampus demonstrated a significant main effect of cardiac cycle (systole/diastole) in their response to fearful stimuli (Garfinkel et al., 2014).

Other cortical regions that have been implicated in autonomic function include the ventromedial prefrontal cortex (Verberne et al., 1997), and sensorimotor cortices (pre- and post- central gyrus). Autonomic activation of sensorimotor cortex is difficult to dissociate from task based motor and sensory activation, however, Nowak et al. (1999) demonstrated increased activation of post-central gyrus with a hand grip exercise that persisted after the application of local anesthesia, supposedly ruling out a direct sensory input to the region, and activation of the post-central gyrus has also been described during heart rate changes in a task designed to elicit baroreceptor activation alone independent of motor or cognitive effort by inducing baroreflex responses using lower body negative pressure (Kimmerly et al., 2005). Ventromedial prefrontal activity has been show to vary with skin conductance level (Nagai et al., 2004) and stimulation of muscle sensory afferents (Goswami et al., 2011) and it has been suggested that its activity is related to hippocampal activation.

Finally, the cerebellum appears to have an important role in autonomic control. The cerebellum responds to blood pressure changes that occur in a variety of tasks including Valsalva (Harper et al., 1998; Henderson et al., 2002), ventilatory challenges of 5 and 10% CO2 (Harper et al., 1998), changes in minute ventilation (Critchley et al., 2015), heart rate changes (Gray et al., 2007) forehead and hand cold pressor tasks (Harper et al., 1998), a moderate intensity handgrip task (Wong et al., 2007), and emotional arousal (O’Connor et al., 2007). Activation of the cerebellar vermis specifically has been reported during effortful tasks designed to elicit a stress response (Critchley et al., 2000) as well as emotional arousal (O’Connor et al., 2007), moderate intensity handgrip (Wong et al., 2007) and blood pressure increases (Critchley et al., 2015).



SUPRASPINAL ORGANIZATION OF BLADDER CONROL AND OVERLAP WITH THE CENTRAL AUTONOMIC NETWORK

The central nervous system plays a critical role in the regulation of the urinary bladder. Bladder control involves various autonomic, cognitive and sensorimotor operations, and establishing an understanding about the functional role of different brain regions in bladder circuitry, and how these regions interact with each other and with the peripheral nervous system, has been a key goal of neuro-urological research. The bladder is somewhat unique, in that while it is regulated by autonomic networks at the level of the spinal cord (and in the human infant is entirely under autonomic control) there is conscious awareness of bladder filling and voluntary control over the process of micturition. Moreover, in many non-human animals, there are major social functions of urination besides expulsion of waste products from the body (Hou et al., 2016). By default, the lower urinary tract remains in “storage” mode during bladder filling- in this state, the external urethral sphincter must remain contracted and the detrusor muscle relaxed to facilitate urine collection. It is thought that a set of brain areas are active in the storage state to maintain these properties of the detrusor and sphincter, but also to monitor the progression of bladder filling, whether in a conscious or subconscious fashion. When the bladder becomes full, there is a “switch” (requiring another set of neural events) to “voiding” mode. The “voiding” mode is the state in which the bladder sphincters relax and the detrusor muscle contracts, permitting micturition, and calls into play a third distinct pattern of brain activity. The mechanistic control of the bladder detrusor muscle and sphincters occurs through the activity of autonomic and somatic networks in the spinal cord, which communicate reciprocally with supraspinal centers, although a direct connection between the pontine micturition center (PMC) and sympathetic preganglionic neurons has there has not currently been demonstrated. There are two separate circuits for bladder control; bladder storage pathways which exist entirely within the spinal cord itself, and the supraspinal pathway which is thought to maintain continence when the bladder is significantly full, and which in non-human animal species may also be important for the social functions of micturition. Parasympathetic nerves (otherwise known as pelvic splanchnic nerves) are derived from the S2-4 nerve roots, which pass via the pelvic plexus and trigger bladder contraction during voiding. Sympathetic neurons have the effect of maintaining bladder relaxation, and travel along the iliohypogastric nerve (derived from T10-L2 roots, formed in the lumbar plexus). Somatic cholinergic nerves arising in Onuf’s nucleus (located at S2-4 spinal level) travel in the pudendal nerve (formed from ventral rami of S2-4 and the coccygeal nerve in the sacral plexus) to innervate the external urethral sphincter; Onuf’s nucleus is likely to be innervated by the pontine L region or pontine continence center, which is separate to the PMC and important for maintaining continence during times of urgency (Griffiths et al., 1990). Sensory information about bladder fullness is carried along the pelvic (S2-4) and iliohypogastric nerves (T12-L1), while sensory information from the bladder neck and urethra is transmitted by the pudendal nerve and iliohypogastric nerve (Fowler et al., 2008) (see Figure 1 for afferent and efferent nerves involved in bladder control). In the spinal cord, animal studies suggest that bladder afferents travel in Lissauer’s tract before projecting in lamina I, V–VII, and X of the dorsal horn (de Groat and Yoshimura, 2010). Parasympathetic preganglionic neurons, responsible for detrusor contraction, receive projections from the lateral and dorsolateral funiculus, the dorsal gray commissure, and lamina I of the dorsal horn (likely transmitting primary afferent bladder information) (de Groat and Wickens, 2013).
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FIGURE 1. (A) Efferent innervation of the bladder, ureter, and external urethral sphincter (modified from Fowler et al., 2008). Parasympathetic fibers (green) arise from S2-4 nerve roots. They travel in the pelvic nerve and pass via the pelvic plexus to innervate the bladder detrusor muscle of the bladder. Sympathetic fibers (red) arising from T11-L2 segments, pass via the inferior mesenteric plexus (IMP) and travel in the hypogastric nerve (HGN) to innervate the ureter and the detrusor smooth muscle. Somatic innervation of the external urethral sphincter is via the pudendal nerve, and arises from Onuf’s nucleus at S2-S4. (B) A simplified schematic showing the major nerves and neurotransmitters involved in bladder control. The pudendal nerve causes contraction of the external urethral sphincter via nicotinic receptors (+N); parasympathetic fibers produce contraction of the detrusor muscle by acting at M3 receptors; and sympathetic innervation inhibits detrusor contraction through β3 receptors, and contraction of the internal urethral sphincter by α1 receptor activation.



To understand the supraspinal control of the lower urinary tract, various experimental approaches have been used. Animal studies, using tract tracing, electrical stimulation, lesioning, and neural recording techniques were instrumental in identifying key subcortical regions important for bladder control, including the PMC which represents the major outflow tract to initiate micturition (Loewy et al., 1979; Holstege et al., 1986; Blok and Holstege, 1997), the pontine continence center (Holstege et al., 1986; Griffiths et al., 1990), the PAG, which receives afferent information about bladder filling and may be significant in switching from storage to voiding mode (Noto et al., 1991; Blok et al., 1995; Liu et al., 2004), and the globus pallidus (Lewin and Porter, 1965; Porter et al., 1971), amongst many others. Of particular relevance to the ANS, the role of the locus coeruleus (LC) in bladder control has been demonstrated (Valentino et al., 1996); the LC is activated along with the PMC, by PAG stimulation (Meriaux et al., 2018) and displays neuronal activity that temporally correlates with the initiation of micturition (Manohar et al., 2017). More recently, newer techniques such as optogenetics and fiber photometry have built on earlier studies to deepen insights into the supraspinal pathways involved in bladder control. For example, Hou et al. (2016) used optogenetic techniques to identify a population of corticotrophin-releasing hormone (Crh) positive neurons within the mouse PMC whose activity correlated with bladder contractions. These neurons were found to send glutamatergic projections to the spinal cord, consistent with an excitatory role, and, using rabies-based retrograde trans-synaptic labeling, the group identified widespread connections from higher brain centers potentially capable of modulating activity of the Crh-positive neuronal population. These connecting regions included areas regarded as important for autonomic control, such as the anterior cingulate cortex, hypothalamus, central amygdalar nucleus, and PAG; as well as other regions such as the motor and somatosensory cortex. Similarly, Keller et al. (2018) used optogenetics to identify a subset of neurons within Barrington’s nucleus expressing estrogen receptor 1 which may be involved in relaxing the external urethral sphincter.

Despite a good understanding of bladder control networks in animal models, confirming similar networks in the human have traditionally been challenging. Early insights into bladder control networks in humans were inferred through studies of patients with brain lesions that impaired urinary function (Andrew and Nathan, 1964). Important areas identified by this approach included the frontal lobes in general (Maurice-Williams, 1974), and brainstem regions including the PAG (Yaguchi et al., 2004). More recently, alterations in bladder function have been reported following implantation of DBS electrodes within the thalamus (Kessler et al., 2008), subthalamic nucleus (STN; Seif et al., 2004; Herzog et al., 2006, 2008), internal globus pallidus (GPi) (Mordasini et al., 2014), PAG (Green et al., 2012) and pedunculopontine nucleus (PPN; Aviles-Olmos et al., 2011; Roy et al., 2018b), implicating all of these regions in some aspect of human urinary control. Finally, developments in functional brain imaging have facilitated a controlled, systematic, experimental whole-brain approach to investigate the neural control of the bladder in both healthy human subjects and those with bladder disorders. Functional imaging experiments are able to identify patterns of neural activation that occur in response to specific bladder-related tasks or states, including urinary voiding, bladder filling or the subjective experience of certain bladder-related sensations, such as urinary urgency. Although a range of functional imaging methodologies have been used including positron emission tomography (PET; e.g., Blok and Holstege, 1997; Nour et al., 2000), fMRI (fMRI; e.g., Griffiths et al., 2005; Mehnert et al., 2008) and near infrared spectroscopy (Matsumoto et al., 2009), fMRI, as a relatively safe and non-invasive technique, with good spatiotemporal resolution, is rapidly becoming the dominant modality.

The most common type of paradigm used for brain-bladder fMRI is an “infusion withdrawal” paradigm (see Griffiths et al., 2005), whereby many repetitions of infusion and withdrawal of small volumes of fluid into the bladder are carried out, usually at a relatively empty bladder and a relatively full bladder (in many cases, the bladder is filled to provoke the sensation of urgency). The contrast (infusion-withdrawal) is averaged over multiple trials, due to the inherently low signal-to-noise of fMRI, and is thought to reveal brain activations associated with bladder filling or the experience of urinary urgency (depending on the exact details of the trial). Other approaches using fMRI to study brain-bladder activity include measuring the BOLD signal during or immediately preceding urinary voiding (Krhut et al., 2012; Shy et al., 2014) and, more recently, the use of resting state fMRI (Nardos et al., 2014) in the full and empty bladder state.

fMRI studies designed to elicit brain activations relating to the “storage” mode have demonstrated activations in regions including frontal cortex, anterior cingulate cortex, insula, parahippocampal gyrus and cerebellum, as well as activations in the thalamus and brainstem (Mehnert et al., 2008; Tadic et al., 2010, 2013; Krhut et al., 2014). Voiding-related fMRI activity occurs predominantly within the bilateral cingulate cortex and bilateral medial frontal cortex (i.e., SMA), occipito-parietal regions, insula, parahippocampal gyrus, and pons (Krhut et al., 2012; Shy et al., 2014) (see Figures 2,3).
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FIGURE 2. Schematic to illustrate some of the key anatomical regions significant for bladder control, including the pons, cerebellum, insula, occipito-parietal cortex, and frontal cortex.




[image: image]

FIGURE 3. Summary of some key brain areas demonstrated to be involved in bladder related tasks based on fMRI: supplementary motor area (SMA), mid-cingulate gyrus (A), frontal operculum (B), insula (C), cerebellum.



A current integrative model for the neural control of the bladder summarizes bladder control in terms of three separate ‘circuits’ of brain areas, which converge on a central hub (Griffiths, 2015). Circuit 1 involves the thalamus, insula, and lateral prefrontal cortex (connecting to the medial prefrontal cortex which regulates voiding) and is modeled as the normal circuitry for handling bladder sensation. Circuit 2 involves the dorsal anterior cingulate cortex (dACC) and supplementary motor area (SMA), important in creating a sensation of urgency and controlling pelvic floor muscles to prevent accidental urinary leakage in patients with urge urinary incontinence. Circuit 3 is thought to involve the parahippocampal gyrus although its precise functional role is not described in detail.

Despite our growing knowledge of brain activity associated with urine storage and voiding, few frameworks have been created to help conceptualize which parts of these bladder functional networks relate to autonomic control. Indeed, most thinking about autonomic control of the bladder relates to the peripheral bladder storage pathways which exist at the level of the spinal cord. However, considering our present understanding of the central bladder network, and incorporating separate research on central autonomic control, brain areas common to both include the insula, cerebellum, and cingulate cortex. The insula is thought to be the primary cortical area for the representation of visceral interoception, receiving afferent information from Aδ and C fibers and creating a subjective awareness of an individual’s homeostatic state (Craig, 2003), including with regard to bladder filling, and from an autonomic perspective, is thought of as an autonomic sensorimotor region (Hyam et al., 2012), playing a key role in autonomic challenges including blood pressure challenges (Macey et al., 2016). The cingulate cortex is activated during both storage and voiding, and in the model above may also be linked to the experience of urinary urgency. This fits with the view that the ACC is the brain’s homeostatic motor area (Craig, 2003), regulating motor and autonomic responses to maintain internal balance (Critchley et al., 2003), including, perhaps, regulating urinary voiding when necessary. Cerebellar activation is frequently reported during bladder filling in PET and fMRI (e.g., Nour et al., 2000; Athwal et al., 2001; Matsuura et al., 2002) as well as in various autonomic challenges such as Valsalva (Harper et al., 2000) and static hand grip testing (Macefield and Henderson, 2015). Interestingly, without deliberate reference to autonomic control, it has been proposed that the cerebellum, anterior insula, and cingulate cortex are functionally part of a common network, which may have an attentional role (Jarrahi et al., 2015). Studies that combine autonomic function tests with bladder filling or urinary voiding paradigms in the fMRI scanner are the next step in defining more completely to what extent these brain regions are playing an “autonomic” role in bladder control.

It may also be that brainstem regions important for bladder control but difficult to resolve with current fMRI techniques due to technical challenges of brainstem imaging, provide the critical link between somatic and autonomic systems regulating the bladder. For example, the raphe nuclei, the noradrenergic cell population in the locus coeruleus and the A11 dopaminergic cell group connect with autonomic and somatic motorneurons and also project to bladder motorneurons and Onuf’s nucleus (Holstege, 2005). Similarly, the paraventricular nucleus of the hypothalamus (also difficult to resolve using neuroimaging) has projections both to autonomic motoneurons and to Onuf’s nucleus (Holstege, 1987), while the PAG has major effects on autonomic control (Lovick, 1992; Green et al., 2010) and fight or flight responses (These regions may be pivotal in understanding the supraspinal control of the bladder and integration of somatic and autonomic control mechanisms.). However, although newer studies are providing insights into the activity of specific sub-populations of cells within brain areas and bladder function in animal models, this level of specificity is yet to be achieved in human studies although newer technologies such as 7T MRI scanning and local field potential recordings from implanted depth electrodes (Roy et al., 2018a) may help to isolate smaller neuronal populations.



AUTONOMIC DISORDERS AND EFFECTS ON BLADDER CONTROL

A number of neurodegenerative diseases with a clear autonomic component are associated with lower urinary tract symptoms. Research is needed to clarify the exact mechanism giving rise to bladder dysfunction in these conditions, and to determine whether the symptoms are a direct consequence of damage to autonomic bladder circuits or associated parts of the brain-bladder network.

Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disease characterized by loss of dopaminergic neurons within the substantia nigra, and aggregation of alpha-synuclein deposits as Lewy bodies in neurons. The result is a prominent motor disorder accompanied by autonomic and cognitive symptoms. Common autonomic symptoms in Parkinson’s disease include orthostatic hypotension, swallowing difficulties, sweating, constipation, diarrhea, and urinary storage symptoms including frequency, urgency, and nocturia (Sakakibara et al., 2001; Chaudhuri et al., 2006; Jain, 2011). Bladder symptoms are experienced by 38–71% of patients with PD (Sakakibara et al., 2018). Peripheral nerve and peripheral organ involvement appears to contribute to autonomic symptom development in PD; most convincingly, cardiac sympathetic denervation has been associated with orthostatic hypotension (Goldstein et al., 2002; Goldstein et al., 2007), while links have also been made with peripheral Lewy body pathology and associated autonomic symptomatology in other organ systems, particularly the enteric nervous system (Lebouvier et al., 2010; Cersosimo and Benarroch, 2012). However, despite the demonstration of peripheral nervous system involvement in the onset of autonomic symptoms, central nervous system abnormalities are also likely to be implicated. Brain structural abnormalities that underlie these common autonomic symptoms in Parkinson’s disease have not been conclusively investigated, although hypothetically, it might be expected that structural alterations within the CAN, such as the ventromedial medulla, hippocampus, insula, cingulate cortex, ventromedial prefrontal cortex, and cerebellum (Macey et al., 2016) could be implicated. Chen et al. (2016) described reduced baroreflex sensitivity and reduced gray matter in the left hippocampus, right amygdala, bilateral insula, bilateral cerebellum, bilateral caudate, right fusiform, and left middle frontal gyrus in patients with Parkinson’s disease (Chen et al., 2016).

Bladder symptoms in Parkinson’s disease are predominantly storage-related, producing a clinical picture of overactive bladder (Sakakibara et al., 2018). Urodynamic features include reduced bladder capacity, detrusor overactivity (Sakakibara et al., 2001), uninhibited sphincter relaxation and reduced detrusor contractility during voiding (Terayama et al., 2012). It is thought that overactive bladder symptoms might relate to the primary loss of dopaminergic neurons in the substantia nigra and the reduction in the inhibitory influence of dopamine acting at D1 receptors and interacting with bladder circuitry (Kitta et al., 2008), however altered function of CAN centers as a result of Lewy body pathology may also be significant. However, there are limited functional or structural MRI studies which investigate bladder symptoms in PD, and although urinary symptoms are often classified as an autonomic feature of PD, the specific neuroanatomical correlates for this classification have not yet been confirmed.

Multiple System Atrophy

Like PD, multiple system atrophy (MSA) is characterized by alpha-synuclein aggregates. However, in MSA, these develop within the oligodendrocytes rather than neurons and are known as glial cytoplasmic inclusions. The alpha-synuclein pathology tends to be more widespread than in PD and includes involvement of the spinal cord. Bladder dysfunction in MSA occurs at an earlier stage in disease than in PD, and tends to be more severe. Over 90% of patients with MSA have some form of lower urinary tract symptoms (Yamamoto et al., 2009, 2011). Moreover, prominent voiding symptoms, characterized by urinary retention, are observed in addition to symptoms of overactive bladder (Sakakibara et al., 2018). Detrusor underactivity, which significantly contributes to voiding difficulties in MSA, may result from degeneration in the PMC, whereas overactive bladder symptoms are more likely to result from degenerative changes in the locus coeruleus, pontomedullary raphe (Ito et al., 2006), and cerebellar vermis (Sakakibara et al., 2004), all of which have been identified as brain regions important for autonomic control. Alongside changes within the brain, spinal, and peripheral neurodegeneration also occurs which may contribute to symptoms. In particular, Onuf’s nucleus in the anterior horn of the sacral spinal cord, which contains the somatic motor supply to the external urethral sphincter, undergoes neuronal cell loss in MSA, and although there is not always a clear correlation between symptoms and neurogenic changes on EMG, weakness of the sphincter can result in incontinence in female MSA patients. There is also thought to be loss of sympathetic innervation of the bladder neck due to degeneration at the intermediolateral nucleus, resulting in a high incidence of open bladder neck.

Other Central Autonomic Disorders

Various other autonomic disorders such as postural tachycardia syndrome (POTS) (Kaufman et al., 2017) and pure autonomic failure (PAF) (Singer et al., 2017) also have associated bladder dysfunction. This reflects the intimate relationship between the lower urinary tract system and the ANS.

Emotional and Affective Disorders

Given the overlap between “limbic” neurocircuitry and both autonomic and bladder control regions, we were interested to identify whether there is evidence for bladder dysfunction in emotional or affective disorders. Research from the animal literature demonstrates a link between social stress in rats (Wood et al., 2009) and mice (Chang et al., 2009; Mingin et al., 2014) and changes in bladder physiology. For example, Wood et al. (2009) found that in rats subjected to social defeat, there was a significant increase in bladder to body weight ratio, which correlated inversely with the latency to adopt the defeat posture during social stress. Rats in the social defeat group also demonstrated changes in the pattern of micturition including reduced frequency of voiding and altered voiding pattern (voiding in the corner of the cage) compared with control animals, which maintained the same number of voiding spots as at the start of the experiment and also continued to void throughout the cage. Increased expression of corticotropin releasing factor in neurons of Barrington’s nucleus in the social stress group was proposed as a possible mechanism mediating the changes in bladder function.

From human clinical studies, however, there is surprisingly little research to investigate the relationship between bladder control and stress, trauma or emotional/affective disorders. This is likely to be in part due to the challenges associated with developing an appropriate and ethical experimental paradigm in humans. Nevertheless, it appears that trauma may have a profound impact on bladder control, particularly childhood trauma. For example, Durkin et al. (1993) carried out a population-based neurodevelopmental study of children in a rural community in Bangladesh. 6 months later, there was a devastating flood, the most severe ever recorded at that point in Bangladesh. Following this, a subset of the surviving children were re-evaluted. The group found that lack of sphincter control (bowel/bladder) had increased from 16.8% at baseline to 40.4% following the flood, a change which was statistically significant (Durkin et al., 1993). There was also a significant increase in aggressive behavior. Similarly, in a study comparing adult patients with interstitial cystitis/bladder pain syndrome with healthy controls presenting with acute cystitis, Chiu et al. (2017) identified higher rates of physical abuse in childhood or adulthood, and higher rates of childhood trauma by close others, in the IC/BPS group (Chiu et al., 2017). In a prospective study of female veterans who had returned from active service, Bradley et al. (2017) identified baseline anxiety, post-traumatic stress disorder and lifetime history of sexual assault as predisposing factors associated with the development of new overactive bladder syndrome at 1 year follow up. Clearly, the link between emotional/affective disorders, particularly PTSD and bladder dysfunction, needs further investigation with neuroimaging involvement to understand the link between these conditions more deeply, however, it is likely that common substrates to autonomic and bladder control such as the anterior cingulate cortex (Rinne-Albers et al., 2017), insula (Perez et al., 2017), and PAG (Johansen et al., 2010; Nicholson et al., 2017) may be involved.



CONCLUSION

Research into the central organization of autonomic control and bladder control have until now progressed relatively independently. However, there is clear overlap between supraspinal networks regulating autonomic and bladder function, with implications for the development of lower urinary tract symptoms in disease. Further research to explore the specific autonomic role of known areas in the bladder control network is needed, as is detailed investigation of the structural and functional brain changes associated with urinary symptoms in autonomic and emotional/affective disorders.
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Heart rate (HR) and HR variability (HRV), predictors of over-all organism health, are widely believed to be driven by autonomic input to the sinoatrial node (SAN), with sympathetic input increasing HR and reducing HRV. However, variability in spontaneous beating intervals in isolated SAN tissue and single SAN cells, devoid of autonomic neural input, suggests that clocks intrinsic to SAN cells may also contribute to HR and HRV in vivo. We assessed contributions of both intrinsic and autonomic neuronal input mechanisms of SAN cell function on HR and HRV via in vivo, telemetric EKG recordings. This was done in both wild type (WT) mice, and those in which adenylyl cyclase type 8 (ADCY8), a main driver of intrinsic cAMP-PKA-Ca2+ mediated pacemaker function, was overexpressed exclusively in the heart (TGAC8). We hypothesized that TGAC8 mice would: (1) manifest a more coherent pattern of HRV in vivo, i.e., a reduced HRV driven by mechanisms intrinsic to SAN cells, and less so to modulation by autonomic input and (2) utilize unique adaptations to limit sympathetic input to a heart with high levels of intrinsic cAMP-Ca2+ signaling. Increased adenylyl cyclase (AC) activity in TGAC8 SAN tissue was accompanied by a marked increase in HR and a concurrent marked reduction in HRV, both in the absence or presence of dual autonomic blockade. The marked increase in intrinsic HR and coherence of HRV in TGAC8 mice occurred in the context of: (1) reduced HR and HRV responses to β-adrenergic receptor (β-AR) stimulation; (2) increased transcription of genes and expression of proteins [β-Arrestin, G Protein-Coupled Receptor Kinase 5 (GRK5) and Clathrin Adaptor Protein (Dab2)] that desensitize β-AR signaling within SAN tissue, (3) reduced transcripts or protein levels of enzymes [dopamine beta-hydorxylase (DBH) and phenylethanolamine N-methyltransferase (PNMT)] required for catecholamine production in intrinsic cardiac adrenergic cells, and (4) substantially reduced plasma catecholamine levels. Thus, mechanisms driven by cAMP-PKA-Ca2+ signaling intrinsic to SAN cells underlie the marked coherence of TGAC8 mice HRV. Adaptations to limit additional activation of AC signaling, via decreased neuronal sympathetic input, are utilized to ensure the hearts survival and prevent Ca2+ overload.

Keywords: sinoatrial node, adenylyl cyclase, heart rate, heart rate variability, adenylyl cyclase type 8, parasympathetic activity, sympathetic activity, ivabradine


INTRODUCTION

Heart rate variability (HRV) is a series of complex rhythms buried within beat-to-beat R wave interval time series. HRV is regulated by alterations in autonomic neurotransmitter input from the brain to the sinoatrial node (SAN), and the responses of SAN cells to this input (Yaniv et al., 2014a). Neuronal input modulates an intrinsic coupled-clock system that governs SAN cells automaticity. We have discovered that an intrinsic coupled-clock system [i.e., in the absence of β-adrenergic receptor (β-AR) stimulation] within the SAN cells is crucially dependent on activation of a neuronal-type adenylyl cyclase (AC) type 8 (AC8) that drives cAMP-PKA-Ca2+. This cAMP driven signaling is regulated by phosphodiesterase activity to maintain basal pacemaker function near its dynamic mid-range. β-AR stimulation of SAN cells activates intracellular AC signaling, increasing the mean spontaneous action potential (AP) firing rate and reducing inter AP cycle variability (Yaniv et al., 2014a). In contrast, blocking intrinsic AC activity, or its downstream cAMP-dependent signaling, reduces the mean SAN cell AP firing rate and increases intra-AP cycle variability (Vinogradova et al., 2006; Mangoni and Nargeot, 2008 for review; Yaniv et al., 2014a).

Complexity or coherency within the heart rhythm can be estimated from EKG RR time series. Complexity is largely driven by muscarinic cholinergic input to the SAN, while coherency results largely from sympathetic autonomic input to the SAN (Goldberger, 1991; Goldberger et al., 2002; Thayer et al., 2010). Based upon our findings that a coupled-clock system regulates the spontaneous AP firing rate of isolated SAN cells (Lakatta et al., 2010; Yaniv et al., 2014b), we hypothesized that overexpression of AC8 within the SAN cells would generate an increased mean HR in TGAC8 mice in vivo. We speculated that this would be due to mechanisms intrinsic to SAN cells and would be accompanied by a markedly coherent heart rhythm in vivo (McCraty and Zayas, 2014; Smith et al., 2017), rather than to an increased sympathetic input into the SAN. The coherent rhythm would manifest as a reduced variability of EKG RR intervals in the time domain, and a marked reduction in both total power and other rhythm components in the frequency domain in the presence or absence of autonomic blockade. We also reasoned that in the context of HR and HRV changes induced by AC8 overexpression, we would see unique adaptations to limit extrinsic adrenergic input to the SAN, defending against Ca2+ overload and ensuring heart survival (Koch et al., 2000).

To test this, we utilized a transgenic mouse (Lipskaia et al., 2000) in which AC8 was exclusively overexpressed in the heart by putting it under control of the myosin heavy chain promotor. We performed comprehensive HR and HRV analyses of EKG recordings from surgically implanted telemeters in unrestrained, untethered TGAC8 and their wild type (WT) littermates in the presence of single or dual autonomic receptor blockade. In order to understand how extrinsic autonomic input impacted HR and HRV in TGAC8, we (1) gathered EKG recordings in the presence of single or dual sympathetic and cholinergic autonomic receptor blockades; (2) assessed the HR response to a β-adrenergic agonist; (3) measured transcripts of genes and expression of proteins that regulate β-AR sensitivity and catecholamine synthesis in SAN tissue; and (4) measured circulating plasma catecholamine levels.



MATERIALS AND METHODS


Animals

All studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication no. 85-23, revised 1996). The experimental protocols were approved by the Animal Care and Use Committee of the National Institutes of Health (protocol #441-LCS-2016). A breeder pair of TGAC8 mice, generated by ligating the murine α-myosin heavy chain promoter to a cDNA coding for human AC8 (Lipskaia et al., 2000), were a gift from Nicole Defer/Jacques Hanoune, Unite de Recherches, INSERM U-99, Hôpital Henri Mondor, F-94010 Créteil, France. WT littermates, bred from the C57/BL6 background, were used as controls.



Telemetry

Telemetry sensors (ETA-F20 or HDX-11, Data Sciences International, St. Paul, MN, United States) were surgically implanted into WT and TGAC8 mice under 2% isoflurane anesthesia administered by nosecone. Mice were allowed to recover for 2 weeks before any recordings were performed (Thireau et al., 2008). First, 24-h EKGs were recorded during a normal light–dark cycle using RPC-1 receiver plates with a sampling rate of 1000 Hz. All other data were analyzed during the mouse sleep cycle, wherein a 90-min baseline recording was obtained and then intraperitoneal injections of a saline solution containing the drug of interest were administered. This was followed by an additional 90 min of EKG recording. The injection volume was 200 μL/30 g mouse, wherein atropine (0.5 mg/kg), or propranolol (1 mg/kg) alone, or together were administered. In other mice, the β-AR agonist, dobutamine (5 mg/kg), was tested individually, followed 60 min later by the administration of combined atropine (0.5 mg/kg) and propranolol (1 mg/kg). All recordings were performed 48 h apart. Representative EKG recordings are illustrated in Figure 2A.



Average Heart Rate (RR Interval) and Heart Rate Variability (RR Interval Variability) Analyses

Heart rate variability analyses were performed using a combination of LabChart 7.37 and custom python 3.5 software. EKGs were first analyzed to identify segments that fit strict selection criteria. This was mainly dependent on whether the HR was stationary and devoid of ectopic beats. Ectopic beats were defined as any interval occurring outside two standard deviations of the mean. The determination of stationarity was based on the absence of linear trends, or a stable HR. Segments that contained greater than 2048 accurate intervals, as assessed directly by hand, were then run through the in-house software developed in python 3. The data were cleaned by removing outliers greater than two standard deviations, i.e., ectopic beats, for time domain and non-linear analyses and replacing ectopic beats with a 0 for frequency-based analyses. For each animal, a set of 2048 RR intervals were transformed using a fast Fourier transform. The absolute values of the data were then squared and divided by the average interval length to give a usable transformed dataset. The set was then further broken down into ranges, in which high frequency power constituted values between 1.5 and 5.0, low frequency power between 0.4 and 1.5, and very low frequency between 0 and 0.4. Poincaré SD values were calculated by adding (for SD1) or subtracting (for SD2) successive RR intervals and then taking the square root of the variance of the set divided by the square root of 2. Multiscale entropy was calculated using the PhysioZoo algorithm for SampEn, modified to only output E1 in python 3 (Behar et al., 2018).



Sinoatrial Node (SAN) and SAN Cell Isolation

Mice were injected (intraperitoneally) with heparin and acutely anesthetized with pentobarbital-based euthanasia solution. The heart then was quickly removed and placed into Tyrode solution containing (mM): 140.0 NaCl, 10.0 HEPES, 10.0 glucose, 5.4 KCl, 1.2 KH2PO4, 1.8 CaCl2, and 1.0 MgCl2; pH was adjusted to 7.4 with NaOH. The SAN region was identified anatomically, under a dissecting microscope, between inferior and superior vena cava, crista terminalis, and intra-atrial septum and cut into strips perpendicular to the crista terminalis, washed (three times) for 5 min at 35°C in low Ca2+ Tyrode solution containing (mM): 140.0 NaCl, 10.0 HEPES, 20.0 glucose, 0.06 CaCl2, 5.4 KCl, 1.2 KH2PO4, 50 taurine, and 1 mg/1 mL bovine serum albumin (BSA), pH 6.9 with NaOH. Next, SAN strips were incubated for 30 min in the same solution with addition of collagenase type 2, protease type XIV, and elastase at 35°C. After enzymatic digestion, tissue was washed (x3) in modified high potassium (KB) solution containing (mM): 100 potassium glutamate, 10 potassium aspartate, 10 Hepes, 20 glucose, 25 KCl, 2 MgCl2, 10 KH2PO4, 20 taurine, 5 creatine, 0.5 EGTA, 1 mg/1 mL BSA, and 5.0 β-hydroxybutyric acid, pH 7.2 with KOH, and kept at 4°C for 1 h with 50 mg/mL polyvinylpyrrolidone (PVP). Finally, cells were dispersed by gentle pipetting in the KB solution and stored at 4°C. For immunolabeling studies, 250 μL of freshly isolated SAN cells in KB solution was added to each laminin coated glass (0 size) bottom MatTek dish (35 mm).



RNA Extraction, cDNA Synthesis, RT-qPCR, and Data Analysis

RT-qPCR of SAN tissue was performed to determine the transcript abundance of human AC8 genes that mediate neural autonomic input to SAN cells and for genes that regulate cardiac catecholamine synthesis (Wang et al., 2017). RNA was extracted from isolated mouse SAN (n = 3 pooled samples from TGAC8 and WT, each sample collected from four mice) or left ventricular myocytes (VMs) (n = 4 WT and 4 TGAC8 mice) with RNeasy Mini Kit (Qiagen, Valencia, CA, United States) and DNAse on column digestion; 2 μg of total RNA was used for cDNA synthesis with MMLV reverse transcriptase (Promega) in final 50 μL volume. Primers used for each transcript assessed are listed in Supplementary Table S4. RT-qPCR was performed on QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific) with 384-well platform. Reaction was performed with FastStart Universal SYBR Green Master Kit with Rox (Roche) using manufacturer recommended conditions, and dissociation curve acquisition; all appropriate controls were included (no template; no RT control). Preliminary reactions were performed for determination of efficiency of amplification and primers validation. Each well contained 0.5 μL of cDNA solution and 10 μL of reaction mixture. Each sample was quadruplicated and repeated twice using de novo synthesized cDNA sets. RT-qPCR analysis was performed using ddCt method. Expression level of transcripts was normalized on expression of HPRT level.



Adenylyl Cyclase Activity

After isolation, mice SAN tissue was frozen in liquid nitrogen and homogenized in 1.5 mL plastic tube with Bel-ArtTM SP SciencewareTM liquid nitrogen-cooled Mini Mortar. SAN tissue powder was further lysed in the lysis buffer containing: 70 mM Tris, pH 7.6, 0.5 mM DTT, 1 mM EGTA, 5 mM MgCl2, 0.2 mM IBMX, and 0.33% PIC, sonicated on ice (three pulses, 15 s each) and further rotated on ice for 15 min. Then lysate was centrifuged during 10 min at 1000 × g at 4°C to remove debris. Supernatant was used to measure protein content and to detect AC activity in the lysate. AC reaction composition: 70 mM Tris (pH 7.6), 0.5 mM DTT, 1 mM EGTA, 5 mM MgCl2, 0.2 mM IBMX, 0.25% PIC, 1 mM ATP, 5 mM creatine phosphate, 60 U/mL creatine phosphokinase, 0.2% DMSO, and a sample (SAN lysate supernatant, 100 μg of total protein in 100 μL of AC reaction). AC reaction lasted for 5 min at 35°C and was stopped by boiling during 5 min. Later AC reaction solution was cooled down, centrifuged for 15 min at 4°C at 20,000 × g and the supernatant was used for cAMP measurement; 9 μL of the supernatant was used in the LANCE assay (Lance cAMP384 kit 500 points, Perkin Elmer, AD0262) in a total volume of 24 μL. Buffer for the LANCE assay standard curve was prepared exactly as samples including boiling and centrifugation steps. All measurements were done in triplicate. Protein concentration in samples was detected by Reducing Agent Compatible Pierce® Microplate BCA Protein Assay Kit # 23252.



Immunolabeling of Single Isolated Sinoatrial Node Cells

Immunolabeling of selected proteins expressed by genes examined by RT-qPCR was performed in freshly isolated mouse SAN cells. Cells were plated on laminin coated MatTek dishes for 1 h. For immunofluorescence staining, cells were fixed with 4% paraformaldehyde for 15 min at room temperature, washed three times with PBS, and then permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature. The plates were washed two more times with PBS and then incubated with 10% goat serum for 1 h to minimize non-specific staining. Afterward, samples were incubated at 4°C overnight with primary antibodies against RGS6 (EPR6342) ab128943, DAB 2 (10109-2-AP), GRK 5 (ab64943), TH (ab112), HCN4 (MBS800358), and Adcy8 (bs-3925R) all in dilution 1:100. Cells were then washed three times with PBS and incubated with fluorescence-conjugated secondary antibodies (1:1000) (Sigma, United States) for 45 min at 37°C. Cell nuclei were labeled with DAPI (Sigma, United States). Cells were visualized by LSM 710 laser-scanning confocal microscope (Carl Zeiss) and images were captured using the Carl Zeiss Zen software. Quantitative fluorescence image analysis was performed with Image J software, according to the following protocol: http://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html. Images of stained cells were transferred and analyzed with ImageJ software to calculate the basic measurements of each image, including area, mean gray value, and integrated density. To calculate the corrected total cell fluorescence (CTCF)*, small areas of positively stained fluorescent cells were selected using free hand selection tool. A background reading was created by selecting a negatively stained rectangular section near the analyzed cell. From the results, total fluorescence per cell was calculated in Excel with the following formula:

*CTCF = integrated density – (area of selected cell × mean fluorescence of background readings).



Plasma Catecholamine Measurements

Plasma concentrations of catecholamines (noradrenaline, adrenaline, Dopa, and dopamine) and their degradation products: 3,4-dihydroxyphenylglycol (DHPG) and 3,4-dihydroxy-phenylacetic acid (DOPAC) were quantified by high performance liquid chromatography with electrochemical detection. Concentrations of catecholamines were determined after extraction from plasma using alumina adsorption according to previously described methods (Eisenhofer et al., 1986).



Statistical Analyses

Statistical analyses of EKG data employed RStudio (RStudio Team, 2017) and R 3.2.3 (R Core Development Team, 2017). A linear mixed effects model (lmerTest; Kuznetsova et al., 2016) was used to compare EKG data from WT littermates and TGAC8, prior to and following drug administration, looking at both drug effects, genotype effects, and drug–genotype interactions, i.e., different responses to drugs in WT and TGAC8 mice. For each comparison, the basal for that day was used to compare the drug effect for that day, i.e., there was a separate analysis done for each pre- and post-drug data gathered. For individual comparisons, the differences of least squares means were calculated with Satterthwaite approximation for degrees of freedom (lmerTest; Kuznetsova et al., 2016). Drug responses of HR and HRV were compared to pre-drug controls in each mouse. For the comparison of average HR over 24 h, a one-way ANOVA was used to detect a genotypic difference. RT-qPCR, immunolabeling, and plasma catecholamine data were analyzed by Student’s t-test (p-value < 0.05 was taken as statistically significant).




RESULTS


AC8 Transcripts and Protein Expression Are Increased in TGAC8 SAN

We first showed that AC8 transcripts are expressed in SAN. Figure 1A demonstrates that a high level of human AC8 transcript was expressed in TGAC8 SAN tissue (Figure 1A, amplification plots of RT q-PCR are provided in Supplementary Figure S1). The expression of mouse AC8 transcripts in TGAC8 was markedly decreased compared to human. AC8 protein expression, assessed by immunostaining of single isolated SAN cells, was also increased in TGAC8 vs. WT (Figure 1C and Supplementary Table S1). Further, SAN tissue AC activity was markedly increased in TGAC8 vs. WT (Figure 1B).
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FIGURE 1. Transcript abundance and immunolabeling of ADCY8 and AC activity in SAN tissue. (A) Relative quantification (RQ) transcript abundance of mouse (Mm) vs. human (Hs) AC8 in TGAC8 SAN tissue (n = 3, ∗p < 0.0001). (B) AC activity of SAN tissue lysates is increased in TGAC8 vs. WT mice (n = 4, ∗P < 0.01). (C) AC protein expression detected by immunolabeling for ADCY8 is increased in TGAC8 vs. WT mice. Left panels: HCN4 immunolabeling; middle panel: selected antibody immunolabeling; right panel: overlay of left and center panels. Scale bar, 20 μm.





Basal HR

Figure 2A illustrates representative telemetric EKG recordings from a TGAC8 and WT mouse. Analysis of 60-min averages of 24-h EKG telemetric recordings demonstrates that the average HR of TGAC8 mice is higher than that in WT over the entire 24-h period (Figure 2B), providing evidence to support the idea that AC activity intrinsic to SAN cells is a determinant of HR in vivo.
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FIGURE 2. In vivo telemetric EKG recordings in awake, unrestrained TGAC8, and WT mice over a 24-h period. (A) Representative tracings of TGAC8 and WT mice EKG in the basal state. (B) Sixty-minute averages of basal HR were elevated in TGAC8 compared to WT throughout the 24-h period. N = 6 for WT and N = 7 for TGAC8. *p < 0.05 for differences determined by a one-way ANOVA.





RR Interval Variability Are Markedly Reduced in TGAC8

The constitutively increased HR (Figure 2B) is accompanied by a marked reduction in both the mean RR and the range of RR intervals measured in the basal state (Figures 3A,B). Selected RR variability measures are illustrated in Figures 3B–J. A comprehensive statistical analysis of all measured RR interval variability parameters is provided in Supplementary Table S2. Basal RR variability in the time domain, i.e., standard deviation of RR intervals (SDRR) is two- to threefold lower in TGAC8 than WT (Figure 3C). Rhythms that range over frequencies less than half of the mean HR are detected in the frequency domain, i.e., within the power spectrum derived fast Fourier transforms. A representative power spectrum for WT and TGAC8 is shown in Supplementary Figure S2. Basal RR interval total power and power in very low, low, and high (frequency domains) are also two- to threefold lower in TGAC8 than WT (Figures 3D–G). Non-linearity of rhythms buried within an EKG time series, reflected by SD1, SD2, and multiscale entropy of RR intervals, was also markedly decreased in TGAC8 vs. those in WT (Figures 3H–J). Taken together, the results in Figure 3 demonstrate a low mean basal RR interval (high basal HR) in TGAC8 is accompanied by a markedly coherent heart rhythm that underlies reduced RR variability in both time and frequency domains.
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FIGURE 3. Analyses of average basal and intrinsic (dual autonomic blockade) HR and selected HRV parameters of in vivo EKG time series. (A) Average RR interval length. (B) Range of RR intervals, interaction F-value of 30.223, p-value of 0.0002. (C) Standard deviation of RR intervals, interaction F-value of 20.541, p-value of 0.001. (D) Total power. (E) Very low frequency power. (F) Low frequency power, interaction F-value of 14.415, p-value of 0.003. (G) High frequency power, interaction F-value of 5.184, p-value of 0.046. (H) Poincare plot SD1, interaction F-value of 24.921, p-value of 0.0005. (I) Poincare plot SD2, interaction F-value of 17.884, p-value of 0.001. (J) Multiscale entropy, interaction F-value of 119.116, p-value of 7.09E-07. Tp < 0.05 for main effects of drug differences. *p < 0.05 for significant pairwise differences, if a significant interaction effect was found, as determined by a linear mixed effects model. F-value and p-value provided for significant interactions. N = 6 for WT and N = 6 for TGAC8.





Average RR Intervals and RR Interval Variability in the Presence of Double Autonomic Blockade

We repeated the HR and HRV in measurements in the presence of dual autonomic blockade (atropine and propranolol) in order to gauge the relative effects of autonomic input on intrinsic HR and HRV in both genotypes. Dual autonomic blockade had substantially larger effects on many HRV descriptors in WT than TGAC8 (Figures 3A–J), providing an initial inference for genotype differences in neurotransmitter input. Importantly, the reduction in mean basal RR and the concomitant coherent pattern of RR variability persisted in the presence of dual autonomic blockade for multiple HRV parameters (Figures 3A,B,D,E). This suggests that HR and coherent HRV patterns of TGAC8 are dominated by mechanisms intrinsic to AC8 overexpressed SAN cells.



Response to Single Autonomic Receptor Blockade

Because the marked reduction in mean RR and RR variability was not only present in the intrinsic state, but also in the basal resting state, we assessed the effects of single autonomic blockade on HR and HRV in TGAC8 and WT (Figure 4 and Supplementary Table S2).
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FIGURE 4. Effects of parasympathetic blockade (atropine) on mean in vivo RR intervals and selected HRV parameters. (A) Average RR interval, interaction F-value of 10.883, p-value of 0.009. (B) Range of RR intervals. (C) Standard deviation of RR intervals. (D) Total power. (E) Very low frequency power. (F) Low frequency power. (G) High frequency power. (H) Poincare plot SD1, interaction F-value of 7.367, p-value of 0.023. (I) Poincare plot SD2. (J) Multiscale entropy (E1), interaction F-value of 26.180, p-value of 0.0006. ‡p < 0.05 for main effects of genotype differences. Tp < 0.05 for main effects of drug differences. *p < 0.05 for significant pairwise differences, if a significant interaction effect was found, as determined by a linear mixed effects model. F-value and p-value provided for significant interactions. N = 6 for WT basal and N = 5 for TGAC8.



The cholinergic receptor blocker, atropine, reduced the mean basal RR interval in WT to a far greater extent than in TGAC8 (Figure 4A). Atropine also reduced time domain basal RR interval range in both genotypes (Figure 4B). Atropine reduced both the basal SDRR (Figure 4C) and total power frequency domain RR variability (Figures 4D,F,G) in both genotypes. Atropine significantly reduced non-linear basal RR interval variability parameters to a greater extent in WT than in TGAC8 (Figures 4H,J). Taken together these results indicate that blockade of basal state parasympathetic receptor signaling reduces the genotype differences in a “para-sympathetic” like neuronal input. This suggests that in the absence of atropine, responses of SAN to parasympathetic input are substantially reduced in TGAC8 vs. WT.

There were some genotypic differences in HR and HRV in response to propranolol, a sympathetic receptor blocker (Supplementary Table S2). Time domain and non-linear measures of RR intervals, i.e., SDRR, CV, MSE, etc., show a difference following sympathetic blockade, but measures of frequency domain failed to display altered genotypic effects. This may indicate that the autonomic sympathetic signaling to the SAN or the response to activation of sympathetic autonomic receptors is altered in the TGAC8 mice to accommodate the increased intrinsic sympathetic-like signaling.



Reduced Effectiveness of Extrinsic Adrenergic Input Into SAN

Because the increased HR and coherence within TGAC8 results from high levels of intrinsic cAMP-PKA-Ca2+ signaling, we reasoned that adaptive mechanisms within TGAC8 are likely utilized to limit the additional activation of cAMP-PKA-Ca2+ dependent catecholamine signaling. In order to test this hypothesis, we sought to utilize a dominant external adrenergic input to SAN cells via activation of β-ARs by adrenergic neurotransmitters. We stimulated β-ARs via infusion of dobutamine, a β1-AR agonist, in TGAC8 and WT mice. The administration of dobutamine produced a potent effect to reduce the mean RR interval in WT mice, but its effect to reduce the mean RR in TGAC8 mice was markedly reduced (Figure 5A). Dobutamine produced a reduction in RR interval in TGAC8 and WT mice, with the magnitude of the effect being larger in WT mice (Figure 5B). Because β-AR stimulation increases intracellular cAMP-PKA-Ca2+ signaling in SAN cells (Vinogradova et al., 2006), the effects of dobutamine infusion should mimic overexpression of AC8 in the SAN cells of WT animals. In other terms, in the presence of β-AR stimulation, mean HR in WT mice resembles the mean HR patterns prior to dobutamine in TGAC8 mice.


[image: image]

FIGURE 5. The effects of β-AR stimulation in vivo. (A) Effect of the β1-AR agonist, dobutamine on mean RR, interaction F-value of 14.156, p-value of 0.003. (B) The SDRR in response to dobutamine. ‡p < 0.05 for main effects of genotype differences. Tp < 0.05 for main effects of drug differences. *p < 0.05 for significant pairwise differences, if a significant interaction effect was found, as determined by a linear mixed effects model. F-value and p-value provided for significant interactions. N = 6 for WT basal and N = 6 for TGAC8.



One plausible mechanism for the reduced responsiveness of the TGAC8 heart to β-adrenergic neurotransmitters is through desensitization of β-Ars (Koch et al., 2000). We assessed the expression of selected markers of β-AR desensitization in TGAC8 and WT SAN tissue and single SAN cells. Transcripts for β-Arrestin (Arrb2), G Protein-Coupled Receptor Kinase 5 (GRK5) (BARK), and Dab2 were elevated in TGAC8 vs. WT (Supplementary Table S3). This was further confirmed by immunolabeling of single, isolated, HCN4 positive SAN (Figure 6 and Supplementary Table S1). HCN immunolabeling did not differ in TGAC8 vs. WT SAN cells (Supplementary Table S3). Neither transcripts of genes coding for β-ARs (ADRB1, ADRB2, ADRB3), nor for selected G proteins [Guanin Nucleotide binding protein, alpha stimulating (GNAS), G Protein Subunit Alpha I2 (GNAI2), G Protein Subunit Alpha I3 (GNAI3)] differed in TGAC8 compared to WT (Supplementary Table S3). Interestingly, transcript abundance of RGS2, which inhibits Gi signaling, leading to an inactivation of AC in SAN cells (Yang et al., 2012), was also reduced. There also was a trend toward a reduction in Regulator of G Protein Signaling 2 (RGS2) and Regulator of G Protein Signaling 6 (RGS6) (Yang et al., 2010) in TGAC8 vs. WT (Supplementary Table S3), and a significant reduction in RGS6 protein (Supplementary Table S1).
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FIGURE 6. Representative example of immunostaining of single, isolated SAN cells for proteins involved in β-AR desensitization and catecholamine synthesis in WT and TGAC8 for (A) Arrb2 and (B) GRK5. (C) DAB2. (D) Protein levels of TH and (E) DBH, enzymes involved in catecholamine synthesis in intrinsic cardiac adrenergic cells. Left panels: HCN4 immunolabeling; middle panel: selected antibody immunolabeling; right panel: overlay of left and center panels. Scale bar, 20 μm.





Enzymes Involved in Cardiac Catecholamine Production Are Altered in TGAC8 SAN Tissue and Cells

We postulated that, in addition to desensitization of β-AR stimulation to catecholamines, the production of catecholamines that stimulates these receptors may also be reduced in TGAC8 as part of a strategy to block external adrenergic input. Catecholamines that stimulate SAN cells β-ARs can arise from multiple sources, including autonomic nerve endings within the heart, from circulating plasma or from intrinsic cardiac adrenergic cells. Intrinsic cardiac adrenergic cells are populated in different locations within the murine heart including the SAN, which express enzymes that synthesize catecholamines from tyrosine (Huang et al., 1996; Wang et al., 2017).

We measured mRNA transcripts in SAN tissue (Supplementary Table S3) and protein expression in single isolated SAN cells (Supplementary Table S1) for enzymes that effect the conversion of tyrosine to L-DOPA (tyrosine hydroxylase, TH); L-DOPA to dopamine (DOPA decarboxylase); dopamine to norepinephrine [dopamine beta-hydorxylase (DBH)]; and norepinephrine to epinephrine [phenylethanolamine N-methyltransferase (PNMT)]. Compared to WT, protein levels for TH were increased in TGAC8 HCN4 positive SAN cells, while DBH protein was reduced (Figure 6 and Supplementary Table S1). PNMT transcripts were also reduced in TGAC8 vs. WT SAN tissue (Supplementary Table S3).



Circulating Plasma Catecholamine Levels Are Altered in TGAC8

Although AC8 overexpression in TGAC8 mice is cardiac specific (Lipskaia et al., 2000), afferent neuronal signals arising from within the heart can influence autonomic balance (Armour, 2008). As such, we gathered to test plasma catecholamines differences in TGAC8 and WT in the context of a confined pathway (Figure 7A). We found that circulating plasma epinephrine was significantly lower in TGAC8 vs. WT, and plasma norepinephrine tended to be lower in the TGAC8 vs. WT (Figures 7B,C). DOPAC, which is derived from dopamine, and DPHG, which is derived from norepinephrine, were also reduced in TGAC8 plasma (Figures 7D,E). In contrast, both DOPA and dopamine levels are increased in TGAC8 vs. WT (Figures 7F,G). The altered pattern of circulating plasma catecholamines in TGAC8 (Figures 7B–G) mirrors patterns of enzyme expression that regulate catecholamine production in TGAC8 SAN tissue (Figure 7A).
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FIGURE 7. A schematic of enzymes involving catecholamine synthesis and degradation in SAN tissue (cf. Supplementary Tables S1, S3 for quantitative analysis) and circulating plasma catecholamines in TGAC8 and WT mice. (A) Red indicates genes upregulated, purple no change, and green downregulated in transcript abundance or protein expression in TGAC8 vs. WT SAN tissue or isolated SAN cells (cf. Supplementary Tables S1, S3). (B–G) Quantification of plasma catecholamine concentrations in TGAC8 and WT mice. (B) Epinephrine. (C) Norepinephrine. (D) DOPAC. (E) DHPG. (F) DOPA. (G) Dopamine (N = 10 WT and N = 10 TGAC8). *p < 0.05 for concentration differences determined by Student’s t-test.






DISCUSSION


Mechanisms Intrinsic to SAN Cells Rather Than Extrinsic Autonomic Input to the SAN Drive Heart Rate Variability of the TGAC8

The rate and beat to beat variability of spontaneous AP generation by the SAN, the central pacemaker of the heart, are highly dependent on characteristics of neurotransmitter signals. This includes the quantity of autonomic neurotransmitter released from nerve endings, its binding to autonomic receptors on SAN cell, transmembrane and intracellular transduction of the signals in response to neurotransmitter activation of β-adrenergic and muscarinic cholinergic receptors to various cellular secondary messengers (such as cAMP, Ca2+, and protein phosphorylation). The culmination of neurotransmitter signaling, however, modulation of critical intrinsic SAN cell protein effectors that regulate their automaticity, even in the absence of autonomic input, i.e., the intrinsic automaticity of these cells, which persists in the absence of autonomic neuronal input when these cells are isolated from the SAN (Vinogradova et al., 2006, 2008; Younes et al., 2008; Lakatta et al., 2010).

It has been argued in many previous studies that changes in HRV largely result from alterations in autonomic neural input signals to the SAN (Lahiri et al., 2008; Thayer et al., 2010; Billman, 2011; Malik et al., 2019). There is, however, substantial support for the idea that like HR, regulation of HRV in vivo is not solely attributable to autonomic input, but also to mechanisms intrinsic to SAN cells (Boyett et al., 2019) is present in vivo during autonomic blockade. Significant beating rate variability has been described via ex vivo cardiac preparations. In the absence of external autonomic input, i.e., in isolated, adult hearts, isolated SAN tissue and isolated SAN cells (Rocchetti et al., 2000; Zaza and Lombardi, 2001; Zahanich et al., 2011; Monfredi et al., 2013, 2014; Yaniv et al., 2014a, b; Tsutsui et al., 2018), as well as in human embryonic cells (Mandel et al., 2012), and induced pluripotent stem cell-derived cardiomyocytes (Ben-Ari et al., 2014).

Intrinsic mechanisms that drive the spontaneous beating rate and rhythm in isolated SAN cells are embodied within a coupled-clock system driven by Ca2+ calmodulin activated AC type 8 (AC8). Stimulation of autonomic receptors of single SAN cells in isolation not only alters their beating rate but also their beat to beat variability (Yaniv et al., 2013, 2014a) via modulation of the same intrinsic pacemaker cell mechanisms that link autonomic neurotransmitter signaling to its effects in vivo.

Although in vivo autonomic neural input to the SAN must modulate HR and HRV via signaling its effects to effector mechanisms intrinsic to the SANC coupled-clock system, whether or not the AC-driven coupled clock system intrinsic to SANC has a role in regulation of HR and HRV in vivo had never been clearly established. To address this conundrum, we utilized a transgenic mouse in which a critical component of the human coupled clock system, the human AC8 gene, was genetically overexpressed (TGAC8) in a cardiac specific manner (Georget et al., 2002; Lipskaia et al., 2000). We hypothesized that a potent coherent intrinsic “sympathetic-like” state of TGAC8 might largely override autonomic input to the SAN, partially uncoupling the SAN from autonomic neural surveillance, thereby unmasking a potent intrinsic SANC component of HR and HRV regulation in vivo. In other terms, we hypothesized that the TGAC8 heart will manifest an intrinsically coherent HR and HRV that are largely independent of whole body and neurovisceral integration (McCraty and Zayas, 2014; Smith et al., 2017). To this end, we performed comprehensive HR and HRV studies in unrestrained, unanesthetized mice in the absence and presence of single or dual autonomic receptor blockade (atropine and propranolol), and measured plasma catecholamine levels and transcription of genes and expression of proteins that regulate the responses to autonomic receptor input.

Our results show, for the first time, that markedly increased AC8 transcription and translation in TGAC8 SAN cells (Figure 1 and Supplementary Table S1) produces marked increases in the mean HR in vivo in awake, untethered TGAC8 mice (Supplementary Figure S2), and that the in vivo HRV shifts to a markedly coherent pattern (Figure 3). Not only was mean basal in vivo HR considerably elevated and basal HRV markedly reduced in TGAC8 compared to WT, but the mean intrinsic HR (i.e., HR in the presence of dual autonomic blockade) was also elevated in TGAC8, while intrinsic HRV was reduced (Figure 3). The in vivo HRV pattern exhibited by TGAC8 is largely attributable to coupled-clock mechanisms intrinsic to SAN cells that are driven by AC8. In other terms, mechanisms intrinsic to the TGAC8 SAN regulate mean HR and HRV. Likewise, the TGAC8 heart evades autonomic surveillance to a substantial degree. In this regard, mechanisms within TGAC8 SAN cells appear to function as autonomic ganglia. Because mechanisms intrinsic to SAN cells dominate TGAC8 HR and HRV in vivo, this experimental model provides proof of principle that cAMP-directed signaling intrinsic to SAN cells can markedly impact not only on mean HR but also HRV.

Significant cAMP-mediated beating rate variability, i.e., HRV in the absence of external autonomic input, is attributable to intrinsic coupled-clock mechanisms has already been described via ex vivo cardiac preparations. Specifically, beat-to-beat variability occurs in isolated, adult hearts, isolated SAN tissue and isolated SAN cells (Monfredi et al., 2013; Yaniv et al., 2014a), as well as in human embryonic cells (Mandel et al., 2012), and induced pluripotent stem cell-derived cardiomyocytes (Ben-Ari et al., 2014).



Adaptive Strategies of TGAC8 to Blunt Adrenergic Autonomic Input

We discovered that in the context of high cAMP-PKA-Ca2+ signaling intrinsic to SAN cells, TGAC8 applies adaptive strategies in order to blunt additional external sympathetic input. Adaptations that partially disengage the heart from external adrenergic input are important to prevent arrhythmias, cell necrosis, and apoptosis, thus preventing cardiomyopathy and death of the organism (Koch et al., 2000). Adaptive strategies in TGAC8 include (1) downregulation of mechanisms involved in catecholamine synthesis of intrinsic cardiac adrenergic cells within SAN tissue (Huang et al., 1996), (2) reductions in circulating plasma catecholamines, and (3) upregulation of pathways that desensitize β-AR receptor signaling.



Catecholamine Production in the Heart

Prior studies have demonstrated that intrinsic cardiac adrenergic cells within left ventricular myocardium contribute about 15% of total heart epinephrine, norepinephrine, or dopamine levels (Huang et al., 1996). We provide further evidence that enzymes involved in catecholamine synthesis are expressed in cells that reside within the adult SAN. Protein levels of TH, the initial enzymatic step involved in catecholamine production, was increased in TGAC8 vs. WT HCN4-immunolabeled SAN cells (Supplementary Table S1 and Figures 6, 7), suggesting that some pacemaker cells in adult SAN may also be intrinsic cardiac adrenergic cells. These intrinsic cardiac adrenergic cell-derived transmitters stimulate G protein coupled receptors in an autocrine/paracrine manner (Peoples et al., 2018). We assessed protein expression and transcript abundance of DBH and transcripts coding for PNMT, enzymes that catalyze the conversion of dopamine to norepinephrine or norepinephrine to epinephrine. Of note, both DBH and PNMT were reduced in TGAC8 vs. WT SAN tissue and cells (Supplementary Table S1 and Figure 7A). Downregulation of DBH and PNMT in TGAC8 (Figure 7A) may indicate that intrinsic norepinephrine and epinephrine production by intrinsic cardiac adrenergic in TGAC8 SAN cells is less than that of WT. Normal fetal heart development requires DBH expression, as embryonic heart failure and death ensue when the protein coding gene is knocked out (Thomas et al., 1995). The pattern of upregulation of TH in SAN cells coupled to a reduction of DBH may indicate that, as in circulating plasma (Figure 7G), the concentration of dopamine is also increased in SAN tissue. Of note, dopamine can limit cell AC activity via activation of G1 coupled muscarinic receptor signaling (Missale et al., 1998). A reduction in norepinephrine and epinephrine synthesis and increased dopamine could be construed to be adaptive mechanisms employed to reduce intrinsic cardiac adrenergic signaling in TGAC8 SAN cells, not only to limit the HR in TGAC8 from going beyond the elevated values observed, but also to ensure survival of the TGAC8 heart (Koch et al., 2000). Unfortunately, the small volume of mouse SAN precluded any possible measurements of SAN tissue catecholamines. Whether norepinephrine and epinephrine levels are reduced in TGAC8 SAN tissue, or dopamine receptor signaling is increased in TGAC8 SAN cells merits future study.



Plasma Catecholamines

Because AC8 overexpression in TGAC8 mice is limited to the heart, at first glance, it was surprising to find that circulating catecholamine levels differed between WT and TGAC8. The pattern of altered plasma catecholamine levels in TGAC8 (Figures 7B–G) mirrors experimental changes from the expression pattern of enzymes involved in catecholamine synthesis within TGAC8 SAN tissue or cells (Supplementary Table S1 and Figure 7A). Circulating plasma levels of DOPAC, DPHG, and epinephrine were significantly reduced. Norepinephrine trended toward a significant reduction, and the plasma concentration of dopamine, was significantly increased. In this coherent pacemaker context, cells within the TGAC8 SAN would appear to act as an autonomic ganglion (Figures 6, 7), generating signals to modulate catecholamine metabolism in these tissues via signaling directly to brain or indirectly to adrenal medulla (in addition to signaling to other parts of the heart). The altered pattern of circulatory catecholamines in TGAC8 is consistent with the idea that the TGAC8 heart communicates to/with other organs throughout the body via hemodynamic mechanisms, hormonal signaling, or direct afferent signaling from heat to the spinal cord or brain (Armour, 2008). Alternatively, because catecholamine production by the heart may contribute to plasma catecholamine levels (Huang et al., 1996), the reduction in circulatory plasma catecholamines of the TGAC8 may also reflect, in part, reduced cardiac catecholamine synthesis within the TGAC8 heart.



Desensitization of β-Adrenergic Receptor Signaling

The blunted in vivo response to dobutamine in TGAC8 mice (Figure 5) reflects reduced effectiveness of external adrenergic input to the heart and resembles the blunted effect of isoproterenol to increase HR in the TGAC8 heart ex vivo (Georget et al., 2002). Our results demonstrate that, although neither the abundance of transcripts coding for β-AR subtype proteins, nor Gαs, Gαi1, Gαi2, or Gαi3 proteins differ from those of WT, the abundance transcripts for genes that desensitize and internalize β-ARs (Koch et al., 2000) are increased (Supplementary Table S3). Protein levels of Arrb2, GRK5, and Dab2 also significantly exceed those in WT (Supplementary Table S1). The altered patterns of gene and protein expression in the TGAC8 SAN suggest that β-AR desensitization accounts, at least in part, for the reduced HR and contractility in response to β-AR stimulation. β-AR desensitization complements the reduction in catecholamines within TGAC8 mice, limiting the extent to which external adrenergic influences increase the high level of intracellular cAMP-PKA-Ca2+ signaling that result from overexpression of AC8 in the TGAC8 heart.



Blunted Effectiveness of Vagal Input Into the TGAC8 SAN

Our results demonstrate that in addition to blunted adrenergic receptor signaling, parasympathetic inhibition has a minimal effect on the TGAC8. Although the reduction of basal high frequency power in TGAC8 might be interpreted to reflect reduced cholinergic receptor stimulation, it may be that muscarinic receptor signaling is exaggerated, but cannot overcome the extremely high AC8 induced cAMP-PKA-Ca2+ dependent signaling. Reductions in RGS signaling manifest as reduced transcription or overexpression of RGS2 and RGS6 in TGAC8 (Supplementary Tables S1, S3), are consistent with adaptations that promote receptor initiated Gi signaling, in an attempt to limit the markedly increased AC-cAMP signaling intrinsic to TGAC8 SAN cells.

In summary, our results provide evidence that the marked reduction to HRV in TGAC8 mice is minimally influenced by fluctuations in autonomic neuronal input to the SAN, and is instead driven by potent AC8 driven coupled clock mechanisms intrinsic to SAN cells. Because the overall pattern of marked coherency or loss of complexity within the TGAC8 heart rhythm is similar to that associated with aging or cardiac pathology (Iyengar et al., 1996; Fauchier et al., 1997; Huikuri and Stein, 2013; Yaniv et al., 2016), it will be crucial, in future studies, to determine whether TGAC8 will manifest a form of accelerated cardiac aging or heart failure.



Significance and Opportunities for Further Scientific Advances

Our results show that in the context of high cAMP-PKA-Ca2+ signaling driven by mechanisms intrinsic to SAN cells, the TGAC8 mouse heart applies adaptive strategies in order to blunt additional external sympathetic input. These findings provide a segway to more detailed studies of these and other adaptations that partially disengage the heart from external adrenergic input with respect to prevention of arrhythmias, cell necrosis, apoptosis, and prevention of cardiomyopathy in response to chronically increased sympathetic stress. Such studies may provide novel bases for therapeutic intervention for arrythmias and heart failure.

The TGAC8 mouse, in which AC8 is overexpressed only in the heart, would appear to be a specifically valuable model to the emerging field of neurocardiology. One such adaptation utilized by TGAC8 to reduce sympathetic input to its heart is a reduction in circulating altered plasma catecholamines. In addition to altered hemodynamic signaling to the nervous system, afferent signals from heart, spinal cord to brain are thought to emerge via a network of autonomic ganglia embedded within heart epicardial tissue to alter catecholamines (Armour, 2008). Such retrograde neuronal signaling from heart to nervous system may be a crucial adaptation, in addition to altered hemodynamic or hormonal signals, generated from within the TGAC8 heart to repress production of brain catecholamines or reducing brain to heart, or brain to adrenal medulla signaling. This merits further study.
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Neuroimaging studies have demonstrated functional interactions between autonomic (ANS) and brain (CNS) structures involved in higher brain functions, including attention and conscious processes. These interactions have been described by the Central Autonomic Network (CAN), a concept model based on the brain-heart two-way integrated interaction. Heart rate variability (HRV) measures proved reliable as non-invasive descriptors of the ANS-CNS function setup and are thought to reflect higher brain functions. Autonomic function, ANS-mediated responsiveness and the ANS-CNS interaction qualify as possible independent indicators for clinical functional assessment and prognosis in Disorders of Consciousness (DoC). HRV has proved helpful to investigate residual responsiveness in DoC and predict clinical recovery. Variability due to internal (e.g., homeostatic and circadian processes) and environmental factors remains a key independent variable and systematic research with this regard is warranted. The interest in bidirectional ANS-CNS interactions in a variety of physiopathological conditions is growing, however, these interactions have not been extensively investigated in DoC. In this brief review we illustrate the potentiality of brain-heart investigation by means of HRV analysis in assessing patients with DoC. The authors’ opinion is that this easy, inexpensive and non-invasive approach may provide useful information in the clinical assessment of this challenging patient population.
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Introduction

Clinical evidence and neuroimaging research have documented retained modular brain activation and responsiveness in patients with Disorder of Consciousness (DoC) following brain injury even in the absence of integrated large-network processes known to sustain consciousness (Laureys et al., 2002; Bekinschtein et al., 2004, 2011; Owen et al., 2006; Monti, 2012; Naro et al., 2015; Box 1). In this respect, residual responsiveness in DoC appears to be mediated by varying network interactions (Riganello et al., 2013, 2015c; Crone et al., 2017; Duclos et al., 2017). Activation restricted to lower-level primary sensory cortices without involvement of higher-order associative cortices has been described in vegetative state/unresponsive wakefulness syndrome (VS/UWS) (Soddu et al., 2015; Marino et al., 2017). Partially preserved activation in higher-order associative cortices has been demonstrated in Minimally Conscious State (MCS) (Di Perri et al., 2013, 2016; Demertzi et al., 2015), whereas restoration of thalamocortical connectivity has shown to relate to consciousness recovery (Laureys et al., 2000; Monti et al., 2014). A large amount of research by means of neuroimaging techniques has revealed that several aspects of relatively high-level functions, including sensory and linguistic processing and learning dynamics, can survive and remain operative in DoC (Aubinet C- HBM 2018, Laureys et al., 2007; Boly et al., 2008; Majerus et al., 2009; Bruno et al., 2010).


BOX 1. Brain injury can result in a vegetative state/unresponsive wakefulness syndrome (VS/UWS) characterized by arousal and spontaneous eye-opening in the absence of any sign of awareness, finalized action or communication.

Levels of residual responsiveness define the Minimally Conscious State (MCS) (Giacino et al., 2004). A 2006 provocative report presented the case of a VS/UWS subject able to engage in mental tasks as indicated by her fMRI patterns of brain activations (Owen et al., 2006). Levels of responsiveness involving higher brain functions have been observed in subjects otherwise classified as VS/UWS according to clinical criteria (Laureys et al., 2007; Boly et al., 2008; Bruno et al., 2010; Owen, 2014; Pistoia et al., 2016; Riganello et al., 2018b). These observations were mostly based on regional brain activation in response to stimulus conditions in controlled setups; stimulus-related functional changes in the autonomic nervous system (ANS) function have also been described. Still highly debated, e.g., in subjects in a VS/UWS, these observations challenge the current definitions and our understanding of both responsiveness and consciousness, with an impact on the clinical decision-making process (Laureys et al., 2010; Riganello et al., 2016, 2018a, 2018b). The extent to which regional brain activations can be considered equivalent to, or compatible with behavioral responses in indicating (residual or covert) consciousness remains controversial and the current standards by which patients surviving severe brain injury should be regarded as being conscious or unconscious have been questioned (Celesia, 2013; Celesia and Sannita, 2013). In this respect, scientific research has introduced novel criteria of evaluation not yet fully integrated in the current nosography of disorders of consciousness (DoC), which is now undergoing a tacit, but not uncontroversial, revision (Monti and Sannita, 2016).



Neuroimaging studies have further shown functional interaction between autonomic nervous structures [i.e., the parasympathetic and sympathetic branch of the Autonomic Nervous System (ANS)] and the neuronal networks involved in higher brain functions, including attention and conscious processes (Napadow et al., 2008; Thayer et al., 2012; Ruiz Vargas et al., 2016; Valenza et al., 2017). Heart Rate Variability (HRV), that is the physiological phenomenon of variation in the time interval between consecutive heartbeats, is thought to reflect the complex interaction between brain and cardiovascular system (Thayer and Lane, 2009; Ernst, 2017). HRV entropy, a measure of the complexity of HRV, has shown to discriminate VS/UWS and MCS patients and was found to correlate with the ANS functional status (Riganello et al., 2018b).

In agreement with this line of observation, indices of ANS functions have proved reliable in detecting responsiveness and predicting recovery following neuro-rehabilitation in VS/UWS (Wijnen et al., 2006; Riganello et al., 2015a). There is growing evidence that ANS function can be monitored non-invasively and neuroimaging studies have provided evidence of the two-way interplay between heart and brain. As a result, interest in the bidirectional ANS-CNS interaction in a variety of physiopathological conditions is growing (de Morree et al., 2013; Riganello et al., 2014; Bassi and Bozzali, 2015; Chen et al., 2017; Doehner et al., 2018), however, the ANS-CNS interaction in DoC has so far not been extensively investigated.



ANS-CNS INTERACTION IN DOC

A concept model Central Autonomic Network (CAN) (Benarroch, 2007b) has been proposed to describe the ANS-CNS two-way interaction and the continuous modulation of homeostatic processes and allostatic adaptation to internal or external requirements (Friedman, 2007; Thayer et al., 2012; Riganello, 2016). Its functional organization involves the forebrain (anterior cingulate, nucleus accumbens, insula, ventromedial prefrontal cortex, amygdala, and hypothalamus with bidirectional interactions between rostral and caudal systems), brainstem (periaqueductal gray, parabrachial nucleus, nucleus of the solitary tract, and the reticular formation of ventrolateral medulla). At spinal level it operates via neuronal projections of segmental reflexive ANS control (Figure 1). These structures receive converging visceral and nociceptive inputs (including those from thermo- and muscle receptors) and generate stimulus-specific patterns of autonomic response via projections to preganglionic sympathetic and parasympathetic neurons (Saper, 2002; Benarroch, 2007a). The forebrain and brainstem are involved in the modulation of autonomic output in response to pain and to emotional, behavioral, or “cognitive” stimuli (Hagemann et al., 2003; Berntson and Cacioppo, 2004; Thayer and Sternberg, 2006; Friedman, 2007; Thayer and Lane, 2009; Riganello et al., 2012a).
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FIGURE 1. Central Autonomic Network (CAN) hierarchical organization and interconnections. Parasympathetic output is mediated mainly by the nucleus of the vagus and nucleus ambiguous. Sympathetic output is mainly mediated by the intermediolateral column cell.





Heart Rate Variability and Heart/Brain Interplay

HRV measures (i.e., variables analyzed in time domain, frequency domain and non-linear measurements) describe the ANS functional setup, and are thought to reflect higher brain functions - at least to some extent - and to qualify as independent indicators of CNS-ANS interaction (Napadow et al., 2008; Thayer and Lane, 2009; Thayer et al., 2012; Tonhajzerova et al., 2012) (Box 2 and Table 1). HRV measures reflect the activity of physiological factors modulating the heart rhythm and its adaptation to changing conditions (Carney et al., 2005; Garan, 2009; Shaffer et al., 2014). The vagus nerve is the major channel involved in the afferent neurological signals relayed from the heart and other visceral organs to the brain, including the baroreflex signals (de Lartigue, 2014). Brain morphological variants in the right striatal and limbic structures involved in the ANS functional organization were found to associate with differences in cardiac vagal function (Thayer and Lane, 2000; Napadow et al., 2008; Critchley, 2009; Lane et al., 2009) and to significantly contribute in the information flow in all frequency bands during sleep (Faes et al., 2014). In the absence of cardiac disorders, stimulus- or condition-related HRV changes are in the range of physiological variability and require processing in the time and frequency domains or by geometrical or non-linear methods to be identified (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996; Rajendra Acharya et al., 2006). HRV methodologies benefit from being easy to record, inexpensive and non-invasive as compared to neuroimaging techniques. HRV measures are obtained from a signal (the heart tachogram) with excellent signal-to-noise ratio; procedures for sophisticated data analyses are usable without substantial loss in information (Nait-Ali, 2009). HRV is easier to apply than alternative techniques for ANS investigation (cardiac norepinephrine spillover, microneurographic techniques, or direct recording from skeletal muscle) (Berne et al., 1992; Esler, 1993; Wallin and Charkoudian, 2007). It is particularly applicable in studies on large subject samples or under experimental conditions where accurate laboratory procedures are not possible, such as in case of limited/null collaboration (e.g., in intensive/semi-intensive care units or in DoC) (Mowery et al., 2008; Norris et al., 2008a, 2008b; Ryan et al., 2011).


BOX 2. HRV – Heart rate variability is defined as the R-R interval fluctuation of normal sinus beats around its average value.

HRV is analyzed in time domain, frequency domain and by non-linear methods both in short (usually 5 min) and long-time recordings (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996). ANS functional contributions can be differentiated by analyses in the frequency domain, usually in three frequency band: High Frequency (HF) (0.15–0.5 Hz), Low Frequency (LF) (0.04–0.15 HZ), and (VLF) Very Low Frequency band (0.0033–0.04). The power, relative power and peak of each frequency band, the normalized value of HF (nuHF) and LF (nuLF) and the ratio between HF and LF (LF/HF) are the parameters usually considered. HF reflects parasympathetic activity as the HR variations related to the respiratory cycle. LF (0.04–0.15 Hz) mainly reflects baroreceptor activity during resting conditions and is known also as “baroreceptor range” (Malliani, 1995); it reflects contributions from both the parasympathetic and sympathetic systems and blood pressure regulation via baroreceptors and the baroreceptor activity in resting conditions (Malliani, 1995; Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996; Berntson et al., 2007; Lehrer, 2007). The parasympathetic system affects heart rhythms down to 0.05 Hz, while the sympathetic system does not seem to generate rhythms above ∼0.1 Hz. In humans, the delay in the feedback loops of baroreflex system have distinctive high-amplitude peak in the HRV power spectrum around 0.1 Hz (Vaschillo et al., 2011; Lehrer and Eddie, 2013) due to the feedback loops between heart and brain (deBoer et al., 1987; Baselli et al., 1994). There is some evidence for an association between VLF band (0.0033–0.04 Hz) and all-cause mortality (Shaffer et al., 2014), however, the physiological mechanisms responsible for activity within this band are not clear although probably related to thermoregulation, the renin-angiotensin system, and other hormonal factors (Akselrod et al., 1981; Cerutti, 1995; Claydon and Krassioukov, 2008). The LF/HF ratio has controversial interpretations, with the LF power possibly generated by the sympathetic, the HF power by the parasympathetic system and their ratio indicating both parasympathetic or sympathetic dominance (Pagani et al., 1984; Montano et al., 1994). HRV descriptors are also derivable by non-linear methods. Development in the non-linear theories provides new instruments to analyse the entropy domain [such as the simple or approximate entropy (ApEn)], better describe the complexity, irregularity or randomness of HRV and its changes, the non-linear temporal relationships with other metrics such as functional connectivity, and extract information about the complexity of the two way brain-heart interaction (Norris et al., 2006; Ryan et al., 2011; Shaffer et al., 2014; Riganello et al., 2018b).



TABLE 1. Most common measures used in HRV analysis.
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HRV AND DOC

HRV is a possible index of consciousness attention (Babo-Rebelo et al., 2016; Cobos et al., 2019) and emotional states (Shi et al., 2017) in healthy subjects. The interaction between consciousness, attention and HRV has been documented in patients with DoC. VS/UWS and MCS subjects were more likely to respond to standard visual and auditory stimuli when the HRV normalized unit of LF (nuLF) ranged between 10–70 and LF peaked around 0.1 Hz (Riganello et al., 2013), thus suggesting a functional relationship between responsiveness and the sympatho-vagal balance; a correlation between HRV parameters and improvement of consciousness has been documented, and higher value of nuLF associated to a better outcome in VS/UWS patients (Riganello et al., 2015a; Wijnen et al., 2006).

In frequency domain, HRV total power (TP) as well as LF and HF power were found significantly decreased in patients with Glasgow Coma Outcome Extended (GOSE) (Weir et al., 2012) score <5 (Hendén et al., 2014).

A correlation between HRV entropy (index of the brain-heart interaction complexity) and brain activation has been also described. Approximate Entropy (ApEn) values were lower in VS/UWS patients than in healthy control whereas no differences were found for all linear parameters [Root Mean Square of Successive Differences between normal heartbeats (RMSSD), Standard Deviation of RR peak (SDRR)] (Sarà et al., 2008). We have recently found lower Multiscale Entropy (MSE) values in VS/UWS than in MCS, which correlated with the Coma Recovery Scale (CSR-R) total score. A functional connectivity pattern involving the CAN system has been documented, thus proposing HRV entropy as an indirect tool to measure and monitor connectivity changes in this neural system (Riganello et al., 2018b). In a Evoked Response Potential (ERP) study based on nociceptive repeated laser stimulation MCS showed partially preserved cortical activations, higher ERP γ-power magnitude and Standard Deviation of Normal-to-Normal intervals (SDNN) compared to VS/UWS patients (Calabrò et al., 2017). Other studies on nociceptive stimulation documented a correlation between the level of consciousness and HRV-entropy (Riganello et al., 2018a; Tobaldini et al., 2018), with lower values of entropy detected in VS/UWS than in MCS patients or in healthy subjects, and correlated to the CRS-R total scores (Riganello et al., 2018a). The above results indicate a decrease of complexity in the modulation of the response to noxious stimuli in VS/UWS subjects and a less complex ANS modulation in the two way brain-heart interaction compared to MCS.

Similar results have been observed in response to complex (musical) stimuli. Music interventions were associated with favorable behavioral and physiological responses in several studies, however, methodological quality and outcomes were heterogeneous (Grimm and Kreutz, 2018). After 14-day of music stimulation SDNN and RMSSD of VS/UWS patients increased, indicating the activity of the cardiovascular system was enhanced (Lee et al., 2011). Contrasting observations were found in the direction of the RMSSD values in a work on MCS and VS/UWS patient, who were presented live preferred music and live improvised music (O’Kelly and Magee, 2013). A significant decrease in entropy was observed in VS/UWS subjects listening to four musical pieces of different structural complexity, whereas no differences between the same selected musical pieces were observed in healthy controls under comparable experimental conditions (Riganello et al., 2015b). The quality (positive or negative) of the emotional responses was correlated to extreme (low or high) nuLF values (Riganello et al., 2010). Higher values in both time and frequency domain were observed during affective than during non-affective auditory stimulation in VS/UWS patients suggesting the possibility to discriminate between different stimuli (Machado et al., 2007; Gutiérrez et al., 2010).

The clinical and scientific evidence suggests a diagnostic and prognostic relevance of HRV parameters in DoC of different aetiologies (e.g., traumatic brain injury (TBI), haemorrhagic, and anoxic) (Keren et al., 2005; King et al., 2009; Ryan et al., 2011; Almeida et al., 2017). Decreased values in the different domains of HRV analysis has been associated with worsened heath condition. HRV parameters extracted in the time domain (SDNN, SDNN index, and RMSSD) were also found decreased after TBI in the absence of major DoC (Rapenne et al., 2001; DeGiorgio et al., 2010; Kim et al., 2017) and associated to clinical worsening and to mortality in the acute phase (Morris et al., 2006; Norris et al., 2006; Mowery et al., 2008; King et al., 2009). In children, suppression of LF and HF bands of the power spectrum were associated with brain death and poor outcome (Goldstein et al., 1993, 1998) and decreases in LF/HF was correlated with increases in intracranial pressure and mortality (Biswas et al., 2000). In TBI adults, decreased LF, HF, LF/HF, and TP were associated with brain death, increased mortality, increased intracranial pressure, and poor outcome (Winchell and Hoyt, 1997; Rapenne et al., 2001; Papaioannou et al., 2006). Reduced HRV complexity has proved to be an independent predictor of mortality (Batchinsky et al., 2007). Decreased ApEn values have been associated to increased mortality in acute TBI (Papaioannou et al., 2008; Gao et al., 2016) and the MSE was found to identify trauma patients at risk of in-hospital death, and predicts mortality independent of probability of survival based on location and mechanism of injury (Norris et al., 2008a, 2008b).



COMMENT AND PERSPECTIVES

The CAN model of ANS-CNS functional interaction is helpful to describe the phenomena underlying residual responsiveness in DoC within the framework of homeostatic and allostatic organization, at least in part and to a degree of pathophysiological approximation (Friedman, 2007; Shen et al., 2016; Thome et al., 2017). The suitability of HRV analysis in detecting residual (covert) brain function in DoC has been documented (Wijnen et al., 2006; Gutiérrez et al., 2010; Riganello, 2016; Garbarino and Sannita, 2015). Autonomic function, ANS-mediated responsiveness and the ANS-CNS interaction qualify as possible independent indicators for clinical functional assessment, diagnosis and prognosis in DoC (King et al., 2009; Ryan et al., 2011; Sannita, 2015; Riganello, 2016). In a reversed perspective, research on the residual modular functions in DoC can provide unique information about brain mechanisms/functions and ANS-CNS interplay that can be investigated in these patients under experimental conditions that are rigorously controlled (Monti, 2012; Riganello et al., 2012b; Sannita, 2014; Shen et al., 2016; Chennu et al., 2017; Kiryachkov et al., 2017).

Brain function is modulated by complex neural networks and non-neuronal factors which interact with each other, individually or collectively account for inter/intra-individual variability, and reflect/depend on the circadian rhythms and the wakefulness/sleep alternation (Bullock, 1970; Sannita, 2006; Garbarino et al., 2014, 2019; Soddu and Bassetti, 2017). The HRV concomitants of the major shift toward sympathetic activation associated to peak cortisol levels at the morning sleep-to-wake transition are an example in this regard (Bilan et al., 2005; Boudreau et al., 2011, 2012). HRV proved reliable in investigating the ANS-CNS functional interaction underlying residual responsiveness in VS/UWS or MCS subjects (Wijnen et al., 2006; Gutiérrez et al., 2010; Candelieri et al., 2011; Sannita, 2015; Riganello, 2016). CNS and ANS setups, however, change over time spontaneously or due to homeostatic or allostatic requirements with different timing and latencies. HRV measures at rest and in response to stimulus conditions have higher time resolution and reflect rapid changes better than clinical or neuroimaging markers of damage, with greater variability during the day (Bekinschtein et al., 2009; Candelieri et al., 2011; Riganello et al., 2013, 2015c; Abbate et al., 2014; Sannita, 2015; Blume et al., 2017). Time appears to be a source of variability adding to the variety of environmental factors (light and noise in hospital settings, timing of medication or non-pharmacologic interventions, co-morbidities, etc.) also needing consideration, both as co-determinants of the circadian rhythms (Soddu and Bassetti, 2017) and in view of the ANS major role in internal environment constancy and adaptation that are fundamental to homeostasis. Systematic investigation is still lacking and appears advisable.
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Understanding the complex neural mechanisms controlling urinary bladder activity is an extremely important topic in both neuroscience and urology. Simultaneously recording of the bladder activity and neural activity in related brain regions will largely advance this field. However, such recording approach has long been restricted to anesthetized animals, whose bladder function and urodynamic properties are largely affected by anesthetics. In our recent report, we found that it is feasible to record bladder pressure (cystometry) and the related cortical neuron activity simultaneously in freely moving mice. Here, we aimed to demonstrate the use of this combined method in freely moving mice for recording the activity of the pontine micturition center (PMC), a more difficultly approachable small region deeply located in the brainstem and a more popularly studied hub for controlling bladder function. Interestingly, we found that the duration of urination events linearly correlated to the time course of neuronal activity in the PMC. We observed that the activities of PMC neurons highly correlated with spike-like increases in bladder pressure, reflecting bladder contractions. We also found that anesthesia evoked prominent changes in the dynamics of the Ca2+ signals in the PMC during the bladder contraction and even induced the dripping overflow incontinence due to suppression of the neural activity in the PMC. In addition, we described in details both the system for cystometry in freely moving mice and the protocols for how to perform this combined method. Therefore, this work provides a powerful approach that enables the simultaneous measurement of neuronal activity of the PMC or any other brain sites and bladder function in freely behaving mice. This approach offers a promising possibility to examine the neural mechanisms underlying neurogenic bladder dysfunction.

Keywords: the optical fiber-based Ca2+ recording, cystometry, pontine micturition center, urination, freely moving mice


INTRODUCTION

Neural circuits integrated at different levels of the central and peripheral nervous systems tightly control normal bladder function (Fowler et al., 2008; Benarroch, 2010; de Groat et al., 2015). Injuries or diseases of the nervous system may lead to neurogenic bladder (NGB) dysfunction (Fowler et al., 2008; Harris and Lemack, 2016). NGB is generally found in patients with neurological disorders, and affects their quality of life (Ginsberg, 2013). However, our current insights into NGB are very limited. A better understanding of the neural mechanisms controlling bladder would provide new strategies for the treatment of NGB.

The pontine micturition center (PMC) is a small brainstem nucleus located in the caudal pontine tegmentum near the locus coeruleus (LC) (Verstegen et al., 2017). The PMC is suggested to be necessary for urination in animals and humans (Valentino et al., 2011). Inhibition or lesion of the PMC causes urinary retention and prevents urination, and electrical or optogenetic stimulation in this region drives bladder contraction and triggers urination (Sugaya et al., 1987; Sugaya, 1988; Hou et al., 2016; Yao et al., 2018). Projections of PMC neurons directly go to the sacral spinal cord preganglionic bladder motor neurons (Blok and Holstege, 1998; Verstegen et al., 2017). PMC neurons integrate the pro- or anti-urination signals (Drake et al., 2010; de Groat and Wickens, 2013; Hou et al., 2016) and receive converging inputs from multiple upstream brain regions (Hou et al., 2016). Therefore, PMC neurons are an important entry point for investigations of the larger-scale brain network of bladder control.

Simultaneous measurement of neural activity and cystometry is a potentially useful approach to examine the neural mechanisms that control bladder functions (Manohar et al., 2017). Many classic studies used electrodes to record correlating neuronal responses in the PMC together with bladder pressure measurement in anesthetized or restrained animals (Willette et al., 1988; Tanaka et al., 2003). Data from traditional electrophysiology are limited by the low stability of long-lasting recordings and the lack of cell-type specificity (Guo et al., 2015). Anesthesia suppresses bladder function and affects the urodynamic results (Aizawa et al., 2015; Schneider et al., 2015). However, an efficient approach to combine the monitoring of neuronal activity with cystometry in freely moving animals has long been lacking. In our recent report, we demonstrated the feasibility of the method for recording both bladder pressure and neuronal activity of motor cortex in freely moving mice (Yao et al., 2018), but whether this method can be extended to a more difficultly reachable region, the PMC, is unclear. This is an important attempt, as the PMC plays important yet many remaining unknown functions in controlling bladder and urination, as mentioned above.

The development of genetically encoded Ca2+ indicators (GECIs) (Grienberger and Konnerth, 2012) and genetically targeted techniques has simplified the use of optical fiber-based Ca2+ recording (also known as fiber photometry). Fiber photometry is currently a popular choice for the monitoring of cell type-specific neuronal activities of any brain areas in freely behaving animals (Stroh et al., 2013; Gunaydin et al., 2014). This approach is suitable for the detection of the average spiking activity of a cluster of neurons (Adelsberger et al., 2005) or of their axon terminals (Qin et al., 2018), and the general consensus is that neuronal Ca2+ transients reflect neuronal action potential firing (Kerr et al., 2005). Fiber photometry costs less, and data acquisition and analyses are much simpler than electrophysiology (Cui et al., 2014). Therefore, we developed a simple method using fiber photometry to monitor the neuronal activity of PMC neurons together with cystometry in freely moving mice.



MATERIALS AND METHODS


Animals

Wild-type adult C57/BL6J mice (both sexes, aged 3–4 months old) were used in all experiments and purchased from the Laboratory Animal Center at the Third Military Medical University. Mice were socially housed under a 12-h light/dark cycle and provided with ad libitum food and water. Each mouse implanted with a PE10 catheter insertion into the bladder or an optic fiber into the brain was individually housed and habituated to the experimental device prior to recording. The Third Military Medical University Animal Care and Use Committee approved all experimental procedures, which were performed in accordance with institutional animal welfare guidelines.



Trans-Synaptic Tracing

Mice were anesthetized via an intraperitoneal injection (i.p.) of 1% sodium pentobarbital (10 ml/kg). Their bladders were exposed and exteriorized through the middle abdominal incision. Two injections approximately 0.5 mm deep were performed across the bladder wall by use of a small glass micropipette attached to a microsyringe (10 μl). PRV-EGFP (1.71 × 108 PFU/ml in 1 μl) was injected at each site at a speed of 200 nl/min via a syringe pump. The micropipette was held in each injection site for 5 min. Each bladder was returned to the mouse abdominal cavity, and finally the abdominal wound was closed. Mouse brains were removed at 4.5 to 5 days after PRV-EGFP injection and stored in fixative solution prior to sectioning.



Viral Injection

Mice were placed in a stereotaxic frame (RWD Technology Co., Ltd., China) with a heated pad and anesthetized with 1–1.5% isoflurane in oxygen. A scalp incision was performed using eye scissors. A craniotomy (1 mm × 1 mm) was performed using a dental drill above the PMC (AP: −5.45 mm; ML: 0.70 mm; DV: −3.15 mm). AAV-hSyn-GCaMP6f (AAV2/9, titer: 2.59 × 1012 viral particles/ml, Obio Biotechnology Co., Ltd., China) or AAV-hSyn-EGFP (AAV2/8, titer: 1.63 × 1013 viral particles/ml, Obio Biotechnology Co., Ltd., China) was delivered using a small glass micropipette with a tip diameter of ∼20 μm. The micropipette was slowly inserted to a depth of 3.15 mm (from the brain surface), and a total volume of 80–100 nl AAV-hSyn-GCaMP6f or AAV-hSyn-EGFP was injected into the PMC. The micropipette was held in each injection site for 10 min after injection and retracted. The scalp incision was closed. Each mouse was returned to the home cage and allowed to recover for at least 3 weeks.



Fiber Photometry Setup

A custom-built fiber photometry setup (Figure 2A) was used in this research to record population neuronal Ca2+ signals (Adelsberger et al., 2005; Li et al., 2017; Zhang et al., 2017; Qin et al., 2018; Yao et al., 2018). For excitation of the fluorescent genetically encoded Ca2+ indicator (GCaMP6f), the excitation light (the wavelength of 450–490 nm) was delivered by a light-emitting diode (LED). The accurate adjustment of the beam intensity of LED was driven by the current. Then the beam was deflected by a dichroic mirror (Di02-R488, Semrock, United States) and focused into the end of an optic fiber (200 μm diameter, NA 0.48, Doric lenses, Quebec City, QC, Canada) through a collimator. The beam intensity at the tip of the optic fiber was about 0.22 mW/mm2. The emitted GCaMP6f fluorescence (green) was guided back through the same fiber and then was separated from excitation blue light using the same dichroic mirror with a bandpass emission filter (FF01-535/22, Semrock, United States). Finally, the GCaMP6f fluorescence emission was monitored using an avalanche photodiode (Si APD, S2382, Hamamatsu Photonics K.K., Japan). The collected GCaMP6f fluorescence signals were digitized with a sampling frequency of 2000 Hz by the use of a multifunction I/O device (USB-6002, National Instruments, United States). Data acquisition was implemented by customized software written in the LabVIEW platform (National Instrument, United States).



Optical Fiber Recording in vivo

Optical fiber recordings in the PMC were performed similarly as described previously (Adelsberger et al., 2005). Mice were anesthetized with 1–1.5% isoflurane and put on a stereotactic head frame. A scalp incision was performed using eye scissors. The craniotomy (1 mm × 1 mm) was performed using a dental drill above the PMC. An optic fiber (200 μm diameter, NA 0.48, Doric lenses, Quebec City, QC, Canada) was glued into a short cannula (ID. 0.51 mm, OD. 0.82 mm), inserted through the craniotomy and advanced slowly to 3.05 mm below the brain surface. The optic fiber was secured to the mouse skull using dental cement. Mice implanted with an optic fiber were allowed to recover for 3–5 days prior to urination behavior testing. To avoid breakage of the optic fiber in freely moving mouse, the changes in the curvature of the fiber were checked every 6 h by the experimenters and the fiber was held loosely above each mouse head at a distance of 50–80 cm. During the recordings, the optic fiber was connected to the fiber photometry system directly without using the commutator. For awake freely moving recordings, each mouse was put in a chamber with a glass bottom. Neuronal Ca2+ transients and behaviors were recorded simultaneously. For anesthetized simultaneous recordings, the mice were put on a heated pad under the anesthetized condition. The Ca2+ transients were recorded using customized acquisition software based on Labview platform (National Instrument, United States). A camera (Aigo AHD-X9, China) was used to record mouse urination events at 30 Hz under the spatial resolution of 1280 × 720 pixels. The first drop from the urethral orifice represented the onset of urination events.



Cystometric Measurement in vivo

Mice were placed on a heated pad and anesthetized with 1–1.5% isoflurane in oxygen. Each bladder dome was exposed and exteriorized through a middle abdominal incision. A 7 cm PE10 tube was used as the catheter and inserted into the bladder. A loose tie of monofilament suture (6-0) was used to secure the catheter in the bladder. Then the end of the catheter was pulled out through an incision at the back of mouse neck. For testing the seal and patency of the PE10 tube in the bladder, a syringe (1 ml) connected with 30-gauge needle was attached to the end of the catheter, and the bladder was slowly filled with saline until a drop appearing at the urethral orifice to indicate that the cystometry surgery was successful. The abdominal wound and neck incision were closed, and each mouse was allowed to recover for at least 5 days prior to cystometry recordings. Before cystometry recordings in an awake or anesthetized mouse, a pressure transducer (YPJ01H; Chengdu Instrument Factory, China) was attached to a multi-channel physiological recording and signal processing setup (RM6240; Chengdu Instrument Factory, China) for bladder pressure recording. A 3-way tab was used to connect an infusion pump (RWD404; RWD Technology Corp., Ltd., China), the pressure transducer and appropriate adapter. The end of the adapter was connected with a PE50 tube. The catheter in the bladder of each mouse was slid into the end of the PE50 tube. Before each cystometric measurement, the pressure transducer was calibrated. Cystometry recordings were performed in awake mice with the normal saline infusion into the bladders via the catheter at a constant speed (10–50 μl/min). For anesthetized simultaneous recordings, the mice were anesthetized with 2.5% isoflurane firstly and then these mice were administered with urethane (1.2 g/kg, i.p.). The normal saline was infused into the bladders via the catheter at a constant speed (30 μl/min) under the anesthetized condition. Continuous urodynamic curves were recorded using a commercial acquisition software (Chengdu Instrument Factory, China).



Immunohistochemistry

Coronal brain slices of 40 μm were obtained using a freezing microtome (Leica) and collected in 0.1 M phosphate-buffered saline (PBS) solution. Brain slices were washed in PBST (1% Triton in 0.1 M PBS) for 40 min. A blocking solution (10% donkey serum, 0.2% Triton in 0.1 M PBS) was applied for 2 h at room temperature. Brain sections were incubated with primary antibodies (chicken anti-GFP, 1:200, Abcam, ab13970; rabbit anti-tyrosine-hydroxylase, 1:200, Millipore, AB152) overnight at 4°C followed by secondary antibodies for 2 h at room temperature. The secondary antibodies used were donkey anti-rabbit conjugated with Alexa Fluor 568 (1:200, Invitrogen, A10042) and donkey anti-chicken CF488 (1:200, Sigma-Aldrich, SAB4600031). Brain slices for DAPI staining were incubated with DAPI (1:1000, Sigma) for 20 min. Finally, these slices were mounted on coverslips and imaged. Images were obtained by the use of a scanning confocal microscope (TCS SP5, Leica) and LAS AF software (Leica).



Data Analysis

All Ca2+ transients were collected at the sampling frequency of 2000 Hz and low-pass filtered using the Butterworth filter. For both awake and anesthetized recordings, the relative fluorescence changes Δf/f = (f − fbaseline)/fbaseline were calculated for Ca2+ transients, where fbaseline was the baseline fluorescence level taken during the current recording period during urination behavior. If the amplitude of a Ca2+ transient was larger than three times the standard deviation of the noise band, it was regard as a signal. The software for data analysis was custom-written on the MATLAB (MathWorks, United States)1. The Ca2+ signals were divided into 10 segments and we randomly assigned these segments with urination events or cystometry data, in order to shuffle the fiber photometry data. The duration of each urination event was measured from the urination onset (the first drop of urine appearing at the urethral orifice) to the urination offset (no drop of urine appearing at the urethral orifice).



Statistical Analysis

Each values in this paper is represented as the mean ± s.e.m. Statistical analyses and cross-correlation analyses were calculated in MATLAB (MathWorks, United States). P-values for the comparison of paired data were performed using Wilcoxon signed-rank test. P-values for comparison of two independent samples were performed using Wilcoxon rank-sum test. ∗∗∗P < 0.001, ∗∗P < 0.01, *P < 0.05; ns, no significant difference.




RESULTS


Verification of PMC Location

To identify the location of the PMC, we used PRV-based retrograde trans-synaptic tracing (Smith et al., 2000; Stanley et al., 2010). Immunohistochemical analyses of brain slices 4.5 to 5 days after PRV-EGFP injection into the bladder walls of mice (n = 5) (Figure 1A) revealed PRV-infected neurons in the PMC and LC according to the mouse brain atlas (Figure 1B), as reported recently (Yao et al., 2018). Therefore, we used this identified location of the PMC for the following recordings.
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FIGURE 1. Verification of PMC location. (A) Schematic of PRV-EGFP injection into the bladder walls of mice. (B) Left, the location of the PMC according to the mouse brain atlas. Right, confocal image showing PRV-infected neurons (green) in the PMC with DAPI (blue) staining





Population Ca2+ Transients of PMC Neurons Highly Correlate With Urination Events in Freely Moving Mice

To investigate whether the activation of PMC neurons coincided with urination in freely moving mice, we monitored the Ca2+ activities of PMC neurons and urination events simultaneously. A genetically encoded Ca2+ indicator GCaMP6f was locally expressed in the PMC using a viral injection (AAV-hSyn-GCaMP6f). Fiber photometry was used to record population Ca2+ activity in the PMC. This optical fiber-based Ca2+ recording system (Figure 2A) was described in our previous work (Zhang et al., 2017; Qin et al., 2018; Yao et al., 2018). Each mouse was put in the chamber, and its behavior was visualized using a camera placed under the chamber (Figures 2A,B). An optical fiber with a diameter of 200 μm was implanted above GCaMP6f-positive PMC neurons 1 month after the viral injection (Figure 2C). PMC neurons were near the LC, which was identified using the tyrosine hydroxylase (TH) expression (Figure 2C). Serial sectioning also confirmed that GCaMP6f-positive neurons were largely restricted to the PMC area in all the GCaMP6f-injected mice reported here (n = 7) (Figure 2C). To increase the number of urination events, each mouse was treated with an intraperitoneal (i.p.) injection of diuretic furosemide (40 mg/kg) or 2 mL saline prior to recording. A representative example revealed that Ca2+ transients of PMC neurons were observed in the GCaMP6f-injected group during urination (Figure 2D). These urination-related transients were not observed in the EGFP-injected control group (Figures 2D,E; GCaMP6f-injected group, max Δf/f = 36.73% ± 4.90%; EGFP-injected group, max Δf/f = 2.24% ± 0.66%; P < 0.001). These experiments indicated that the Ca2+ transients of the PMC in the GCaMP6f-injected group were not movement artifacts.
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FIGURE 2. Population Ca2+ transients of PMC neurons in freely moving mice during urination. (A) Schematic of the fiber photometry setup. (B) The example picture shows that the mouse behavior and urine deposition were monitored using a camera placed underneath the chamber. (C) The representative post hoc images showing AAV-hSyn-GCaMP6f-labeled neurons (green) in the PMC. LC neurons are labeled with TH (red). Serial brain sections showing overlay of viral expression areas (in gray) from 7 GCaMP6f-injected mice. (D) Examples of Ca2+ transients of PMC neurons during urination events in the GCaMP6f-injected group (upper) and the EGFP-injected group (down). The red dashed line indicates urination onset. (E) Quantification of amplitudes of urination-related Ca2+ transients in the GCaMP6f-injected group (n = 7 mice) and the EGFP-injected group (n = 7 mice). Wilcoxon rank-sum test, ∗∗∗P < 0.001.



A closer analysis showed that Ca2+ transients of PMC neurons in the GCaMP6f-injected group started 402 ± 21 ms prior to the onset of urination events (Figure 3A). We found that each urination event was 100% associated with Ca2+ transients in the GCaMP6f-injected group throughout all the recordings (Figure 3B; P < 0.001). Ca2+ transients of PMC GCaMP6f-positive neurons started before urination onset on average and in single urination events (heat map), and this response was absent in shuffled data (Figures 3C,D). Further analyses indicated that the duration of urination events linearly correlated to the full width at the half maximum of Ca2+ transients (Figure 3E). Taken together, neuronal activities in the PMC highly correlated with urination.
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FIGURE 3. Population Ca2+ transients of PMC neurons highly correlate with urination events in freely moving mice. (A) Onsets of PMC Ca2+ transients in the GCaMP6f-injected group plotted relative to the onset of urination (red dashed line). n = 77 urination events from 7 mice. (B) Quantification of the percentage of Ca2+ events that correlated with urination in the GCaMP6f-injected group and the EGFP-injected group. Wilcoxon rank-sum test, ∗∗∗P < 0.001. (C) Averaged Ca2+ transients of the PMC neurons in the GCaMP6f-injected group (red, n = 77 urination events from 7 mice) aligned to the urination onset or shuffled urination onset (red dashed line). The dashed bar indicates urination onset. Shaded areas represent s.e.m. (D) Heatmap showing Ca2+ transients of the PMC neurons aligned to urination onsets in freely moving mice. n = 77 urination events from 7 mice. Warmer color indicates higher amplitude of urination-related Ca2+ transients. (E) Quantification of the full width at the half maximum of Ca2+ transients in D in relation to the duration of urination events. The duration of each urination event was measured from the urination onset (the first drop of urine appearing at the urethral orifice) to the urination offset (no drop of urine appearing at the urethral orifice).





Simultaneous Recording of Neuronal Activity in the PMC and Cystometry in Freely Moving Mice

To determine whether Ca2+ transients of PMC neurons correlated to bladder detrusor contraction, we simultaneously monitored population Ca2+ transients of PMC GCaMP6f-positive neurons and urinary bladder pressure in freely moving mice. The experimental setup included a custom-built fiber setup and cystometry system (Figure 4A). Bladder pressure was measured using cystometry via a catheter inserted into the mouse bladder. Representative traces of intravesical pressures were recorded in an urethane-anesthetized mouse at different bladder filling speeds (Figure 4B). Each voiding contraction was represented as a spike in the intravesical pressure followed by a drop to the lowest pressure and associated with urination (indicated with asterisks in Figure 4B), reflecting urination and empty bladder. The intercontractile interval (ICI) was the duration between two adjacent voiding contractions. Quantitative analyses demonstrated that the ICI was tightly dependent on the level of infusion speed (n = 6 mice) (Figure 4C; 10 μl/min, 179.20 s ± 21.25 s; 30 μl/min, 74.18 s ± 10.76 s; 50 μl/min, 43.38 s ± 5.94 s; P < 0.05). As previously reported (Hou et al., 2016), we infused saline into the bladder slowly at a constant speed, which steadily triggered spike-like bladder voiding contractions.
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FIGURE 4. Schematic of experimental recording setup and cystometrogram. (A) Schematic of the urodynamic setup incorporating the fiber photometry system in freely moving mice. (B) Examples showing the bladder pressures in an anesthetized mouse at different infusion speeds. The voiding contractions were pointed out with the asterisks. (C) Quantitative analysis of the ICI at different infusion speeds. n = 6 mice. Wilcoxon signed-rank test, *P < 0.05.



We placed a catheter into the bladder of each animal in which fiber photometry was successfully recorded (n = 8 mice). Mice recovered for at least 5 days, and simultaneous measurement of neuronal activity and cystometry showed that spike-like increases in bladder pressure (bladder contraction) correlated with Ca2+ transients of PMC neurons in freely moving mice (Figure 5A). The expanded graphs in Figure 5B of two urination cycles indicate that the Ca2+ transients preceded the onset of bladder contraction. Quantitative analyses showed that the onset of Ca2+ transients in the PMC was ∼125 ± 66 ms earlier than bladder contraction (n = 8 mice). We also found that each spike-like increase in bladder pressure was also 100% associated with Ca2+ transients of PMC GCaMP6f-positive neurons. Cross-correlation of Ca2+ transients recorded in the PMC and bladder pressure showed that the correlation coefficient of the mean peak value was higher than the shuffled data (n = 8 mice) (Figures 5C,D; data, 0.51 ± 0.08; shuffled, 0.09 ± 0.03; P < 0.01). These results demonstrate that population Ca2+ transients of PMC neurons correlate with bladder contraction in freely moving mice.
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FIGURE 5. The activities of PMC neurons highly correlate with increased bladder pressure in freely moving mice. (A) Example bladder pressure trace (blue) and time-locked Ca2+ transients of PMC neurons (black) in a freely moving mouse. (B) The enlarged view of the dashed line boxes from A. The red bar indicates the onset of bladder contraction. (C) Cross-correlation between Ca2+ transients of PMC neurons and bladder pressure from the awake mouse as shown in A compared to the shuffled data. (D) Summary of cross-correlation coefficients. n = 8 mice. Wilcoxon signed-rank test, ∗∗P < 0.01.





Anesthesia Evokes Prominent Changes in the Dynamics of Ca2+ Signals in the PMC During the Bladder Contraction

To assess the effect of anesthesia on the neuronal activity in the PMC, we simultaneously monitored population Ca2+ transients of PMC GCaMP6f-positive neurons and urinary bladder pressure in anesthetized mice (n = 4). Firstly, these catheter-implanted mice that were successfully recorded with fiber photometry were anesthetized with 2.5% isoflurane. We found that bladder contraction-related population Ca2+ transients of PMC neurons were completely absent under the isoflurane-anesthetized condition (Figure 6A). Cystometric recordings revealed that the regular urination cycles were not detected due to dripping overflow incontinence in this condition (Figure 6A).
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FIGURE 6. Anesthesia evokes prominent changes in the dynamics of Ca2+ signals in the PMC during the bladder contraction. (A) Example bladder pressure trace (blue) and time-locked Ca2+ transients of PMC neurons (black) in an isoflurane-anesthetized mouse. (B) Example bladder pressure trace (blue) and time-locked Ca2+ transients of PMC neurons (black) in a urethane-anesthetized mouse. The mouse as shown in A and B was the same one. (C) Quantification of the percentage of Ca2+ events that correlated with the bladder contractions. n = 4 mice for anesthesia and 8 mice for wakefulness. Wilcoxon rank-sum test, ∗∗P < 0.01 or Wilcoxon signed-rank test, *P < 0.05. (D) Quantitative analysis of the full width at the half maximum of Ca2+ transients in each group. n = 40 trials from 4 awake mice; n = 44 trials from 4 urethane-anesthetized mice. Wilcoxon rank-sum test, ∗∗∗P < 0.001.



Then isoflurane was withdrawn and anesthesia was maintained with urethane. Under this condition mice urinated periodically and simultaneous measurement of neuronal activity and cystometry showed that bladder contraction correlated with Ca2+ transients of PMC neurons (Figure 6B). Each spike-like increase in bladder pressure was also 100% associated with Ca2+ transients of PMC neurons in the urethane-anesthetized group (n = 4 mice), the same as what in the awake group (n = 8 mice) (Figure 6C). The dynamics of Ca2+ transients of PMC neurons were significantly different between awake and urethane-anesthetized mice (Figures 5A, 6B). Quantitative analyses demonstrated that the full width at the half maximum of Ca2+ transients in the urethane-anesthetized group was smaller than that in the awake group (Figure 6D; the urethane-anesthetized group, 3.02 ± 0.19 s; the awake group, 6.77 ± 0.57 s; P < 0.001). The normal saline was infused into the mouse bladders via the catheter at 30 μl/min in each trial of the two groups (n = 40 trials from 4 awake mice; n = 44 trials from 4 urethane-anesthetized mice). Overall, these results indicate that urethane anesthesia evokes prominent changes in the dynamics of the Ca2+ signals in the PMC, and deep isoflurane anesthesia induces the dripping overflow incontinence which may be due, at least in part, due to suppression of the neural activity in the PMC.




DISCUSSION

The present study combined optical fiber-based Ca2+ recording with cystometry to examine how neural activities of PMC neurons were related to urination or bladder pressure in freely moving mice. We found that population Ca2+ transients of PMC neurons appeared during each bladder contraction by cystometry. We observed that the onset of Ca2+ transients in the PMC was ∼400 ms earlier than the onset of urination events or ∼125 ms earlier than bladder contraction. In addition, a persistent class of Ca2+ transients of PMC neurons was seen throughout the entire process of urination. Finally, we showed that urethane anesthesia evoked prominent changes in the dynamics of Ca2+ signals in the PMC and deep isoflurane anesthesia induced the dripping overflow incontinence due to suppression of the neural activity in the PMC.

Urodynamic measurements in humans are mostly collected under a fully awake state (Gammie et al., 2014). Previous studies have reported that anesthesia modifies bladder function (Matsuura and Downie, 2000; Chang and Havton, 2008; Wuethrich et al., 2013; Aizawa et al., 2015; Schneider et al., 2015). Our results also showed that anesthesia evoked prominent changes in the dynamics of the Ca2+ signals in the PMC during the bladder contraction and even induced the dripping overflow incontinence. Therefore, the performance of cystometry in fully awake animals would be a promising translational measurement to evaluate bladder function. However, most previous reports that recorded the neuronal activity of PMC neurons and bladder pressure simultaneously were performed in anesthetized animals (Tanaka et al., 2003; de Groat and Wickens, 2013) and no data are available for simultaneous recordings in freely moving animals. Therefore, our measurements in freely moving mice are a new and efficient approach to investigate brain functions during urination.

Cystometry is widely used to monitor the bladder pressure and micturition cycles (Griffiths, 1977; Fry et al., 2010). However, it requires chronic catheter implantation into the bladder, which causes a local bladder tissue reaction, bladder wall swelling and post-operative stress (Yaksh et al., 1986; Mann-Gow et al., 2017). Recent work compared the bladder function in the same animals before and after catheter implantation surgery and showed that the catheter implantation operation did not affect bladder function (Schneider et al., 2018). The skills of the experimenter and the amount of recovery time after catheter implantation surgery were critical for the quality and reproducibility of results. Bladder wall swelling and voiding frequency were normal at least 5 days after surgery (Mann-Gow et al., 2017). Therefore, we used a microsurgical technique that minimized bladder damage during catheter implantation surgery (Mann-Gow et al., 2017) and offered the mice at least 5 days for recovery. In addition, this measurement could not completely mimic physiological micturition cycles, which are less frequent when saline is not infused into the bladder (Manohar et al., 2017). Notably, our present findings showed that the pattern of population neuronal activities in the PMC during natural micturition cycles was similar to the micturition cycles using cystometry.

Three types of activity patterns of PMC neurons were distinguished in several reports (Tanaka et al., 2003; de Groat and Wickens, 2013; de Groat et al., 2015): (1) Some neurons fired before and during bladder contractions; (2) some neurons were suppressed during bladder contractions and activated during the storage period; and (3) other neurons only discharged at the beginning of the detrusor contractions. However, our present findings only showed that the neuronal activity of PMC neurons started prior to bladder contractions and persisted throughout the voiding in freely moving mice. This difference may be because the fiber photometry-detected Ca2+ transients reflected the average spiking activity of all types of PMC neurons. The rapid development of Ca2+ imaging techniques suggests that a micro-endoscopic approach would record population Ca2+ transients in any brain region of freely moving animals at single-cell resolution (Jennings et al., 2015; Resendez et al., 2016). The application of this method would further our understanding of the properties of urination-related signals of PMC neurons.

Fiber photometry is an increasingly used population method for the monitoring of population activities of specific neurons in freely moving animals, including mice and monkeys (Adelsberger et al., 2014; Gunaydin et al., 2014). Several recent studies used this method to investigate urination-related neuronal population activities in freely moving mice. Hou et al. (2016) reported urination-related activities from a cluster of neurons expressing corticotropin-releasing hormone (CRH) that modulated the bladder contraction, and Keller et al. (2018) found similar activities in a group of neurons expressing estrogen receptor 1 (ESR1), which controlled sphincter relaxation. More recently, we used fiber photometry and found voluntary urination-related activities in mouse primary motor cortex (Yao et al., 2018). These activities are required for the driving of urination through the projections to the PMC. Therefore, urodynamic measurement that incorporate the optical fiber-based Ca2+ recording in freely moving mice will be an efficient approach for investigating the brain circuitry that controls urination.

In summary, our results revealed that a urodynamic measurement incorporating the optical fiber-based Ca2+ recording was an efficient approach for the detection of population neuronal activities of any brain region during urination in freely moving mice. We provide a better insight into the neural mechanisms that control the bladder and open up a possible avenue to elucidate NGB using a translational method.
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Social jetlag (SJL), the difference in sleep timing between work and free days is a consequence of the discrepancy between the individual’s circadian rhythm and the social clock. SJL is considered a chronic stress factor and has been linked to various health problems. In this field study, we examined for the first time the association between SJL and cardiac regulation during sleep. 33 healthy young men aged 20–26 years participated in the study. The median SJL was used as a cut-off value to assign the participants into two groups with either lower or higher SJL. As a marker of autonomic control we analyzed heart rate variability (HRV) and addressed intra-individual differences between workdays and free days. In subjects with higher SJL, pNN50, an indicator of vagal activity was lower in the first 3 h of sleep on workday as compared to free day (day × sleep block × group, p = 0.015), indicating a more adaptable regulation on free days, when subjects slept according to their own preference. However, in subjects with lower SJL, no HRV differences were found between the two nights. SJL showed correlation with the free day-workday differences of both pNN50 and another vagal index, RMSSD in the first 2 h of sleep (p = 0.023 and 0.047, respectively). In subjects with higher SJL, a different HF power on workdays and free days (p = 0.031) also indicated that a shift in sleep timing is accompanied by an altered parasympathetic activity in the first few hours of sleep. Furthermore, subjective sleep quality on workdays was negatively associated with SJL (p = 0.02), and subjects with higher SJL reported worse sleep quality on workday than on free day (p = 0.027). Taken together, our data call attention on the potential effect of SJL on sleep quality and vagal activity during sleep.

Keywords: autonomic nervous system, heart rate variability, sleep quality, circadian misalignment, social jetlag, cardiovascular risk factor


INTRODUCTION

The circadian clock is a fundamental tool enabling organisms to track time internally and thus to adapt their physiology to daily fluctuations in the environment. Circadian time-keeping is organized at the cellular level by the action of molecular oscillators. In mammals, cellular oscillators of peripheral tissues are governed by the central clock located in the suprachiasmatic nucleus of the hypothalamus. A misalignment between the organism’s internal clock and the environmental time is often followed by desynchronization between tissue clocks. Circadian misalignment is considered as a stress factor (Wittmann et al., 2006; Puttonen et al., 2010), and has been linked to the development of various pathological states including cardiovascular diseases (Morris et al., 2017; Strohmaier et al., 2018), metabolic disturbances (Biggi et al., 2008; Vetter et al., 2015), different malignancies (Schernhammer et al., 2006; Papantoniou et al., 2018) and psychological problems (Shields, 2002).

Social jetlag (SJL) is defined as the time difference between the midpoint of sleep on workdays (MSW) and on free days, and it is a consequence of the discrepancy between an individual’s own biological rhythm and the daily timing determined by social constraints (Roenneberg et al., 2003; Wittmann et al., 2006). SJL affects the majority of the adolescent and adult population worldwide. In Europe, more than 30% of the population suffer from an SJL larger than 2 h (Roenneberg et al., 2012). SJL was found to correlate with a higher risk for the development of depression (Levandovski et al., 2011), adverse metabolic changes including obesity and type 2 diabetes (Roenneberg et al., 2012; Rutters et al., 2014; Parsons et al., 2015; Wong et al., 2015; Koopman et al., 2017), and shows association with health-impairing habits such as smoking and excessive caffeine consumption (Wittmann et al., 2006). In addition, our and others’ data indicate that SJL negatively impacts academic performance (Haraszti et al., 2014; Diaz-Morales and Escribano, 2015).

Both epidemiological and laboratory studies indicate that severe forms of circadian misalignment such as shift work or jetlag adversely affect the circulatory system and therefore increase the risk of the development of cardiovascular diseases (Knutsson, 2003; Grimaldi et al., 2016; Morris et al., 2016; Vetter et al., 2016; Hulsegge et al., 2018). SJL is the most frequent type of circadian misalignment, therefore its negative impact on the cardiovascular system would represent a public health concern.

The analysis of heart rate variability (HRV) is a well-established method to assess autonomic cardiac control (Malik, 1996; Laborde et al., 2017). A key advantage of this method is that well-validated programable measuring devices are available for application in field studies without causing any discomfort for the subjects. HRV represents the change in the time interval between successive heartbeats, which is modulated by the sympathetic and parasympathetic nervous system (Malik, 1996). Therefore, HRV is used as a tool to assess autonomic function at the level of the heart. Healthy cardiovascular control is signaled by higher HRV, indicating a stronger parasympathetic activity, whereas low HRV indicates reduced vagal modulation and increased sympathetic activity, which are established risk factors of cardiovascular diseases (Malik, 1996; Thayer et al., 2010). As autonomic control and sleep regulation are interconnected, HRV may be indicative for sleep quality, and efficiency as well. Falling asleep is accompanied by the shift of autonomic balance toward a parasympathetic dominance, measurable in HRV as it increases from wake to slow wave sleep (Elsenbruch et al., 1999; Trinder et al., 2001; Tobaldini et al., 2013; Chouchou and Desseilles, 2014), which is considered to be the most restorative sleep stage (Akerstedt et al., 1997).

In this study, we hypothesized that sleeping out of the endogenous phase on workdays affects cardiovascular regulation and sleep efficiency. To this end we analyzed sleep-related HRV indices and subjective sleep quality in healthy men forming a homogenous sample with respect to age, BMI, and social situation but differing in the extent of SJL, and addressed individual differences between workdays and free days.



MATERIALS AND METHODS


Participants and Protocol

Participants with regular weekly schedule were recruited via advertisements in social media (Facebook groups) and mailing list of university students. Initially 35 students participated in the study, but two of them were excluded either due to experiencing high emotional stress or for lack of appropriate cooperation. Therefore, data of 33 subjects were involved in the final analysis. The sample was homogenous with respect to age (mean ± SD of 23.2 ± 1.5 years), BMI (mean ± SD of 22.8 ± 2.5), and social situation (university students in Budapest). All subjects were healthy and none of them were taking medication. None of the subjects had a history of sleep disorder or cardiovascular problem and neither one of them experienced jetlag in the last month prior to the study. In a short interview, participants were asked about smoking habits, caffeine consumption, physical activity, blood pressure, and cholesterol levels. Answers did not indicate notable cardiovascular risk factors in any participants. Participants were asked not to undergo extreme physical activity, and to avoid drinking alcohol during the study week. Following the measurements, participants were interviewed about any unexpected events (high psychical and physical stress or any health problems). The study protocol was approved by the Semmelweis University Regional and Institutional Committee of Science and Research Ethics (Ethical approval 170/2016). Participants gave written consent prior to entering the study and were paid for their participation. The study took place in winter (2016/2017) and in the first half of spring (2017) and was paused for 2 weeks after changing to daylight saving time. The number of participants with lower and higher SJL was similar in every month. The study for each subject lasted for a week, during which the participants performed their daily activities according to their usual habit, including waking to an alarm clock on workdays but waking on their own on free days. On a workday (Wednesday) and a free day (Saturday) participants wore an ambulatory heart rate recorder (Actiheart, CamNtech Ltd., United Kingdom) during the night and filled out a sleep quality questionnaire upon waking on the next day. On the days of HRV detection, subjects collected urine samples in the evening before going to bed and in the morning directly after getting up.



Assessment of Sleep Timing

To recruit participants with different SJL and regular weekly schedule, students were asked to fill out the Hungarian version of the Munich Chronotype Questionnaire (MCTQ) (Haraszti et al., 2014). Chronotype was assessed as the midpoint of sleep on free days (MSF) corrected for oversleep on free days (MSFsc), and SJL was calculated by subtracting the midpoint of sleep on workdays (MSW) from MSF, based on Wittmann et al. (2006). During the week of the study each participant kept a sleep diary, based on which the SJL characteristic for the study period was calculated. The mean SJL ± SD was 92.1 ± 52.9 min, which fits well with previously reported SJL values for this age group (Wittmann et al., 2006; Haraszti et al., 2014; Pilz et al., 2018). The median SJL (93 min) was used as a cut-off value to divide the participants into two groups with either lower (SJL ≤ 93 min) or higher SJL (SL > 93 min). Using this cut-off value resulted in a 10-minutes gap between the two groups. There was no significant difference between the two groups regarding age (23.3 ± 1.9 and 23.1 ± 0.9 years mean ± SD for the lower and the higher SJL group, respectively) and BMI (22.1 ± 2.7 and 23.6 ± 2.1 years mean ± SD for the lower and the higher SJL group, respectively). Sleep onset and waking time on the days of HRV detection were estimated by the Actiheart software. These time points were controlled by comparing them with data from the sleep diary. The estimated sleep onset and waking times were used to calculate exact SJL for the days the measurements were performed. This SJL value was used to investigate correlation between SJL and HRV parameters.



Urinary Melatonin

Urine samples collected by the subjects in the evening and morning were stored at −20°C before analysis. Urinary 6-sulfatoxymelatonin, a stable melatonin metabolite, was measured by competitive ELISA according to the instructions of the manufacturer (IBL International). The creatinine concentration of the samples was determined by enzymatic assay (Diagnosticum Zrt., Budapest) to obtain a normalized 6-sulfatoxymelatonin/creatinine ratio (nmol/mmol).



HRV Analysis

The Actiheart monitor was used for the recording of heart rate. Prior to the measurements, participants came into the laboratory where a signal test was performed along with the programing of the device to start recording in the evening. On the next day participants brought the device back for data collection and recharge, before taking it again for the weekend. The Actiheart monitor collects inter-beat-interval (IBI) data, which can be further processed and used for the calculation of HRV parameters. Studies comparing Actiheart and standard ECG recordings did not find any significant difference in IBI detection (Brage et al., 2005; Barreira et al., 2009; Kristiansen et al., 2011). All HRV analyses were performed according to the standards of measurements (Malik, 1996) and the recent recommendations by Laborde et al. (2017). First, reliability of raw data was checked by visual inspection. To ensure a consistent artifact detection and correction, the ARTiiFACT software was used (Kaufmann et al., 2011). According to the international guidelines the data were decomposed into 5 min long segments for analysis of HRV parameters in both the time and frequency domains (Malik, 1996). Segments with more than 10% artifact ratio were excluded. Excluded segments and loss of electrode contact resulted in slightly varying sample sizes in the different analyses. Parameters calculated for the 5 min long segments were averaged for either 1.5- or 2-h blocks, depending on the analysis performed, as indicated in the text and legends.

In the time domain the standard deviation of the normal to normal interval (SDNN), the root mean square of successive differences (RMSSD), and the percentage of successive normal to normal intervals differing by more than 50 ms (pNN50) were calculated using the ARTiiFACT software. For the analysis of HRV in the frequency domain the DADiSP 6.7 software (DSP Development Corp., United States) was used. IBI data were first resampled to 4 Hz using cubic spline interpolation, detrended and tapered with a Hanning window. Power spectral density (PSD) was then calculated with mixed-radix Fast Fourier Transformation, yielding 600 frequency bins in the range of 0–2 Hz. From the average PSD of the successive 5 min segments very low frequency (VLF, 0.003–0.04 Hz), low frequency (LF, 0.04–0.15 Hz), and high frequency (HF, 0.15–0.4 Hz) absolute powers were calculated by numerical integration of the respective frequency ranges. Normalized units of LF (LFnu = LF/LF + HF) were also calculated. Bin-wise and band-wise PSD values were log normalized (natural base logarithm) before the statistical analyses. In our subjects respiratory rate, determined on the basis of the peak in the high frequency region of the FFT plot, was between 0.2 and 0.3 Hz (12–18/min). At this respiratory rate (resting state) HF corresponds to vagal activity, and correction of the HRV parameters for respiration is not required (Larsen et al., 2010; Bertsch et al., 2012; Laborde et al., 2017).



Assessment of Subjective Sleep Quality

For the assessment of subjective sleep quality, we used the Groningen Sleep Quality Scale (GSQS) (Meijman et al., 1988). The Hungarian version of the questionnaire translated from English was validated by Simor et al. (2009). The participants filled out the GSQS questionnaire directly upon waking following the nights with HRV measurements. The questionnaire contains 15 short, true or false questions about the previous night’s sleep. The first question is not evaluated, therefore the GSQS is scored between 0 and 14, a higher score indicating lower quality of sleep.



Statistics

Normality of data (sleep times, HRV measures, questionnaire scores, and 6-sulfatoxymelatonin levels) was assessed by the Kolmogorov-Smirnov test. 6-sulfatoxymelatonin and bin-wise spectral HRV data showed non-normal distribution. For the analysis of the former the non-parametric Mann-Whitney U test was used. Bin-wise spectral HRV data was log normalized to achieve normality. If normal distribution was present, we used parametric statistical procedures as follows. Workday-free day differences were assessed by paired sample t-tests. Group differences were tested by two sample t-tests. For the analysis of HRV data in consecutive time blocks, repeated measures analysis of variance (ANOVA) was performed. Fisher’s LSD test was used as post hoc test. In addition, the association of SJL with sleep quality and HRV was examined by Pearson’s correlation. Log-normalized bin-wise spectral data was expressed as a difference (free day – workday) over the frequency axis (0–0.4 Hz). One-sample t-tests were run in order to test if the differences were significantly deviating from the null hypothesis (difference = 0). Inflation of Type-I error in this case was handled by the procedure of descriptive data analysis (Abt, 1987). Statistical significance threshold was set at p < 0.05. If not otherwise indicated, data are presented as mean ± standard error of the mean (SEM). Statistical analyses were performed using Statistica software version 13.2 (StatSoft, Tulsa, OK, United States).




RESULTS


Basic Rhythm and Sleep Characteristics of the Participants

To control that the participants’ actual sleep schedule during the study week was similar to their usual sleep timing, data from the sleep diary recorded during the study week were compared with data from the MCTQ filled in prior to the study. Reliable correlation for both chronotype (indicated by MSFsc) and SJL were obtained (Supplementary Table S1). Participants were divided into two groups based on the median SJL of the whole sample. Table 1 shows sleep data (timing and duration) for both the workday and free day when subjective sleep quality and HRV were assessed. On workdays the two groups displayed no differences in sleep timing and duration, whereas on free days the group with higher SJL had a significantly later bedtime, sleep onset, and waking time than the other group. Both groups had longer sleep duration on free day compared to workday. As a factor of homeostatic sleep regulation we calculated the time spent awake on the days before the HRV measurements. However, neither a group nor a group x day effect was obtained (Supplementary Table S2).

TABLE 1. Sleep characteristics of the two groups of participants on the days of the measurements.
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As a marker of circadian rhythm, urinary levels of 6-sulfatoxymelatonin, the stable metabolite of melatonin, were determined in evening, and morning urinary samples. The marked difference in the levels of 6-sulfatoxymelatonin between the morning and evening samples (mean individual morning/evening ratios ± SEM, 6.75 ± 0.75) confirmed the rhythmic physiology of our participants. However, neither the evening nor the morning excretion of 6-sulfatoxymelatonin was associated with SJL (Supplementary Table S3).



Time-Domain Analysis of HRV

To assess how sleep timing affects autonomic cardiac control during sleep, individual HRV parameters were compared between workdays and free days. Average heart rate (HR) for the whole sleep period did not differ between the two days in either group of participants. However, in the group with higher SJL, SDNN, a basic measure of HRV, was significantly higher on the free day than on the workday (Table 2). To analyze HRV in the course of sleep, we calculated mean HRV parameters for consecutive 1.5-h sleep blocks from the time point of falling asleep. As the minimum sleep length on both days was 6 h, four sleep blocks were analyzed for each night and the data sets of workdays and free days were compared. Figure 1 shows data for RMSSD and pNN50, the time-domain parameters most commonly used for the characterization of vagal control of heart function (Malik, 1996; Laborde et al., 2017). Repeated measures of ANOVA with three factors (group, day, and sleep block) revealed no significant effect of group or day, only sleep block showed significance among the main factors (Supplementary Table S4). Furthermore, a day × sleep block × group interaction was obtained (p = 0.015; F(3,72) = 3.74) for pNN50. While the HRV values nearly overlapped in the group with lower SJL, in the first two time blocks data of subjects with higher SJL showed intra-individual differences as their values were significantly lower on the workday than on the free day (Figure 1A) (higher SJL, workday, first block: 31.3 ± 4.1; second block: 38.9 ± 4.2; free day, first block: 47.3 ± 4.7, second block: 46.8 ± 4.4). Post hoc test did not reveal difference between the two groups in any sleep block. RMSSD showed a similar tendency, as values diverged in the first two blocks in the group with higher SJL, however, the interaction did not reach the level of significance [p = 0.059; F(3,72) = 2.59] (Figure 1B). To exclude that the HRV difference was counteracted by an opposite HRV difference after the sleep period previously analyzed (first 6 h), we performed a further analysis comparing the average HRV in the last 1.5 h of sleep on the workday and in the corresponding sleep segment (same time form sleep onset) on the free day (Figures 1A,B). However, the end-of-sleep HRV data did not display differences between workday and free day.

TABLE 2. HR and HRV data for the whole sleep period.
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FIGURE 1. HRV parameters in the course of sleep on workday and free day. PNN50 (A) and RMSSD (B) values were averaged for 1.5-h sleep blocks on workdays and free days for participants with lower (upper panels) and higher SJL (lower panels). The first four consecutive sleep blocks correspond to the first 6 h of sleep. The last sleep block, presented after an axis break, corresponds to the last 1.5 hour of sleep on the workday and the corresponding sleep segment (same time form sleep onset) on the free day. Analyses for the first 6 h of sleep: Repeated measures ANOVA with three levels (day, sleep block, group), post hoc Fisher test, ∗p < 0.05; analyses for the last sleep block (after the axis break): paired t-test; n = 15 for the group with lower SJL and n = 11 for the group with higher SJL.



Next, we addressed the relationship between SJL and the HRV difference between the workday and the free day. Analyzing HRV parameters for the first 3 h, corresponding to the first two sleep blocks in Figure 1, a positive correlation between SJL and the free day-workday differences in pNN50 was obtained (Pearson’s r = 0.39, p = 0.033, n = 30). When the analysis was restricted to the first 2 h, both RMSSD and pNN50 differences were positively correlated with SJL (r = 0.365, p = 0.047, n = 30 for RMSSD and r = 0.4135, p = 0.023, n = 30 for pNN50) (Figure 2A).
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FIGURE 2. Free day – workday differences in HRV during sleep are associated with SJL. (A) Correlation of SJL with the difference between free and workday values of RMSSD and pNN50. RMSSD and pNN50 values were averaged for the first 2 h of sleep. Individual free day – workday differences in RMSSD (upper panel) and pNN50 (lower panel) were calculated and correlated with SJL. For better visualization mean values for SJL intervals of either 30 or – in case of low sample number (first and last two intervals) – 60 min are shown. Trend lines for linear regression are shown (upper panel) Pearson’s r = 0.365, p = 0.047, n = 30 and (lower panel) Pearson’s r = 0.4135, p = 0.023, n = 30. (B) Advanced sleep timing on workday is related to a lower HRV. Schematic illustration of the analyzed sleep periods (indicated by the arrows) equal to the shift of sleep onset between work and free day. The boxes represent the time of day from sleep onset until waking (upper panel). RMSSD and pNN50 data were averaged for the shift periods and compared between work and free days (lower panel). Paired t-test, ∗p < 0.05, n = 18.



In the next analysis, we compared the beginning of sleep for a duration equal to the difference of sleep onset between the 2 days, referred as shift of sleep onset (Figure 2B). Data of all participants with more than 25 min shift were involved in this comparison. Both RMSSD and pNN50 parameters were significantly lower on the workday than on the free day (54.7 ± 5.3 and 67.5 ± 6.0, p = 0.016 for RMSSD, and 29.6 ± 4.1 and 39.8 ± 5.0, p = 0.009 for pNN50).



Frequency-Domain Analysis of HRV

To further characterize the HRV differences in the two groups of participants, frequency domain analyses were also performed. When the PSD of HRV was plotted for the first 2 h of sleep for the work and free day, the curves overlapped in the group with lower SJL, whereas they differed in the group with higher SJL (Supplementary Figure S1). We calculated the individual bin-wise free day – workday differences in the PSD. The difference was significant in several frequency ranges in subjects with higher SJL, but not in those with lower SJL (Figure 3A). The frequency band-based analysis of PSD showed that both LF [0.82 ± 0.02 and 0.85 ± 0.02 (lnms2) on workday and free day, respectively, p = 0.027] and HF [1.45 ± 0.06 and 1.58 ± 0.06 (lnms2) on workday and free day, respectively, p = 0.031], but not VLF [0.29 ± 0.01 and 0.30 ± 0.01 (lnms2) on workday and free day, p = 0.103] bands were involved in the free day elevation of HRV of subjects with higher SJL (Figure 3B). In contrast, no differences between work and free day were found in the group with lower SJL [Figure 3B; VLF, 0.28 ± 0.01 and 0.29 ± 0.01; LF, 0.79 ± 0.02 and 0.81 ± 0.02; HF, 1.40 ± 0.07 and 1.43 ± 0.06 (lnms2) on workday and free day, respectively]. To approach sympathetic modulation, normalized units of LF were also calculated. LFnu powers were relatively low as expected during sleep in healthy young people (Brandenberger et al., 2003; Stein and Pu, 2012). Workday and free day LFnu powers did not differ significantly in either group (Figure 3B).
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FIGURE 3. Frequency analysis of HRV in the first 2 h of sleep. (A) The bin-wise differences in the power spectral density of HRV between free days and workdays in the group with higher (upper panel) and lower SJL (lower panel). One sample t-test, ∗p < 0.05 indicates above the chance power differences (multiple comparison corrected by the Descriptive Data Analysis protocol), n = 13 and 17 for the group with higher and lower SJL, respectively. (B) Powers of the standard frequency bands on work and free day in the group with higher (upper panel) and lower SJL (lower panel). Paired t-test, ∗p < 0.05, n = 13 and 17 for the group with higher and lower SJL, respectively.





Examination of the Association Between SJL and Subjective Sleep Quality

To assess sleep quality, we used the GSQS where a higher score indicates worse quality of sleep. We found that SJL was positively associated with the GSQS score on workday, whereas no association was obtained on the free day (Supplementary Figure S2). While participants in the group with lower SJL reported similar sleep quality for both days, participants with higher SJL had a significantly worse sleep quality on the workday than on the free day (p = 0.027) (Figure 4), and their workday scores were also significantly higher than those of the other group (two-sample t-test, p = 0.043).
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FIGURE 4. Negative association of SJL with sleep quality. Average workday and free day GSQS scores of the participants in the groups with lower and higher SJL are shown. Paired t-test, ∗p < 0.05, n = 17 and 16 for the group with lower and higher SJL, respectively.






DISCUSSION

To our knowledge, this is the first study indicating an interrelationship between SJL and the control of cardiac function. SJL affects most people in our society for shorter or longer periods throughout their life. As a strong and positive correlation between SJL and chronotype was found, and chronotype peaks between ages 20 and 26 years, SJL affects young adults most intensively (Wittmann et al., 2006). Therefore, for this field study we recruited male university students and addressed whether differences in sleep timing between workdays and free days show associations with sleep-related autonomic regulation and subjective sleep quality. Importantly, the measurements were performed in the participants’ home environment and subjects kept their usual sleep schedules both on workdays and on free days. This was confirmed by the correlation of both chronotype (MSFsc) and SJL determined on the basis of the MCTQ (usual sleep timing) and the sleep diary (sleep timing in the study week).

We analyzed HRV, as it is a sensitive marker of the plasticity of the autonomic control of cardiac function. According to literature data, the baseline HRV can show high variations among healthy individuals and the source of these inter-individual differences is largely unclear (Goldberger et al., 2001). Beside the plasticity of autonomic control, other factors such as structural and functional properties of the brain were suggested to influence absolute HRV values (Thayer et al., 2012; Kumral et al., 2019). Therefore, intra-individual HRV changes may be more informative than inter-individual differences in absolute HRV values. Nevertheless, it is interesting to note, that in the group with higher SJL the average HRV was higher in both nights compared to the group with lower SJL. Larger sample and further investigations would be needed to analyze whether a higher HRV during sleep is characteristic for people with higher SJL and/or later chronotype.

When we examined individual changes in HRV between the workday and the free day, we found that in the first 3 h of sleep in the group with higher SJL both RMSSD and pNN50 were lower on workday than on free day. HRV parameters can display circadian variations (Hilton et al., 2000; Vandewalle et al., 2007; Scheer et al., 2009). As we had recordings from only 1/3rd of a day, we cannot assess the daily rhythm of HRV in our subjects. Nevertheless, it might be possible that in the group with higher SJL a decrease in HRV in later sleep segments leads to compensation of the high HRV observed in the first sleep blocks. However, in the end of sleep HRV showed no differences between the 2 days, suggesting that the HRV divergence in the first 3 h of sleep was not counteracted in later sleep segments. A positive correlation between SJL and the free day-workday difference in various HRV parameters suggested that a higher SJL is associated with a larger increase of parasympathetic modulation from the workday to the free day. Results of the frequency-domain analysis were consistent with the time-domain data, as subjects with higher SJL showed different PSD of HRV on free day compared to workday, dominantly in higher frequency regions reflecting the vagal activity (Scholz et al., 1997; Montano et al., 2009; Laborde et al., 2017). Although the sleep duration of most participants was longer on free days than on workdays, this was not dependent on SJL, indicating that there were no differences in sleep deprivation during workdays between the groups of participants. Time spent awake, a main component of homeostatic sleep regulation, was also similar in the two groups. These data suggest that differences in the circadian rather than in the homeostatic sleep regulation are responsible for the workday-free day differences of HRV parameters in people with higher SJL. The apparent deviation of HRV parameters in the first two sleep blocks resulting in a different pattern of HRV in the course of sleep between workday and free day may reflect a difference in sleep structure. In this early period of workday’s night, the biological clock of people with higher SJL (and later chronotype) may not promote sleep. However, the shift of sleep onset from the socially forced earlier time to the preferred later bedtime may cause a deeper sleep with greater vagal tone on free day’s night compared to workday’s night. A recent work showed that timing of sleep onset is associated with changes in the proportion of sleep stages (Akerstedt et al., 2018). In addition, the positive psychical effect of sleep timing without restrictions may also beneficially influence both the autonomic function and the sleep quality of participants with higher SJL.

Altogether, we suggest that SJL and the chronic changes in sleep timing cause a difference in vagal activity between work and free days’ sleep and may affect the plasticity of cardiac regulation in the first few hours of sleep.

HRV parameters were found to reflect the functional properties of the cardiovascular system in both healthy populations and under pathological conditions. In young male subjects a positive correlation was obtained between vagal indices of HRV and endothelial functions (Pinter et al., 2012). Results of a recent meta-analysis based on eight studies with a total number of almost 22 000 subjects showed that low (but still normal) HRV in healthy populations, i.e., without known cardiovascular diseases, is associated with increased risk of a later cardiovascular event (Hillebrand et al., 2013). Moreover, autonomic dysregulation of the heart may contribute to hypertension (Schroeder et al., 2003), coronary artery calcification (Colhoun et al., 2001), arrhythmias, and congestive heart failure (Chen et al., 2014; Florea and Cohn, 2014; Fukuda et al., 2015).

As autonomic control and sleep regulation are interconnected, HRV can serve as an indicator of sleep quality as well. On the other hand, good subjective sleep quality per se is considered a marker of both healthy cardiovascular control and emotional wellbeing (Massar et al., 2017; Cespedes Feliciano et al., 2018). Our results based on the GSQS showed that SJL negatively impacts sleep quality on workdays. In a recent study using the Pittsburgh Sleep Quality Index (PSQI), Pilz et al. (2018) found that SJL mediates the effect of chronotype on the differences in sleep quality between workdays and free days. As GSQS and PSQI differ in both the items to be answered and the referred period (while the GSQS refers to the sleep quality of the previous night, the PSQI is an instrument assessing sleep quality over the last month), results of Pilz et al. (2018), and our data are complementary and together strongly indicate that SJL negatively impacts sleep quality on workdays.

Data from this study should be interpreted by considering some limitations. The sample size was relatively low. To exclude a possible effect of cycle-dependent changes in sexual hormones, only men were involved in this study. Therefore, it is possible that the interactions examined are characteristic only for men but not for women. Further studies may examine possible sex differences. In order to have a relative homogenous sample, only young adults were involved in the study. Impact of age on the associations found in our study could be the subject of future investigations.

In summary, we suggest that the chronic changes in sleep-wake patterns due to social constraints are associated with lessening of the restorative capacity of sleep on workdays. This is reflected by the differences of autonomic cardiac control between workdays and free days and the lower sleep quality during workday nights. In addition, our findings provide further support for the recent claim indicating that the cardiovascular system is particularly sensitive to circadian variation (Scheer et al., 2009; Janszky et al., 2012; Grimaldi et al., 2016).

Considering the very high prevalence of SJL in both the adolescent and the adult population, our findings together with literature data about the adverse health effects of SJL stress the requirement to develop social strategies for the reduction of SJL. Even small changes or more flexibility in school and work schedules may lessen the harmful effect of SJL. Due to shifting the phase of the circadian clock, daylight saving time (DST) also aggravates SJL and negatively affects health (Kantermann et al., 2007). Therefore, initiatives to abolish DST are currently under consideration. Individual strategies may also be important tools for the reduction of SJL. For example, increasing morning and decreasing evening light exposure can shift the biological clock to an earlier phase and thus lessen SJL. As meal acts as an effective Zeitgeber, appropriate meal timing could also help to adjust the body clock.
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There is a general decline in gastrointestinal function in old age including decreased intestinal motility, sensory signaling, and afferent sensitivity. There is also increased prevalence of significant constipation in aged populations. We hypothesized this may be linked to reduced colonic motility and alterations in vagal-gut-brain sensory signaling. Using in vitro preparations from young (3 months) and old (18–24 months) male CD1 mice we report functional age-related differences in colonic motility and jejunal mesenteric afferent firing. Furthermore, we tested the effect of the aminosterol squalamine on colonic motility and jejunal vagal firing rate. Old mice had significantly reduced velocity of colonic migrating motor complexes (MMC) by 27% compared to young mice (p = 0.0161). Intraluminal squalamine increased colonic MMC velocity by 31% in old mice (p = 0.0150), which also had significantly reduced mesenteric afferent single-unit firing rates from the jejunum by 51% (p < 0.0001). The jejunal vagal afferent firing rate was reduced in aged mice by 62% (p = 0.0004). While the time to peak response to squalamine was longer in old mice compared to young mice (18.82 ± 1.37 min vs. 12.95 ± 0.99 min; p = 0.0182), it significantly increased vagal afferent firing rate by 36 and 56% in young and old mice, respectively (p = 0.0006, p = 0.0013). Our results show for the first time that the jejunal vagal afferent firing rate is reduced in aged-mice. They also suggest that there is translational potential for the therapeutic use of squalamine in the treatment of age-related constipation and dysmotility.

Keywords: aging, vagal afferent, motility, constipation, squalamine


INTRODUCTION

Old age is associated with increased incidence of chronic constipation, which increases in prevalence with age (Higgins and Johanson, 2004; De Giorgio et al., 2015; Ranson and Saffrey, 2015). In addition, aging is also associated with behavioral depression (Malatynska et al., 2012). Age-related changes in the gut and gut to brain nervous signaling via the vagus nerve may underlie many of these problems in the geriatric age group, although psychosocial and economic factors may play a role (Strawbridge et al., 1996). Old animals show delayed gastric emptying, slowed colonic transit and reduced fecal output (Smits and Lefebvre, 1996). For example, 2-year-old mice deliver fewer fecal pellets than 3-month-old ones, and when epoxy coated pellets are introduced into the colon of old mice they move with decreased velocity in the oral to anal direction (Patel et al., 2012).

Whether age-related changes in intestinal propulsion are due to alterations of smooth muscle function or cells that coordinate or pace contractions such as neurons or interstitial cells of Cajal (ICC), is unclear (Saffrey, 2014). However, while reductions in the number of ICC and enteric glial cells have been reported in the aged gut (Saffrey, 2014) the enteric nervous system (ENS) is also vulnerable to age-related damage. Generation and propagation of colonic migrating motor complexes (CMMCs) in mice are generated by activity of the ENS (Fida et al., 1997; Roberts et al., 2007; Spencer et al., 2018), recorded in vitro (Wang et al., 2010a, b; Wu et al., 2013) and are absent if the ENS is missing or destroyed as in Hirschsprung’s or Chagas’ diseases (Furness, 2006, p. 157). Indeed peristalsis, but not ICC dependent slow wave related contractions, is abolished by tetrodotoxin (Wu et al., 2013; Delungahawatta et al., 2017). In fact, neurogenic migrating motor complexes still occur in mutant mice lacking pacemaker-type ICC and slow waves in the small intestine (Spencer et al., 2003).

The myenteric plexus of the ENS is essential for normal MMCs to occur in the colon (Fida et al., 1997; Roberts et al., 2007; Wang et al., 2010b; Spencer et al., 2016, 2018). Intrinsic primary afferent neurons (IPANs) represent the class of myenteric neurons most affected by degenerative changes in old age (Wade, 2002; Wade and Cowen, 2004) and MMCs are absent if they are selectively silenced (Howe et al., 2006). However, the ENS appears to be more susceptible to age-related degeneration than other nervous systems (Saffrey, 2013). While some animal studies suggest that there may be reductions in the number of myenteric neurons in old age (El-Salhy et al., 1999; Phillips et al., 2004; Phillips and Powley, 2007; Zanesco and Souza, 2011), it is probable that myenteric neuron numbers are actually maintained, but an increasing proportion show structural degenerative changes with increasing old age (Gamage et al., 2013; Saffrey, 2013).

We are not aware of extant data on age-related functional changes in vagal nerves, but vagal afferents in aged rats have swollen varicosities in fibers innervating the myenteric plexus, smooth muscle and mucosa (Phillips and Powley, 2007). There is no information available whether there is an actual decrease in the number of vagal fiber endings supplying the myenteric plexus. However, dystrophic changes including dilations and swellings of the intraganglionic laminar endings (IGLEs) in the NIH Fisher 344 rat model of aging have been described and the extent of the terminal arbors is also reduced compared to young rats (Phillips et al., 2010). A previous study showed that aged mice had attenuated colonic and jejunal afferent mechanosensitivity and suggested that the loss or decrease of this sensory innervation or sensitivity may be linked to the reduced awareness of constipation in the elderly (Keating et al., 2015).

In the present paper we report the effects of old age on colon motility and jejunal vagal afferent firing using in vitro preparations from male CD1 mice. Squalamine is a prokinetic aminosterol originally synthesized by the liver of the dogfish shark (Zasloff et al., 2011), and it has previously been shown to stimulate colonic motility in a 1-year-old mouse and loperamide model (Kunze et al., 2014). Here we explore in detail the effects of old age (2-year) on colon motility and constitutive vagal afferent firing rates from the jejunum, and whether these functions might be restored to youthful levels by the aminosterol squalamine.



MATERIALS AND METHODS


Animals

Young (3 months) and old (18–24 months; retired breeder) male CD-1 mice from Charles River Laboratories (Quebec, Canada) were used for all portions of the study. Experiments were performed in vitro following cervical dislocation in accordance with the Animal Research Ethics Board (AREB) of McMaster University (permit 16-08-30). Mice were housed on a 12-hour light/dark cycle, food and water were provided ad libitum, and mice were allowed 1-week acclimatization following arrival. In view of the current debate about sex differences in mammalian nervous systems (O’Connor and Cryan, 2014), we plan to conduct future studies with female CD1 mice when these become available after an 18–24-month aging period.



Colonic Motility

The colonic motility recordings were performed as described previously (West et al., 2017). The whole colon was extracted from young (3 months) and old (18–24 months) mice, flushed with Krebs, and cannulated with silicon tubing at the oral and anal ends within a heated, Krebs-filled tissue flotation bath. Krebs was prepared with the following concentrations (mmol L–1): 118 NaCl, 4.8 KCl, 25 NaHCO3, 1.0 NaH2PO4, 1.2 MgSO4, 11.1 glucose, and 2.5 CaCl2, bubbled with carbogen gas (95% O2 and 5% CO2) and heated to 37°C (Wu et al., 2013). The inflow (oral end) and outflow (anal end) tubes were adjusted in height to create an intraluminal pressure difference of 2–3 hPa during perfusion of the lumen. Gravity-evoked contractions were recorded by a Microsoft Lifecam 3000 web camera positioned 8 cm above the tissue. The serosal compartment of the bath was constantly perfused with fresh oxygenated Krebs. Squalamine (10 μM) was applied luminally by opening and closing the stopcocks of the Mariotte tubes at the oral end [see Figure in Wu et al. (2013)].

Intestinal contractions were recorded during a 20 min Krebs control and 20 min treatment period. Spatiotemporal diameter maps were developed from the motility video recordings as described previously (Wu et al., 2013; West et al., 2017). Alternating dark and light bands indicate contraction and relaxation along the gut representing migrating motor complexes (MMCs). MMC velocity was measured as the slope of the large dark contractions. MMC frequencies were determined by measuring the number of MMCs over a given time interval and amplitude was measured as a function of the gut diameter at peak contractions.



Mesenteric Nerve Recordings

The mesenteric nerve bundle is a mixed nerve containing populations of vagal and spinal fibers (Perez-Burgos et al., 2013). Jejunal mesenteric nerve recordings were performed as described previously (Perez-Burgos et al., 2013). A 2–3 cm segment of mouse jejunum with attached mesentery was excised and mounted on an agar-coated petri dish filled with oxygenated Krebs buffer and nicardipine (3 μM) to paralyze smooth muscle. The oral and anal ends of the tissue were cannulated with silicon tubing and the luminal contents were flushed using Krebs. The remaining mesentery was pinned out and the mesenteric nerve bundle was dissected using fine-tipped forceps. The petri dish was then mounted on an inverted microscope and the nerve bundle was sucked onto with a glass micropipette attached to a microelectrode. The nerve preparation was continuously perfused with fresh oxygenated Krebs in the serosal compartment using a pump. Multi-unit electrical activity was recorded using a Multi-Clamp 700B amplifier and Digidata 1440A signal converter (Perez-Burgos et al., 2013). Control periods were recorded for 15–30 min during luminal Krebs perfusion. Intraluminal squalamine (10 μM) was perfused following the control (Krebs) for a duration of 30 min. Cholecystokinin (CCK) was applied 10 min after the cessation of treatment and Krebs washout to allow for identification of vagal fibers during post hoc computer analysis as vagal fibers respond potently to CCK, while spinal fibers do not (Richards et al., 1996; Hillsley and Grundy, 1998). Lastly, 5HT3 agonist was applied as it activates a small population of vagal afferent fibers not activated by CCK (Hillsley and Grundy, 1998) and a 37 hPa distention for 1 min tested response to painful distention or a high-threshold stimulus (Perez-Burgos et al., 2015).

Multi-unit electrical activity was analyzed for single-unit activity using principle component analysis (PCA) and spike waveform analysis in the DataView program (Heitler, 2007). Each single-unit fiber has a unique action potential spike that is distinguished from other single fibers by its shape, size and duration (Heitler, 2007; Perez-Burgos et al., 2013). Once sorted into single-units, vagal fibers were identified by response to CCK, as described previously. Single-unit vagal activity was gated for control and treatment periods and the mean interval between spike firing (the inverse of firing frequency) was measured. Decreases in the interspike interval are described as increased afferent firing rate and vice versa.



Statistics

Researchers were not blinded to experimental groups (young vs. old mice). Percent difference was calculated by (treatment-control)/control for paired before and after treatment or (old-young)/young for age comparisons. Data are presented as mean ± SEM. N represents number of mice. Where multiple afferent fibers are measured from one animal, N is represented as N = # of mice (# of fibers). Statistical comparisons were performed using paired or unpaired, two-tailed t-tests using GraphPad Prism software (Version 7.0). Any outliers were identified or removed using Grubbs’ test (α = 0.05) or the ROUT Method (Q = 1%).




RESULTS


Colonic Contractile Motility Is Reduced in Aged Mice

Colonic contractile motility was assessed in a total of 32 male CD1 mice; 22 old mice (18–24+ months) and 10 young mice (3 months). The whole length of the colon was excised and the colonic MMCs were video recorded in our gut motility apparatus during Krebs luminal perfusion for later measurements of MMC velocity, frequency and amplitude. Means for MMC velocity in old CD-1 mice during Krebs control were significantly reduced compared to young mice controls. Mean MMC velocity in old mice controls was 0.948 ± 0.09 mm/s, 27% slower than young mice controls, 1.31 ± 0.10 mm/s (p = 0.0161) (Figure 1A). MMC frequency and amplitude were not significantly affected by age. Mean frequency was 7.2% smaller in old mice controls (0.007 ± 0.001 Hz) compared to young mice controls, 0.008 ± 0.001 Hz (p = 0.5639) (Figure 1B). Mean MMC amplitude in old mice was 0.601 ± 0.062 cm, 4.4% smaller than for young mice, 0.628 ± 0.116 cm (p = 0.8356) (Figure 1C). Based on these findings there was a reduction in contractility with age in the colon, with the greatest effect being a reduction in MMC velocity.
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FIGURE 1. Colonic contractile motility is reduced in aged mice. (A) Sample MMC velocity was decreased in old mice (N = 22) compared to young mice controls (N = 10). (B) Sample MMC frequency in old mice compared to young mice controls. (C) Sample MMC amplitude in old mice compared to young mice controls. Data represented as mean with SEM, t-test unpaired, two-tailed, with Welch’s correction.





Squalamine Restores Colon Motility in Aged Mice

Squalamine (10 μM) was added in vitro to the lumen of colon segments taken from old mice (N = 9), following a 20-minute period of control recording with only Krebs in the lumen. Changes to MMC parameters before and after adding squalamine were measured from spatiotemporal maps. Intraluminal squalamine significantly increased mean velocity by 31% from 0.99 ± 0.06 mm/s during Krebs control to 1.3 ± 0.11 mm/s (p = 0.0150) (Figure 2A). Intraluminal squalamine increased frequency 26% from 0.007 ± 0.001 to 0.009 ± 0.001 Hz (p = 0.1964), but not within statistical significance (Figure 2B). Amplitude was significantly increased 65% from 0.50 ± 0.07 to 0.83 ± 0.15 mm (p = 0.0100) (Figure 2C). Spatiotemporal heat maps of MMCs demonstrate a loss of contractile motility and regularity in old (Figure 2E) compared to a young mouse (Figure 2D). Propulsive contractility was restored in the old mice following application of intraluminal squalamine (Figure 2F).
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FIGURE 2. Reduced colonic motor activity could be partially restored by intraluminal application of the aminosterol squalamine. (A) Intraluminal squalamine (10 μM) increased sample colonic MMC velocity in aged mice (N = 10). (B) Intraluminal squalamine and colonic MMC frequency in aged mice. (C) Intraluminal squalamine increased colonic MMC amplitude in aged mice. 3D spatiotemporal heat maps display MMC contractions over time (x-axis) and distance (y-axis). Areas of contraction or small diameter are red, while areas of relaxation or larger diameter are yellow to green for (D) a young mouse during Krebs control, (E) an old mouse during Krebs control, and (F) an old mouse after intraluminal treatment with squalamine. Data represented as mean with SEM, paired t-tests, two-tailed.





Single-Unit Firing From the Mesenteric Afferent Nerve Bundle Is Reduced in Aged Mice

Baseline multiunit mesenteric nerve afferent firing in old (N = 9) or young mice (N = 10) was measured to determine the effect of aging on afferent discharge, in vitro. Afferent firing was measured as mean interspike intervals, in which a decrease in the mean interval between spikes indicates an increase in the firing frequency of the fiber. The multiunit interspike interval of 81.9 ± 19.4 ms for old mice was 55% longer than that for young mice (52.9 ± 6.72 ms) but did not reach statistical significance (P = 0.1881) (Figure 3A). Single-unit firing from individual afferent fibers in the mesenteric nerve bundle was identified from multi-unit recordings using DataView as described in the section “Materials and Methods” (Heitler, 2007). The mean interspike interval from all single-unit fibers was 51% longer in old mice, 1676 ± 117.8 ms [N = 9(121)], compared to young mice, 1111 ± 63.36 ms [N = 10(149)], (P < 0.0001) (Figure 3B). A representative trace of multi-unit afferent firing from a young mouse is shown in Figure 3C. Figure 3D shows the same obtained using an old mouse.
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FIGURE 3. Mesenteric single-unit afferent sensory signaling is decreased in aged mice. (A) Multi-unit mesenteric afferent firing from the mesenteric nerve in old mice compared to young mice (N = 10 mice). (B) Single-unit mesenteric afferent firing from the mesenteric nerve had longer interspike intervals, indicating decreased afferent firing in old mice (N = 121 and 149 fibers). (C) Representative traces of mesenteric afferent firing for young mice, and (D) mesenteric afferent firing for old mice. Data represented as mean with SEM, t-test unpaired, two-tailed, with Welch’s correction.





Single Vagal Fiber Firing Rate Is Decreased in Aged Mice but Can Be Rescued by Squalamine

Single-unit afferents within the multiunit mesenteric nerve bundle recordings were identified as vagal afferents based on their response to CCK, which selectively stimulates vagal fibers (Grundy et al., 1998). Single unit vagal afferent firing rate was assessed from the mesenteric nerve bundle of the jejunum of young and old mice. Mean vagal single unit interspike intervals were 62% longer for old mice, 1886 ± 176.9 ms [N = 10(65)], compared to young mice, 1166 ± 86.22 ms [N = 9(83)], (p = 0.0004) (Figure 4A).
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FIGURE 4. Single vagal afferent firing was reduced in aged mice but could be rescued. (A) Mean interval between spikes of vagal afferents were longer in aged mice, indicating a reduction in vagal afferent firing rate in the aged mice (N = 148 fibers). (B) Intraluminal squalamine (10 μM) reduced the mean interval between vagal spikes in young mice (N = 38 fibers). (C) Intraluminal squalamine (10 μM) reduced the mean interval between vagal spikes in aged mice, increasing firing frequency toward that of the young controls (N = 22 fibers). Data represented as mean with SEM, two-tailed t-test unpaired, with Welch’s correction and paired, two-tailed t-tests.



The ability of squalamine to stimulate vagal fibers was first tested in young mice. Squalamine (10 μM) decreased the mean intervals between vagal spikes by 36% from 1118 ± 117 ms to 718 ± 45.2 ms in young mice [N = 3(38), p = 0.0006)] (Figure 4B). We then tested whether squalamine could increase the vagal firing rate recorded from the in vitro mesenteric nerve preparation taken from old mice. For old mice intraluminal squalamine (10 μM) decreased the mean interval between vagal spikes by 56% from 2509 ± 396 ms to 1093 ± 105 ms [N = 4(22), p = 0.0013] (Figure 4C). Thus, the reduction in vagal afferent firing for old mice was at least partially reversed by intraluminal squalamine, and squalamine increased vagal firing rate in old mice more strongly than in young mice, 56 vs. 36% increases over the resting firing rates recorded with only Krebs in the lumen.



Onset to Peak Response of Squalamine Is Longer in Old Mice

The onset to peak response of squalamine was measured in single-unit vagal afferents of young mice [N = 3(38)] and old mice [N = 4(22)]. Onset to peak response was measured from the time of addition of squalamine to the lumen to the time that squalamine increased vagal firing rate to peak. The onset to peak response following luminal addition of squalamine was significantly longer for old mice (P = 0.0182) (Figure 5A). The onset to peak response in young mice was 12.95 ± 0.99 min compared to 18.82 ± 1.37 min in old mice. Representative frequency histograms over the course of the experiment demonstrate the squalamine onset to peak response to increase vagal afferent firing between young and old mice (Figures 5B,C). We hypothesize that vagal afferent firing is stimulated via an intramural sensory synapse between intrinsic primary afferent neurons (IPANs) of the enteric nervous system and vagal afferent endings (Perez-Burgos et al., 2014). A longer onset to peak response in aged mice would be consistent with a decrease in the excitability of these IPANs in old mice and is discussed later.
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FIGURE 5. Response onset to squalamine is longer in old mice. (A) Spike frequency histograms show changes in spike frequency over the course of the experiment. Onset to peak squalamine response in vagal afferent fibers in a young mouse after addition of squalamine at 12 min. (B) Response onset to squalamine in vagal afferent fibers in an old mouse after addition of squalamine. (C) Response onset to squalamine on vagal afferent firing rate was longer in old mice [N = 4(22)] compared to young mice [N = 3(38)]. Data represented as mean with SEM, t-test unpaired, with Welch’s correction, two-tailed.






DISCUSSION

In the present study, we used in vitro preparations to measure male CD1 mouse colon motility and single unit vagal afferent spike firing rates from the jejunal mesenteric nerve. We showed that motility and spike firing are reduced for old compared to young mice. We also demonstrated that acute intraluminal application of squalamine could partially reverse the effects of old age on motility and constitutive vagal single unit firing rates. The stimulatory effect of squalamine on vagal firing rates had a longer onset latency to peak response in old compared to young mice.

Constipation and decreased gastrointestinal motility disproportionately affect old humans and animal models (Higgins and Johanson, 2004; De Giorgio et al., 2015; Ranson and Saffrey, 2015). For example, aged 2-year-old mice had reduced total fecal output compared to their younger 3-month-old counterparts (Patel et al., 2012); in particular, there was a decrease in velocity of epoxy coated pellet movement in the colon and an increase in impaction (Patel et al., 2012). Despite the large range of laxatives including prokinetics and secretagogues that are available, a significant number of constipated patients are dissatisfied with treatment results (De Giorgio et al., 2015; Sbahi and Cash, 2015). The present work is the first complete report, except for a pilot data abstract in a different mouse model (Kunze et al., 2014), showing that squalamine can partially reverse the old age-related decrease in MMCs velocity in otherwise healthy mice.

Squalamine is a cationic amphipathic sterol with broad antibacterial and antiviral properties (Zasloff et al., 2011) that was first isolated from tissues of the dogfish shark Squalus acanthias (Moore et al., 1993). As well as having broad-spectrum anti-microbial activity, squalamine may have potential for treating a variety of diseases such as cancers, age-related macular degeneration and obesity (Brunel et al., 2005). Squalamine has also been shown to restore motility in a C. elegans model of Parkinson’s disease (Perni et al., 2017). We have previously reported in abstract form the results of a pilot study showing that the firing rates of vagal afferent fibers are decreased in old compared to young mice and that squalamine increases this function (West et al., 2018). Our present study shows that squalamine can restore colonic motility and vagal afferent firing rates back toward young controls, following a decrease in function with age.

The vagus nerve exhibits anatomic degenerative changes in older animals displaying swollen varicosities (Phillips and Powley, 2007), yet there has so far been little evidence of a reduction in vagal firing in old age. Intestinal mesenteric nerve discharge has been reported to be decreased for old compared to young humans (Yu et al., 2016) and mice (Keating et al., 2015). However, the intestinal mesenteric nerve is a mixed nerve and it is not clear whether the reduction recorded was from vagal, spinal or other fibers. Heart rate variability indices obtained from power spectral density and time domain analysis showed a significant decrease in vagal activity in the elderly (68–85 years) compared to matched young (21–34 years) adults. There was no indication in this study whether afferent, efferent or both types of vagal fibers innervating the heart were involved (Junior and Oliveira, 2017). Of the vagal fibers innervating the gastrointestinal tract we have selected those activated by CCK. We believe our present results are the first to demonstrate reduced constitutive afferent vagal discharge for old compared to young animals. Although the in vitro vagal nerve recording methodology is commonly employed, a potential limitation could be that the full scope of sensory signals available in vivo may not be available in vitro.

Although the vagus can modulate small and large intestinal motility (Collman et al., 1983, 1984; Raybould and Tache, 1988; Gustafsson and Delbro, 1994; Tong et al., 2010), it is not known whether or to what extent reduced vagal firing rates contribute to a decrease in propulsive peristalsis in old mice in vivo. Chronic extrinsic denervation of the intestine allowing extrinsic nerve fibers to fully degenerate does not abolish or alter peristalsis reflexes (Furness et al., 1995) further emphasizing that MMCs are generated by the ENS. On the other hand, propulsive peristalsis directly reflects intrinsic primary afferent neuron (IPAN) functioning (Howe et al., 2006) and the same IPANs transmit to vagal afferent endings (Perez-Burgos et al., 2014) suggesting that compromised IPAN functioning may be an important determinant in reduced propulsion and vagal firing in old age. Therefore, it may be more likely that reduced colonic motility and reduced vagal afferent firing are not completely causally linked to each other. Because squalamine stimulates colonic motility in the absence of extrinsic innervation, it is likely that squalamine stimulated IPAN firing and that this may produce improvements in both the aged colon motility and vagal afferent firing.

The increased onset latency to peak response of squalamine on afferent vagal firing in tissue taken from old compared to young mice may be interpreted by the effects of old age on the enteric nervous system. Ninety to 95% of sensory neuron processes innervating the intestinal epithelium arise from the ENS, with the rest originating from neurons whose somata are located outside the intestine (Keast et al., 1984; Ekblad et al., 1987). In agreement with this anatomical data, is our recent discovery that more than two thirds of vagal afferent signals evoked by a luminal commensal bacteria is relayed to the vagus via the enteric neurons (Perez-Burgos et al., 2014). Neuroactive luminal molecules first excite juxtaepithelial neurites belonging to IPANs whose cell bodies are located within the ENS. The excited IPANs release acetylcholine and perhaps other neurotransmitters to activate vagal IGLEs which closely surround and abut the IPANs (Berthoud et al., 1997; Perez-Burgos et al., 2014). The IPAN to IGLE nicotinic sensory synapse we have described (Perez-Burgos et al., 2014), is perfectly positioned to act as a gatekeeper to regulate gut to brain signaling. Accordingly, the amount of information transmitted to the brain via the vagus would be markedly influenced by whether IPANs are refractory or readily responsive to luminal stimuli, and by the density of IPAN sensory innervation of the epithelium. Given the important role of enteric IPANs in gut to brain signaling (Perez-Burgos et al., 2014), the vulnerability of the ENS to old age in terms of numbers and degeneration could have a significant impact on the amount, quality and latency of signals reaching the brain from the gut. Thus, even if the numbers of vagal afferent fibers are not appreciably reduced in old age there could be decreased and delayed vagal afferent responses to luminal stimuli.

Functional GI disorders are often comorbid with mood and anxiety disorders (Ballou et al., 2019). In a study of 54 constipated patients with motility disorders, 22.2% showed depression using the Hospital Anxiety and Depression Scale (HADS) and 31.5% on the Mini-International Neuropsychiatric Interview (MINI) (Hosseinzadeh et al., 2011). As previously mentioned, constipation incidence and prevalence increases with age (Higgins and Johanson, 2004; De Giorgio et al., 2015; Ranson and Saffrey, 2015) and depression is common in old age (Beekman et al., 1999; Djernes, 2006; McCall and Kintziger, 2013). Clinically relevant depressive symptoms may, for example, reach a prevalence of up to 49% in institutionalized elderly Caucasians (Djernes, 2006). Indeed in a cross-sectional study between psychiatric diagnoses and constipation, inpatients older than 60 years had a significantly increased risk of constipation (odds ratios 3.38–6.52) (Jessurun et al., 2016). Increased depression in old age may be related, at least in part, to alterations in vagus nerve activity (Forsythe et al., 2014) and successful treatment of depression may also relieve the associated constipation. Vagal nerve stimulation is FDA approved, and shows promise as an essential or adjunct antidepressant treatment in humans (Carreno and Frazer, 2017; Johnson and Wilson, 2018). Indeed, a 5-year observational follow up of vagal nerve stimulation in depression has shown very promising results (Aaronson et al., 2017).

Activation of the visceral afferent vagus appears to have antidepressant behavioral and mood-altering effects in mice. Indeed, the antidepressant effects of certain neuroactive microbes, which increase discharge frequency in mesenteric vagal afferents (Perez-Burgos et al., 2013), depend on the presence of an intact vagal nerve since subdiaphragmatic vagotomy abrogated both the antidepressant effects and regional changes in GABA receptor expression in the brain (Bravo et al., 2011).

Our results show that vagal afferent firing is reduced in old age, but these changes are not permanent regardless of causation since these effects can be restored to within range of the young mouse controls. Future studies should seek to evaluate the effect of reduced vagal afferent firing in old age on depression and also GI function as a whole. Additionally, experiments should be repeated in vivo where possible to test for translatability of the in vitro results. The marked improvement induced by squalamine in the disordered motility of aged mice may have a translatable clinical use in treating old age-related constipation and awaits clinical testing.
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Purpose: To improve the metoprolol therapeutic effectiveness, we aimed to explore whether baseline heart rate variability (HRV) indicators before metoprolol treatment were useful for predicting its efficacy for postural tachycardia syndrome (POTS).

Methods: We recruited 45 children with POTS who received metoprolol and 17 healthy controls. All children underwent a standing test or basic head-up tilt test and 24-h dynamic electrocardiography before treatment. After 3 months of metoprolol, therapeutic responsiveness was evaluated. The usefulness of baseline HRV parameters in predicting the effectiveness of metoprolol was studied and the long-term cumulative symptom rate was analyzed.

Results: The baseline HRV frequency domain indicators for power, ultra-low frequency, very-low frequency, low frequency (LF), high frequency (HF), and total power (TP) as well as time domain indicators were significantly lower for responders than non-responders to metoprolol; however, low-frequency normalized units and LF/HF ratio were markedly greater for responders than non-responders. On series-parallel analysis, combined baseline triangular (TR) index ≤ 33.7 and standard deviation of all normal-to-normal intervals (SDNN) index ≤ 79.0 ms as cut-off values yielded sensitivity, specificity and accuracy of 85.3, 81.8, and 84.4%, respectively, to predict therapeutic responsiveness to metoprolol. On long-term follow-up, the cumulative symptom rate was significantly higher with TR index > 33.7 and SDNN index ≤ 79.0 ms, TR index ≤ 33.7 and SDNN index > 79.0 ms or TR index > 33.7 and SDNN index > 79.0 ms than TR index ≤ 33.7 and SDNN index ≤ 79.0 ms (P < 0.05).

Conclusion: Combined TR index ≤ 33.7 and SDNN index ≤ 79.0 ms were useful preliminary measures to predict therapeutic response to metoprolol in pediatric POTS.

Keywords: heart rate variability, children, postural tachycardia syndrome, metoprolol, therapy


INTRODUCTION

Postural tachycardia syndrome (POTS) is a common type of orthostatic intolerance (OI) and is characterized by excessive increase in heart rate (HR) when standing upright (Fedorowski et al., 2017). POTS is accompanied by symptoms of OI (Fedorowski, 2019) and results in serious physical and psychological problems in children (Bagai et al., 2011; Kizilbash et al., 2014). A beta-adrenoceptor blocker (β-blocker) is commonly used for treating POTS in children (Kernan and Tobias, 2010; Bryarly et al., 2019). It inhibits sympathetic nerve modulation, reducing HR and the stimulation of cardiac baroreceptors, thus blocking the action of increased catecholamine levels in circulation. Previous studies showed that β-blockers could improve symptoms only in some children with POTS (Lai et al., 2009; Chen et al., 2011). Additionally, β-blockers may impair the exercise tolerance of children (Ladage et al., 2013). Therefore, predicting the therapeutic effect of the β-blocker metoprolol on POTS before treatment is of great clinical importance to improve the effectiveness of the therapy.

In previous studies, we examined predictive indices of metoprolol efficacy before treating patients with POTS by detecting plasma levels of norepinephrine, copeptin and C-type natriuretic peptide (CNP) (Zhang et al., 2014; Zhao et al., 2014; Lin et al., 2015b). However, norepinephrine level in plasma is unstable, which limits its predictive accuracy, and the detection of plasma norepinephrine, copeptin, and CNP requires venipuncture to obtain blood samples for ELISA. Therefore, non-invasive and easy-to-measure indices are needed for predicting the therapeutic efficacy of metoprolol before POTS treatment.

HR variability (HRV) is an important measure that reflects the sympathetic and vagal modulation of the autonomic nervous system and its balance (Cygankiewicz and Zareba, 2013). It is primarily measured by 24-h dynamic Holter electrocardiography, which is non-invasive and easy-to-operate. Therefore, to improve the therapeutic effectiveness of metoprolol for pediatric POTS, we aimed to determine useful baseline HRV-based parameters to predict its efficacy for POTS.



MATERIALS AND METHODS


Study Population

From March 2012 to August 2018, 45 children with POTS admitted to the Pediatric Syncope Clinic of Peking University First Hospital were enrolled in the POTS group (23 males; mean age 12.2 ± 2.2 years). All received metoprolol. The control group consisted of 17 healthy children (11 males, mean age 11.5 ± 2.0 years) screened by medical history, physical examination, and laboratory investigations including ECG, Holter ECG, standing test, etc. This study was approved by the Ethics Committee of the First Hospital of Peking University (2018 [202]), and all parents or guardians of the children were informed of the research purpose and signed informed consent.



HRV Indices Analysis (Malik et al., 1989; Myers et al., 1992; Nguyen et al., 2017)

Heart rate variability was assessed by 3-channel 24-h Holter ECG (Mortara Dynamic ECG Recording Analyzer, United States), with sampling rate 10000 Hz and response band 0.05 to 60 Hz. All participants were required to be hospitalized during the recording and away from electronic products. Sitting, reading, walking, eating snacks, and drinking tea was allowed at the bedside. HRV indices were analyzed by using H scribe (Mortara Instruments). Each RR interval was validated visually before the analysis. Only normal-to-normal (NN) beats were considered for analysis with intervals. Interfering signal exclusion was performed by the analysis system automatically based on the normalized QRS peak detection, and abnormal heart beats were screened by an investigator who was blinded to the results. Abnormal heart beats included ventricular or supraventricular heart beats, artifacts and noise. We also excluded the recordings that provided < 20 h of usable data (≥240 of 288 5-min segments), requiring for time-domain analyses that at least 50% of each segment consisted of NN inter-beat intervals and for frequency-domain analyses at least 80%. After we checked manually, an automatic algorithm was applied to select the most stationary segments of 5-min duration, and 403 ± 92 beats were selected in each series. The time domain parameters were as follows: standard deviation of all NN intervals (SDNN), standard deviation of the averages of NN intervals in all 5-min segments of the entire recording (SDANN), mean of the standard deviation of NN intervals for each 5-min segment (SDNN index), root mean square of the successive NN interval difference (RMSSD), percentage difference between adjacent NN intervals > 50 ms (pNN50) and triangular (TR) index.

The frequency domain parameters of HRV were calculated by spectral analysis performed by Fast Fourier Transform methods. Recordings were detrended and low-pass–filtered to remove frequencies > 60 Hz. The power of frequency bands could be classified into four bands: ultra-low frequency (ULF; 0–0.003 Hz), very low frequency (VLF; 0.003–0.04 Hz), low frequency (LF; 0.04–0.15 Hz), high frequency (HF; 0.15–0.40 Hz), total power (TP; variance of all NN intervals, ≤0.4 Hz), and ratio of LF to HF (LF/HF). We defined 22:00–05:59 as the night time, and nighttime HRV indices were calculated. Participants were also asked to refrain from strenuous exercise and emotional excitement.



Standing Test and Basic Head-Up Tilt Test (BHUTT)


Standing Test (Liao et al., 2010; Wang et al., 2018)

The test environment requires dim light and a suitable temperature. The children first laid quietly for 10 min. The HR, blood pressure (BP), and ECG recordings were monitored by using a Dash 2000 multi-channel physiological monitor (General Electric, Co., New York, NY, United States) while children were lying supine. After HR and BP stabilized, children were then asked to stand for another 10 min, and HR, BP and ECG recordings were monitored dynamically during this process.



BHUTT (Lin et al., 2015a; Wang et al., 2018)

All drugs affecting autonomic function were discontinued for least five half-lives before the test. Children were required to fast for > 4 h before the test. Children were first asked to assume a supine position on the tilt bed (HUT-821; Beijing Juchi, Beijing) for 10 to 30 min. HR and ECG recordings were continuously monitored in a quiet, warm, and dim light environment with a multi-lead ECG monitor (General Electric, New York, NY, United States), and BP was monitored by using Finapres Medical System- FMS (FinometerPRO, FMS Company, Netherlands). After HR and BP stabilized, the tilt bed was raised to 60°, and HR, BP and ECG recordings were monitored until a positive reaction or until the children completed the entire 45-min examination.



Diagnosis of POTS

The diagnosis of POTS was mainly based on the following (Sheldon et al., 2015; Wang et al., 2018, 2019): (1) commonly seen in older children; (2) associated with inducements such as quick position change from supine to upright position, or long-term standing before the appearance of OI symptoms; (3) associated with OI symptoms such as dizziness, headache, fatigue, blurred vision, chest tightness, palpitations, hand tremors, and even syncope; (4) HR increased ≥ 40 bpm or the maximum HR ≥ 130 bpm (in children 6–12 years old) or ≥ 125 bpm (in adolescents 13–18 years old) without orthostatic hypotension (BP decrease > 20/10 mmHg) during the first 10 min of the standing test or BHUTT; and (5) exclusion of other diseases that cause OI symptoms such as cardiovascular diseases, metabolic diseases, neurologic diseases, or psychogenic disorders.



Symptom Score (SS) (Winker et al., 2005; Li et al., 2016)

SS was based primarily on symptoms of OI in children with POTS, including syncope, dizziness, chest tightness, nausea, palpitations, headache, hand tremors, sweating, blurred vision, and inattention. Scoring criteria were based on the frequency of an event during the observation: (0) no occurrence; (1) once per month; (2) 2 to 4 times per month; (3) 2 to 7 times per week; and (4) more than once per day. A child’s total SS was the sum of his/her individual SS. The baseline SS was determined when the child was first diagnosed with POTS before treatment, and it was recorded again at the end of the first follow-up after treatment. A reduction in score by ≥ 2 points after the treatment as compared to baseline SS indicated that the treatment was effective and the patient was considered a “responder.” Otherwise, an SS reduction < 2 points indicated that the treatment was ineffective, and the patient was considered a “non-responder.”



Treatment and Follow-Up


First Follow-Up

Children with POTS received metoprolol. The standard dosage was 12.5 mg twice a day, but for a few children the dose was adjusted according to age and weight. The course of treatment was 1 to 3 months. After 3 months of treatment, children were followed up for the first time. The follow-up was conducted by questionnaire implemented in an outpatient setting or via telephone and was recorded by a trained responsible person. Drug adherence, frequency of OI symptoms and adverse drug reactions were the focus of the follow-up.



Second Follow-Up

The second telephone follow-up time was scheduled from January to February 2019. The follow-up involved Kaplan–Meier curve analysis of children with POTS at 3 to 48 months after discontinuation of treatment. The flowchart of study enrollment is in Figure 1. According to the cut-off values for predicting the therapeutic response to metoprolol in the first follow-up, together with the symptom scores before and after treatment, we plotted the Kaplan–Meier curve to determine whether the cut-off values derived from the first follow-up could predict the long-term therapeutic response to metoprolol in children with POTS.
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FIGURE 1. Flowchart of enrollment of study population. POTS, postural tachycardia syndrome; HT, history taking; PE, physical examination; ECG, electrocardiography; EEG, electroencephalography; CT, computed tomography; MRI, magnetic resonance imaging; HUTT, head-up tilt test; TR index, triangular index.




Statistical Analysis

SPSS 23.0 (IBM, Armonk, NY, United States) was used for data analysis. Continuous data are expressed as mean ± SD. The data normality test was performed using the Shapiro–Wilk test. Independent sample t-test or Mann–Whitney U-test was used to compare other data between the two groups, and chi-square test was used for comparing categorical data. The Pearson correlation test was used to examine the correlation between normal distribution indices and the Spearman correlation test was used to examine the correlation between non-normal distribution indices. Receiver operator characteristic (ROC) curve analysis was used to evaluate the sensitivity and specificity of HRV indicators for predicting the short-term efficacy of metoprolol in children with POTS. An area under the ROC curve (AUC) 0.5 to 0.7 represented “low” predictive power, 0.7 to 0.9 “moderate” predictive power, and > 0.9 “high” predictive power. The optimal cutoff value was determined by the maximum Youden index, defined as sensitivity + specificity – 1, with sensitivity and specificity calculated as proportions (Schisterman et al., 2005).

According to the first follow-up-derived indices, children with POTS were divided into two groups. The OI symptoms and follow-up times were recorded at the second follow-up. The Kaplan–Meier curve was drawn, and symptom survival rate was compared by Log-rank test. The symptom rate over a certain period of time was defined as P (t) = 1 – (the number of asymptomatic cases after treatment that used to be symptomatic during this time/the number of cases observed at the beginning of this follow-up) × 100%, and cumulative symptom rate was calculated as S(t) = P(1) × P(2) × … × P (t). Statistical significance was set at P < 0.05.



RESULTS


Comparison of Baseline Demographic and HRV Parameters Between POTS and Control Groups

The two groups did not significantly differ in sex, age, height, weight and body mass index (BMI) (P > 0.05) (Table 1). However, SDNN index, pNN50, TR index, LF, and TP were significantly higher in POTS than control children all P < 0.05. The other HRV indicators were not significantly different between the two groups (P > 0.05) (Table 2).


TABLE 1. Demographic characteristics of children with postural tachycardia syndrome (POTS) and control groups.
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TABLE 2. Comparison of HRV indices between POTS and control groups.
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Comparison of Baseline Demographic, Hemodynamics, Pre-treatment SS and HRV Parameters Between Responders and Non-responders to Metoprolol in Children With POTS

The two response groups did not significantly differ in sex, age, height, weight, BMI, systolic BP, diastolic BP, HR, and HR change from supine to standing (ΔHR), or pre-treatment SS (P > 0.05) (Table 3). The time domain indices, ULF, VLF, LF, HF, and TP, were markedly lower in responders than in non-responders; however, LF/HF were significantly higher in responders than non-responders (P < 0.05 for SDANN and LF/HF, and P < 0.01 for other parameters) (Table 4). Night-time HRV indices did not significantly differ between responders and non-responders (Table 5).


TABLE 3. Comparison of demographic, hemodynamics parameters and pre-treatment SS (symptom scores) between POTS children with response and non-response to metoprolol.
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TABLE 4. Comparison of HRV indices between POTS children with response and non-response to metoprolol.
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TABLE 5. Comparison of HRV indices for the night between POTS children with response and non-response to metoprolol.
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Baseline HRV Time-Domain Indices Predict Short-Term Therapeutic Response to Oral Metoprolol in Children With POTS

Before ROC curve analysis, the non-normal distribution of SDNN, SDANN, HF, TP, ULF, and LF/HF parameters was converted to a log2 that conformed to a normal distribution. The AUC for log2SDNN (Figure 2A), SDNN index (Figure 2B), RMSSD (Figure 2C), pNN50 (Figure 2D), and TR index (Figure 2E) was 0.811 (95% confidence interval [CI] 0.688–0.935), 0.820 (95% CI 0.671–0.968), 0.807 (95% CI 0.659–0.956), 0.813 (95% CI 0.673–0.952) and 0.807 (95% CI 0.659–0.956), respectively, in predicting the therapeutic response to metoprolol in POTS children. The cut-off values of the indices were 7.2 ms, 79.0 ms, 45.5 ms, 20.0 ms and 33.7 ms, respectively, yielding sensitivities of 73.5, 94.1, 61.8, 64.7, and 85.6%, respectively, and specificities of 100, 63.6, 90.9, 90.9, and 72.7%, respectively.
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FIGURE 2. Receiver operating characteristic (ROC) curve analysis of HRV time domain indexes of SDNN(log2) (A), SDNN index (B), RMSSD (C), pNN50 (D), and TR index (E) as predictors of therapeutic response to metoprolol in children with POTS.




Baseline HRV Frequency-Domain Indices Predict Short-Term Therapeutic Response to Oral Metoprolol in Children With POTS

For the frequency-domain indices, the AUC values for HF (Figure 3A) and TP (Figure 3B) were 0.826 (95% CI 0.670–0.982) and 0.818 (95% CI 0.655–0.981), respectively, in predicting short-term therapeutic response to oral metoprolol. Cut-off values for the log2 indices were 10.1 and 11.8 ms2, respectively, yielding sensitivities of 88.2 and 85.3%, respectively, and specificities of 72.7 and 72.7%, respectively.
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FIGURE 3. Receiver operator characteristic curve analysis of HRV frequency domain indexes of HF (A) and TP (B) as predictors of therapeutic response to metoprolol in children with POTS.




Combined Baseline TR Index and SDNN Index for Predicting Outcome in Children With POTS

We showed that there was a strong correlation between HRV indicators. Please see the “Supplementary Table 1.” To find indicators with high sensitivity and specificity, we used series-parallel analysis of those indicators and found that the baseline TR index ≤ 33.7 and SDNN index ≤ 79.0 ms yielded sensitivity 85.3%, specificity 81.8% and accuracy 84.4% to predict response to metoprolol.

In the second follow-up studies, based on the combined cut-off values for the TR index and SDNN index, the children with POTS were divided into those with TR index ≤ 33.7 and SDNN index ≤ 79.0 ms (group I; n = 31) and with TR index > 33.7 and SDNN index ≤ 79.0 ms, TR index ≤ 33.7 and SDNN index > 79.0 ms, or TR index > 33.7 and SDNN index > 79.0 ms (group II; n = 14). The Kaplan–Meier curves of the two groups were plotted. Cumulative symptom rates were 92.9, 78.6, 69.8, 69.8, and 69.8% at 3, 6, 9, 12 and 48 months, respectively, for children in group II and 64.5, 48.4, 39.6, 23.8, and 11.9% at 3, 6, 9, 12 and 48 months, respectively, for children in group I. Cumulative symptom rates were significantly higher for children with POTS in group II than group I (χ2 = 5.952, P = 0.015) (Figure 4).
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FIGURE 4. Kaplan–Meier curve analysis of cumulative symptom rate between two groups of children with POTS. Group I: TR index ≤ 33.7 and SDNN index ≤ 79.0 ms, n = 31; Group II: TR index > 33.7 and SDNN index ≤ 79.0 ms, TR index ≤ 33.7 and SDNN index > 79.0 ms, or TR index > 33.7 and SDNN index > 79.0 ms, n = 14.




DISCUSSION

In this study, we found that values for the baseline HRV frequency domain indicators ULF, VLF, LF, HF, and TP and time domain indicators were significantly lower for responders than non-responders to metoprolol for POTS; however LF/HF values were markedly greater than those of non-responders. On further ROC curve analysis of HRV index, the baseline SDNN, SDNN index, RMSSD, pNN50, TR index, HF and TP were of value in predicting the efficacy of metoprolol. To improve the sensitivity and specificity of the prediction of drug efficacy, we used series-parallel analysis of the indicators. The combined baseline TR index ≤ 33.7 and SDNN index ≤ 79.0 ms as cut-off values yielded sensitivity, specificity and accuracy of 85.3, 81.8 and 84.4%, respectively, to predict the therapeutic response to metoprolol. The cumulative symptom rate in patients was significantly higher for group II than group I patients (TR index ≤ 33.7 and SDNN index ≤ 79.0 ms) (P < 0.05). Therefore, combined baseline TR index and SDNN index could be used as preliminary measures to predict responsiveness to metoprolol for POTS in children.

Postural tachycardia syndrome belongs to chronic OI in children, and patients often report dizziness, headache, palpitations and fatigue, believed to result from transient decreased blood flow to the brain (Stewart et al., 2018; Spahic et al., 2019). Metoprolol, a β-blocker, is considered an effective method for treating childhood POTS (Bryarly et al., 2019). Responders in our study showed marked reduction in SS on metoprolol as compared with non-responders. However, we also found that when we did not choose to use β-blockers in POTS, the effectiveness was limited. Additionally, hypotension, fatigue, and reduced exercise capacity are potential side effects of β-blockers. Therefore, exploring a non-invasive indicator of HRV is extremely important to predict the efficacy of metoprolol in the treatment of POTS.

Previous studies have shown that time domain indices of HRV are useful measures of the changes in HR over time or the intervals between successive normal cardiac cycles, and they reflect alterations in autonomic tone that are predominantly vagally mediated (Young and Benton, 2018). The ULF and VLF component was proposed as an auxiliary marker for sympathetic modulation (Kainuma et al., 2014). The interpretation of the LF component is controversial. Some authors consider it a combination of sympathetic and parasympathetic modulation, but others as a measure of sympathetic modulations. Research also shows that β-blockade resulted in a reduced LF power. Therefore, in practical terms, an increased LF component has been generally considered to result from sympathetic modulation (Sztajzel, 2004). The HF component is generally defined as a marker of vagal modulation (Zaravko et al., 2015).

According to previous literature, there are two types of POTS: neuropathic and hyperadrenergic. Neuropathic POTS is mainly characterized by vasodilation with over-enhanced vagal tone; nevertheless, hyperadrenergic POTS is mainly characterized by increased plasma noradrenaline level caused by sympathetic over-enhancement. Therefore, as compared with healthy controls, our POTS children presented increased vagal and sympathetic nerve tone. Our study showed that as compared with normal controls, SDNN index, pNN50, T R index, LF and TP were significantly increased, which suggests that vagal and sympathetic nerve tone in POTS patients was increased to a certain extent, which is consistent with previous research.

The pathogenesis of POTS is still unclear, possibly including autonomic dysfunction (Shannon et al., 2000), excessive vasodilation (Liao et al., 2013), and low central blood volume (Zhang et al., 2012). Providing active and effective treatment to children with POTS is an important clinical issue to investigate. Previous studies suggested that metoprolol could achieve better therapeutic effects in children with high catecholamine level, high adrenergic status, and β-receptor hypersensitivity (Thieben et al., 2007). To predict responders to metoprolol before treatment, we used to test plasma norepinephrine, copeptin and CNP levels, attempting to find predictive measures for therapeutic responders to metoprolol before treatment of children with POTS (Benditt and Chen, 2012; Zhang et al., 2014; Zhao et al., 2014; Lin et al., 2015b). However, the instability of plasma norepinephrine, the complexity of plasma copeptin detection and the invasiveness of CNP detection limited their clinical use to a certain extent.

Heart rate variability as a predictive measure reflecting the modulation of autonomic nervous function with the advantages of non-invasiveness and easy to perform was hypothesized to help in predicting the therapeutic response to metoprolol in treating POTS in children (Zygmunt and Stanczyk, 2004). The immediate HR is the result of the interaction between the sympathetic and vagal nerves, which suggests that the two are constantly coordinated to produce a difference in HR. HRV reflects changes in HR over a long period. When the HRV is within a certain range, the vagal-sympathetic nerve system is well-regulated. That is to say, the child has a certain reserve capacity in the nervous system. Nevertheless, when it functions beyond the reserve capacity, it will manifest as a clinical symptom dominated by sympathetic or vagal nerves. In the present study, we employed 24-h HRV analysis to see if it is useful for predicting the therapeutic response to metoprolol in pediatric POTS. The reason that we used 24-h HRV analysis, including daytime HRV data, is that for POTS cases, the pathogenesis is closely related to postural change from supine to upright and such a postural change often occurs during the daytime. Actually, patients with POTS have the disproportionately enhanced sympathetic activity and vagal withdrawal during sitting or standing (Baker et al., 2018), which are often at daytime. Such alterations in autonomic nervous system function in children with POTS were also demonstrated during the HUTT (Stewart, 2000). While, we did not find any differences in nighttime HRV between POTS and normal controls, which accorded with the findings in previous studies (Mallien et al., 2014), nor between responders and non-responders to metoprolol. The above facts support us to use 24-h HRV recording to analyze the abnormal autonomic nervous function in children with POTS to predict therapeutic response to metoprolol in pediatric POTS. Of course, we should pay attention to the fact that 24-h HRV is also influenced by physical activities on daytime in the clinical evaluation.

To examine whether baseline 24-h HRV indices could predict the therapeutic response to metoprolol in children with POTS before treatment, we found that LF/HF ratio were higher in responders but other HRV indicators were lower than in non-responders before metoprolol treatment. The results suggested that the baseline indicators of sympathetic and vagal nervous tone were significantly lower in responders than non-responders before metoprolol treatment, but the ratio of sympathetic to vagal nervous modulation was significantly higher in responders than non-responders before metoprolol treatment. That is to say, before metoprolol treatment for POTS, responders to metoprolol had a predominant baseline sympathetic nervous modulation as compared with non-responders. Also, metoprolol achieves its therapeutic effects by inhibiting excessive sympathetic modulation by blocking beta receptors (Mizumaki, 2011).

Additionally, we further showed that when we combined TR index ≤ 33.7 and SDNN index ≤ 79.0 ms as the cut-off values to predict the short-term efficacy of metoprolol in children with POTS, the sensitivity, specificity, and accuracy were 85.3, 81.8, and 84.4%, respectively. We further confirmed that the combined TR index ≤ 33.7 and SDNN index ≤ 79.0 ms were useful as effective predictors for long-term outcome after metoprolol treatment. Therefore, HRV indicators may be non-invasive and easy-to-use predictors that could be used to predict the efficacy of metoprolol for POTS in children before the implication of the treatment.

However, our research still had limitations. This study was from a single center, and the case number was not sufficiently large. Also, sympathetic nervous activity was not directly measured. The 24-h HRV is influenced by the physical activities on daytime, which needs the patients to avoid strenuous exercise and emotional excitement. The present study provided non-invasive and easy-to-use effective predictors for the therapeutic response to metoprolol in children with POTS, which would provide great help for deciding whether to choose metoprolol for pediatric POTS. In the future, multi-center studies should be conducted to validate the study findings.
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Puberty is initiated by hormonal changes in the adolescent body that trigger physical and behavioral changes to reach adult maturation. As these changes occur, some adolescents experience concerning pubertal symptoms that are associated with dysfunction of the autonomic nervous system (ANS). Vasovagal syncope (VVS) and Postural Orthostatic Tachycardia Syndrome (POTS) are common disorders of the ANS associated with puberty that are related to orthostatic intolerance and share similar symptoms. Compared to young males, young females have decreased orthostatic tolerance and a higher incidence of VVS and POTS. As puberty is linked to changes in specific sex and non-sex hormones, and hormonal therapy sometimes improves orthostatic symptoms in female VVS patients, it is possible that pubertal hormones play a role in the increased susceptibility of young females to autonomic dysfunction. The purpose of this paper is to review the key hormonal changes associated with female puberty, their effects on the ANS, and their potential role in predisposing some adolescent females to cardiovascular autonomic dysfunctions such as VVS and POTS. Increases in pubertal hormones such as estrogen, thyroid hormones, growth hormone, insulin, and insulin-like growth factor-1 promote vasodilatation and decrease blood volume. This may be exacerbated by higher levels of progesterone, which suppresses catecholamine secretion and sympathetic outflow. Abnormal heart rate increases in POTS patients may be exacerbated by pubertal increases in leptin, insulin, and thyroid hormones acting to increase sympathetic nervous system activity and/or catecholamine levels. Given the coincidental timing of female pubertal hormone surges and adolescent onset of VVS and POTS in young women, coupled with the known roles of these hormones in modulating cardiovascular homeostasis, it is likely that female pubertal hormones play a role in predisposing females to VVS and POTS during puberty. Further research is necessary to confirm the effects of female pubertal hormones on autonomic function, and their role in pubertal autonomic disorders such as VVS and POTS, in order to inform the treatment and management of these debilitating disorders.
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INTRODUCTION


Puberty Is Associated With Orthostatic Intolerance

Puberty is a period of adolescence in which a child undergoes rapid changes that affect physical and mental functioning in order to reach adult maturation. During this time many adolescents experience substantial fatigue, mood swings, and stress (Larson et al., 1980). These symptoms of puberty are well-known and not generally worrisome (Larson et al., 1980; Wheeler, 1991; Viner and Christie, 2005; Table 1). However, other physical symptoms can occur at the onset of puberty that reflect autonomic nervous system (ANS) dysfunction, compromising the homeostatic regulation of basic bodily functions (Palma et al., 2017; Table 2). For example, puberty is associated with an increased incidence of syncope (fainting: transient loss of consciousness and postural tone) or presyncope (near-fainting), particularly in females (Walsh, 2001).


TABLE 1. Typical features of puberty.

[image: Table 1]
TABLE 2. Concerning features of puberty.

[image: Table 2]Syncope and presyncope are common across the lifespan, but have a particularly high incidence in adolescents, with a peak age of onset during puberty at age ∼10–15 years (Figure 1); approximately 1 in three adolescents with syncope experience recurrent and severe episodes (de Jong-de Vos van Steenwijk et al., 1995; Driscoll et al., 1997; McLeod, 2003; Kenny et al., 2010; Kanjwal and Calkins, 2015). However, this prevalence is likely underestimated because many do not report their symptoms (Wieling et al., 2004; Ganzeboom et al., 2006; Nordkamp et al., 2009). Episodes are often related to impaired autonomic function, and are associated with anxiety, fatigue, headaches, dizziness, abdominal discomfort, nausea, and weakness, with significant impairments in quality of life (Braune et al., 1999; Rose et al., 2000; Radtke et al., 2011; Anderson et al., 2012; Armstrong et al., 2017). In pediatric populations, morbidity is equivalent to patients with asthma, end-stage renal disease and structural heart disease (Linzer et al., 1991; Anderson et al., 2012). Recurrent episodes are associated with injury due to falls secondary to loss of postural control, and may indicate more widespread autonomic abnormalities (Hainsworth et al., 2012). Affected children find these episodes distressing and exhibit sleep disturbances and difficulty concentrating, attending and focusing at school (Carapetian et al., 2008), as well as problems with exercising and participating in activities of daily living (Braune et al., 1999; Rose et al., 2000; Radtke et al., 2011; Anderson et al., 2012; Raj, 2013; Armstrong et al., 2017). The burden on healthcare resources is also substantial, with frequent medical and emergency visits (Kanjwal and Calkins, 2015) and extensive investigation – up to 35% see 10–20 physicians before diagnosis (Armstrong et al., 2017) and 10% of individuals still do not have a diagnosis 1 year after presenting in clinic (Van Dijk et al., 2007). Given their high incidence, marked healthcare burden, and severe impact on quality of life, a better understanding of the predisposing factors to adolescent syncope and presyncope and the potential role for pubertal hormones is warranted.
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FIGURE 1. Age at onset of vasovagal syncope (VVS) and Postural Orthostatic Tachycardia Syndrome (POTS). For both patients with VVS (n = 443) and POTS (n = 4835) the peak age of onset of symptoms is between 10–15 years – coinciding with the age of onset of puberty. Data sourced from Kenny et al. (2010), Shaw et al. (2019).


Syncope has many causes, including structural heart disease, cardiac arrhythmia, and impaired orthostatic cardiovascular control (Hainsworth et al., 2012). Here we focus on orthostatic (postural) syncope and presyncope, the most common forms in children and adolescents (Hainsworth et al., 2012). The most common sub-type of orthostatic syncope associated with puberty is vasovagal syncope (VVS) (Da and da Silva, 2014), responsible for up to 80% of pediatric syncope cases (Massin et al., 2004). Another condition that often coincides with the onset of puberty and presents with similar symptoms to VVS is Postural Orthostatic Tachycardia Syndrome (POTS) (Stewart, 2009). Both these conditions are associated with orthostatic intolerance, where the ANS does not function properly during changes in position or orthostatic stress. In broad terms, VVS reflects an excessive decrease in blood pressure and/or heart rate during orthostasis (Medow et al., 2008), while POTS displays an excessive increase in heart rate with orthostatic stress, with variable changes in blood pressure (Low, 2014).

The hormonal factors that initiate the onset and maintenance of puberty must be considered as possible culprits in the associated increased susceptibility to disorders of orthostatic intolerance, considering the timing of increased incidence of POTS and VVS with puberty (Kenny et al., 2010; Shaw et al., 2019; Figure 1). The initiation of puberty is prompted by a rise in activity of the hypothalamic-pituitary-gonadal (HPG) axis following a prolonged period of suppression during childhood (Forbes and Dahl, 2010). The HPG axis increases pulsatile release of gonadotropin-releasing hormones (GnRHs), stimulating gonadal hormones, and inducing various changes throughout the body to stimulate sexual maturation (Forbes and Dahl, 2010). Puberty is further associated with changes in other non-gonadal hormones such as GH, thyroid hormone, leptin, cortisol, and melatonin, which facilitate physical growth and behavioral changes in adolescents (Figure 2).
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FIGURE 2. Key regulatory hormones involved in female puberty. Blue boxes denote hormones and their source of release (bold). Orange boxes denote end organ responses. Solid lines indicate positive feedback. Dashed lines indicate negative feedback. ∗Negative feedback from the ovaries on FSH secretion is primarily mediated via inhibins secreted by ovarian follicles. †GH secretion is stimulated by estrogen and thyroid hormones. ACTH, adrenocorticotrophic hormone; CRH, corticotropin releasing hormone; CNS, central nervous system; E2, estradiol; GH, growth hormone; GHRH, growth hormone releasing hormone; GnRH, gonadotropin releasing hormone; IGF-1, insulin-like growth factor-1; P, progesterone, TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; T3, triiodothyronine; T4, thyroxine.


Females are known to have lower orthostatic tolerance compared to males (Meendering et al., 2005), with a 5:1 predominance of POTS (Low et al., 2009) and more than twice the incidence of syncope (Wieling et al., 2004). Since the initiation of puberty is prompted by a rise in activity of the HPG axis inducing changes in sex hormones (Clemans et al., 2010), it may be that some of the increased susceptibility to autonomic dysfunction in pubertal females could be attributed to hormonal changes occurring during this stage. Indeed, females with known VVS are reported to experience significant improvements in their symptoms with the introduction of hormonal therapy (Boehm et al., 1997). Orthostatic tolerance also improves in women across the lifespan, and is highest in postmenopausal females (Protheroe et al., 2013). These observations support the potential role of pubertal hormones in increasing susceptibility to cardiovascular autonomic dysfunction. Accordingly, the purpose of this review is to identify the key hormonal changes associated with female puberty, their effects on the ANS, and their potential role in predisposing adolescent females to cardiovascular autonomic dysfunctions such as VVS and POTS.



Orthostasis Represents a Considerable Cardiovascular Challenge and Requires Compensation by the Autonomic Nervous System

Orthostasis is a common trigger for VVS and POTS because when a person is upright gravitational forces decrease arterial pressures in regions above the level of the heart, while simultaneously increasing lower body venous pooling and capillary filtration, reducing venous return (Hainsworth et al., 2012). If compensation for these hemodynamic consequences of orthostasis is inadequate, cardiac output is reduced and cerebral perfusion compromised, causing symptoms of presyncope that can progress to syncope (Hainsworth et al., 2012).

Orthostatic reductions in arterial pressure are sensed primarily by baroreceptors located in the aortic arch, coronary arteries, and carotid sinus (Hall and Guyton, 2011). The carotid sinus baroreceptors are particularly important in responding to orthostatic hemodynamic changes because of their location above the heart (carotid arterial pressure is about 15 mmHg lower than the pressure at the aortic root when upright, providing a potent stimulus to the carotid baroreceptors) (Hainsworth et al., 2012). Accordingly, during orthostasis these baroreceptors are unloaded, resulting in a reflex decrease in cardiac parasympathetic (vagal) tone, and increase in sympathetic outflow from the vasomotor center in the medulla to the heart and blood vessels (Hall and Guyton, 2011). The combined effect of these compensatory influences on the heart are increases in heart rate and contractility, accompanied by sympathetically mediated vasoconstriction of the resistance and capacitance vessels in the splanchnic, musculocutaneous, and renal vascular beds (Smit et al., 1999; Hall and Guyton, 2011). These coordinated adaptations are, therefore, associated with increases in total peripheral resistance, stroke volume, and blood pressure, with the maintenance of cardiac output and consequently cerebral perfusion (Medow et al., 2008). Given that these compensatory mechanisms are chiefly mediated by the ANS, impaired autonomic responses can predispose to loss of orthostatic control (Medow et al., 2008), leading to presyncope or syncope.



Orthostatic Cardiovascular Responses Are Impaired in Patients With Vasovagal Syncope and Postural Orthostatic Tachycardia Syndrome

Ultimately, the cause of orthostatic presyncope or syncope is a failure of normal cardiovascular autonomic responses. However, different patterns of responses occur representing distinct autonomic syndromes, and this complicates their diagnosis and treatment. In POTS the primary problem is excessive orthostatic tachycardia, whereas in VVS it is impaired vasoconstriction and sudden hypotension, with or without reflex bradycardia or asystole (van Lieshout et al., 1991; McLeod, 2003; Hainsworth, 2004; Brignole, 2005; Mathias et al., 2012). These abnormalities can be subdivided further and may even coexist (Kurbaan et al., 1999; Brignole et al., 2000; Schroeder et al., 2011); however, the underlying mechanisms of these disorders remain unclear, particularly in children and adolescents.

Postural Orthostatic Tachycardia Syndrome is defined as “the development of orthostatic symptoms associated with a HR increment ≥30 bpm (beats per minute) [≥40 bpm in children (Singer et al., 2012; Zhao et al., 2015)], usually to ≥120 bpm [≥125 bpm in children aged 13–18 years or ≥130 bpm in children aged 6–12 years (Singer et al., 2012; Zhao et al., 2015)] without orthostatic hypotension” (Low et al., 2009). It is not clear what drives the change in cardiac responsiveness and the precise age at which this change occurs is unclear; pediatric POTS has been defined for chronological ages 12 years and younger (Kurbaan et al., 1999), but this definition does not reflect physiological age or pubertal status.

Postural Orthostatic Tachycardia Syndrome includes at least four subtypes: hyperadrenergic POTS with excessive sympathetic discharge; hypovolemic POTS (with compensatory tachycardia); neuropathic POTS with impaired vasoconstriction and compensatory tachycardia; and, rarely, noradrenaline transporter deficiency with synaptic noradrenaline accumulation (Low et al., 1995, 2009; Raj, 2013). Hemodynamic subtypes of VVS have also been recognized, and are characterized according to the relative contribution of hypotension and/or bradycardia to the event (Brignole et al., 2000). These distinctions provide mechanistic insight and may inform treatment, but present similarly, so are difficult to distinguish clinically. Whether adolescence is a time of general autonomic imbalance, and whether susceptibility to VVS and POTS are related to adolescence or pubertal hormone changes is unknown.

We and others demonstrated that in both patients with POTS and VVS, excessive venous pooling or capillary filtration (Brown and Hainsworth, 1999; Stewart et al., 2004), thermoregulatory vasodilation (Wilson et al., 2006; Hainsworth et al., 2012), low plasma or blood volumes (El-Sayed et al., 1995; Hoeldtke et al., 1995; El-Sayed and Hainsworth, 1996; Jacob et al., 1997; Mtinangi and Hainsworth, 1998, 1999; Lagi et al., 2003; Claydon et al., 2004), abnormal baroreflex responses (Thomson et al., 1997; Furlan et al., 1998; Gulli et al., 2001, 2005a,b; Cooper and Hainsworth, 2002), concurrent hypocapnia (Novak et al., 1998; Blaber et al., 2001; Carey et al., 2001; Lagi et al., 2001; Gisolf et al., 2004), excessive vascular responses to hypocapnia (Norcliffe-Kaufmann et al., 2007), and impaired cerebral autoregulation (Daffertshofer et al., 1991; Grubb et al., 1991; Claydon and Hainsworth, 2003) all increase susceptibility to orthostatic syncope in adults. In adults with VVS there is some evidence that the hypotension and reduced vascular resistance during hemodynamic collapse at presyncope may not be due to blunted sympathetic nerve activity per se but rather to other competing vasodilatory influences at that time (Vaddadi et al., 2010). There may also be an autoimmune component to susceptibility to both POTS and VVS in adults (Etienne and Weimer, 2006; Li et al., 2015; Ruzieh et al., 2017). These mechanistic insights have been central to the development of tailored management for affected adults; however, contributing mechanisms in children are less clear.

There may be a role for early excessive orthostatic cardiac sympathetic activation, and yet blunted vasoconstriction in children with POTS and VVS (Wieling et al., 1997; Moak et al., 2002; Laranjo et al., 2015; Wagoner et al., 2016), suggesting a disconnect between sympathetic outflow and the effector organ response. Indeed, some forms of POTS reflect selective neuropathy, with sympathetic denervation and impaired vascular resistance responses affecting the lower limbs (Raj, 2013). In children with VVS, initial increases in sympathetically–mediated vascular resistance responses are not sustained, and in fact abruptly reverse, precipitating hypotension (Moak et al., 2002). Orthostatic vasopressin and aldosterone are increased in children with VVS (Wagoner et al., 2016), presumably to compensate for impaired sympathetically–mediated vasoconstriction. Children with VVS and some forms of POTS have excessive venous pooling, particularly in the splanchnic vasculature (Stewart et al., 2004, 2006). Vitamin B12 deficiency (Wieling et al., 1997), low ferritin, and iron deficiency are reported in children with syncope (Antiel et al., 2011; Guven et al., 2013; Jarjour and Jarjour, 2013), presumably contributing to symptoms through anemia and low blood volumes.

Regardless of the underlying mechanism, orthostatic symptoms in children are associated with decreased cerebral blood flow velocity (Sung et al., 2000). Whether this is due to impaired cardiovascular control and compromised cerebral perfusion, or primary abnormalities in cerebral autoregulation is unclear. Interestingly, in adults with VVS cerebral pressure autoregulation is impaired (Claydon and Hainsworth, 2003) and combined with orthostatic hyperventilation (via activation of the respiratory muscle pump), with subsequent hypocapnia and cerebral vasoconstriction (Novak et al., 1998; Blaber et al., 2001; Carey et al., 2001; Lagi et al., 2001; Gisolf et al., 2004) that is compounded by increased cerebral reactivity to hypocapnia (Norcliffe-Kaufmann et al., 2007). The role and relative contribution of hypocapnia and cerebral autoregulation in pediatric syncope remain unclear.

Another contributor to most forms of orthostatic syncope in adults is hypovolemia, which may be associated with impaired renal sodium reabsorption in patients with POTS (Raj, 2013). Plasma or blood volume expansion improves orthostatic tolerance in adults (Rosen and Cryer, 1982; El-Sayed et al., 1995; Hoeldtke et al., 1995; El-Sayed and Hainsworth, 1996; Jacob et al., 1997; Mtinangi and Hainsworth, 1998, 1999; Lagi et al., 2003; Claydon et al., 2004; Cooper and Hainsworth, 2008), so it is possible that low plasma volumes also contribute to orthostatic syncope in children with POTS or VVS.

Lastly, physical deconditioning of the heart due to conditions such as viral infections or chronic fatigue has also been recognized as a possible mechanism underlying POTS (Fu et al., 2010). There is an association between POTS and cardiac deconditioning, and this is thought to be the result of a decreased heart size and associated decrease in cardiac output (Fu et al., 2010). The reasons why adolescent females are particularly susceptible to POTS remain unknown but perhaps their lower cardiac mass compared to adolescent males is a contributing factor.



HORMONAL CHANGES DURING FEMALE PUBERTY AND THEIR INFLUENCES ON CARDIOVASCULAR AUTONOMIC CONTROL

There are many hormonal changes during puberty that may have implications for autonomic cardiovascular control. Certainly, puberty seems to be a time of considerable change in autonomic function and cardiovascular and cerebrovascular regulation, with increases in endothelial function (Deda et al., 2015), and reductions in high frequency heart rate variability (a marker of cardiac vagal tone) in healthy adolescents following puberty (Tanaka et al., 2000). Puberty is also associated with increases in blood pressure (Tanaka et al., 2000; Deda et al., 2015), although this occurs to a much lesser extent in females than in males (Moran et al., 2008), with associated decreases in arterial stiffness during puberty in females, but not in males (Ahimastos et al., 2003). Cerebral blood flow is higher in children than in adults, and decreases markedly during puberty, with the peak reduction occurring in mid-adolescence (aged 15–17 years) – coinciding with the timing of peak incidence of syncope (Satterthwaite et al., 2014). In females, there is a partial recovery of cerebral blood flow in late puberty such that in adulthood, cerebral blood flow is greater in females compared to males (Satterthwaite et al., 2014) – coinciding with a time at which the particularly high incidence of onset of syncope in female adolescents begins to decrease. Some of these alterations in cerebral blood flow may reflect alterations in carbon dioxide levels. Higher end tidal carbon dioxide levels (PETCO2) act as a potent cerebral vasodilator, increasing cerebral blood flow (Norcliffe et al., 2002; Claydon and Hainsworth, 2003). Young women breathe with an increased minute ventilation compared to young males (White et al., 1983), thus resting PETCO2 is significantly higher in young males relative to young females (Dhokalia et al., 1998). This may render young women more susceptible to cerebral hypoperfusion and syncope, particularly in the face of orthostatic activation of the respiratory muscle pump and further associated increases in ventilation.


Qualification of Pubertal Stages in Females

Tanner staging is a universally accepted means of qualifying pubertal development, with five proposed stages described by written criteria and illustrations (Marshall and Tanner, 1970; Swerdloff and Odell, 1975; Table 3). Tanner stage I refers to the preadolescent stage, while Tanner stage V represents the mature state (Marshall and Tanner, 1970). Normal timing of puberty varies and a child’s chronological age is not necessarily an accurate measure of pubertal development. Therefore, where possible, hormone levels are compared based on biological maturation stages rather than age. Given that sex hormones fluctuate in females depending on the phase of the menstrual cycle, overall changes in pubertal hormones will be considered independently of menstrual timing. A summary of the key hormones involved in the regulation of female puberty is provided in Figure 2.


TABLE 3. The Tanner stages of puberty in females.
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Initiation of Puberty

Given the common coincidental timing of onset of symptoms of autonomic impairment and puberty, it is pertinent to consider the factors at play in initiating puberty, as well as the pubertal hormones that are involved as puberty progresses. The ultimate trigger for the onset of puberty is the initiation of profound increases in pulsatile GnRH secretion from the hypothalamus. The pulsatile nature of GnRH secretion with the onset of puberty is important, tonic GnRH administration does not induce luteinizing hormone (LH) or follicle stimulating hormone (FSH) secretion and so prevents ovulation (Marshall and Tanner, 1970). Numerous complementary mechanisms have been proposed to initiate the rise in pulsatile GnRH secretion (Figure 3). One key player is the loss of sensitivity to inhibition of GnRH secretion by ovarian sex steroids (such as estrogen and inhibins) (Gill et al., 2002; Shaw et al., 2010). Even very low levels of estrogen and inhibins block GnRH secretion in young children (Winter and Faiman, 1973). During puberty the levels of sex steroids required to block GnRH become progressively higher and this is permissive to increases in pulsatile GnRH, but not sufficient to trigger puberty (Messinis, 2006).
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FIGURE 3. Key hormones involved in the initiation of puberty. Ultimately, puberty is initiated by profound increases in gonadotropin releasing hormone (GnRH) that initiate cyclic synthesis and release of gonadotropins, which then regulate reproduction, reproductive behaviors and secondary sexual characteristics, and sex steroid levels. Several factors may promote the increase in GnRH that precedes puberty, including: reduced sensitivity to inhibition of GnRH secretion by the sex steroids; increased leptin, which reduces inhibition of gonadotropins and their releasing hormones by the gonadotropin inhibiting hormone (GnIH); decreases in melatonin, with an associated reduction in GnIH production; and increases in kisspeptin, perhaps triggered by a “somatometer” or “pubertal clock,” which acts to further increase GnRH secretion. Orange boxes denote pubertal triggers. Blue text indicates sites of action or hormone release. Solid lines indicate positive feedback. Dashed lines indicate inhibitory influences.


There may be a role for nutritional status and leptin in initiating puberty. Puberty starts earlier in overweight girls, and menstruation ceases with severe weight loss (Baker, 1985). Adiposity is linked to high leptin levels, and in animals leptin supplementation advances the onset of puberty compared to pair-fed animals (necessary because of the impact of leptin on appetite) – with leptin being permissive but not sufficient for the initiation of puberty (Cheung et al., 2001). This permissive role is likely via the indirect action of leptin (mediated via decreases in the antigonadotropic hormone, GnIH) on kisspeptin-expressing neurons that regulate GnRH secretion from the hypothalamus (Cunningham et al., 1999; Rhie, 2013). The arcuate nucleus contains abundant kisspeptin, a protein that is encoded by the Kiss1 gene, a GnRH pulse generating gene (Avendaño et al., 2017). Release of kisspeptin is inhibited until puberty when it rises and initiates increased pulsatile GnRH secretion. While it is likely that kisspeptin plays a major role in initiating puberty, the trigger for increased kisspeptin is unclear, with regulation suggested through either an internal “pubertal clock,” or a “somatometer” that monitors somatic (perhaps skeletal) development and triggers kisspeptin secretion once a key developmental threshold is reached (Avendaño et al., 2017).

Melatonin secretion from the pineal gland also seems to regulate pubertal onset. Melatonin release occurs during sleep and darkness, with higher secretion during the winter when there are reduced daylight hours (Brainard et al., 1982). The human pineal gland produces a substance (s) that keeps sexual maturation in check, which may be melatonin and/or GnIH (Silman et al., 1979). Indeed, destructive tumors of the pineal gland are associated with precocious puberty, and hypersecretory tumors with delayed puberty (Kitay, 1954; Silman et al., 1979). At the onset of puberty, melatonin levels decrease and this is associated with initiation of pubertal development (Silman et al., 1979). Indeed, in children living near the equator, who have lower levels of melatonin because of the long daylight hours, puberty occurs earlier than in those at higher latitudes (Dossus et al., 2013), perhaps reflecting the role of melatonin in initiation of puberty (Murcia et al., 2002). Interestingly, the onset of pulsatile secretion of GnRH during puberty initially occurs only during rapid-eye-movement sleep (Shaw et al., 2015). The stimulus for this is unknown, but may involve nocturnal melatonin secretion or possibly a genetically programed state of maturity of GnRH secreting neurons – evidence for the latter is not yet available, but has been hypothesized given the strong correlation between the age of menses onset between mother and daughter (Kolarov et al., 2005).

Many of these key hormonal cues thought to be involved in the initiation of puberty also continue to be involved as puberty progresses, largely through their role in influencing the HPG axis.



The Hypothalamic-Pituitary-Gonadal Axis

Once puberty is initiated and the HPG axis is activated, GnRH is released from the hypothalamus (Figure 2), with peak levels at the onset of menstruation, after which its release becomes cyclical according to the phase of the menstrual cycle (Limonta et al., 2018). GnRH acts on the anterior pituitary to stimulate increases in LH and FSH production that induce sexual dimorphic changes in appearance as well as characteristic female behaviors (Limonta et al., 2018). The recent discovery of GnRH receptors in the ovary and endometrium raises the possibility of a role for GnRH outside of its hypothalamic functions (Limonta et al., 2018). LH and FSH levels increase with increases in GnRH pulse frequency and pulse amplitude during puberty. Levels of LH and FSH continue to increase until stage V for LH and stage IV for FSH, initially starting with undetectable levels of LH in prepubertal girls at stage I while low levels of FSH are detectable at this stage (Burger et al., 1988; Figure 4). During puberty, LH and FSH stimulate sex hormone secretion and regulate the menstrual cycle. LH acts on the ovaries to produce estrogen and facilitate egg maturation, while FSH is involved in follicle development and estrogen production (Limonta et al., 2018). LH also indirectly increases progesterone levels, secreted from the corpus luteum of mature follicles. Both LH and FSH appear to have indirect effects on the ANS, largely mediated through their effects on circulating estrogen and progesterone levels.
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FIGURE 4. Changes in pubertal hormone levels according to Tanner stage and approximate age (mean ± standard error). Hormone concentrations for luteinizing hormone (LH) (Burger et al., 1988). follicle stimulating hormone (FSH) (Burger et al., 1988), Estradiol (E2) (Wennink et al., 1990), progesterone (Apter, 1980), inhibins (Wennink et al., 1990), growth hormone (GH) (Rose et al., 1991), insulin-like growth factor-1 (IGF-1) (Moran et al., 2002), insulin (Moran et al., 2002), triiodothyronine (T3) (Elmlinger et al., 2001), thyroxine (T4) (Elmlinger et al., 2001), cortisol (Stroud et al., 2011), leptin (Ahmed et al., 1999), melatonin (Crowley et al., 2012) are shown through the Tanner stages for females. Note that standard errors were not available for estradiol or melatonin data. Standard errors for LH, FSH and inhibins were approximated based on data provided. Cyclical changes in hormone levels with menstruation are not reflected.




Estrogen

Increased activity of the gonads stimulated by LH and FSH during puberty results in an associated increased production of estrogen. During puberty, estrogen levels initially mirror LH and FSH changes, with the lowest levels in prepubertal girls at stage I (Wennink et al., 1990; Figure 4). However, similar to LH, estrogen levels continue to increase until stage V, during which time FSH levels begin to decline (Wennink et al., 1990). Estrogen is a sex steroid hormone that is secreted by the ovary and binds to estrogen receptors (Wennink et al., 1990). It contributes to breast, vaginal, and uterine development, as well as female fat distribution, linear growth velocity, and skeletal maturation (Swerdloff and Odell, 1975). In this review we only consider 17-β estradiol (E2) because this is the most abundant, active, and best studied form of estrogen (Rybaczyk et al., 2005; Lasiuk and Hegadoren, 2007). Other natural estrogens, estrone (E1), and estriol (E3), have weak estrogenic properties and must be converted to E2 to have full estrogenic action; accordingly, they will not be considered further (Lasiuk and Hegadoren, 2007).


Estrogen Promotes Vasodilation and Hypocapnia, and Reduces Plasma Volume

Estrogen acts to acutely regulate vasomotor tone through endothelium-dependent and independent mechanisms (Mendelsohn and Karas, 1999; Maranon and Reckelhoff, 2013). E2 directly inhibits the influx of extracellular calcium into vascular smooth muscle via L-type calcium channels, preventing contraction and promoting vasodilatation (Mendelsohn and Karas, 1999). E2 also stimulates the opening of calcium-activated potassium channels through the nitric oxide (NO) and cyclic guanosine monophosphate-dependent pathways, relaxing smooth muscle and promoting vasodilatation (Mendelsohn and Karas, 1999). Lastly, E2 promotes rapid release of NO (Mendelsohn and Karas, 1999) and hydrogen sulfide (Dous et al., 2014), both of which are potent vasodilators. However, in addition to the acute effects on vasomotor tone, E2 also promotes chronic vasodilation through increased expression of endothelial nitric oxide synthase (eNOS), the enzyme that converts L-arginine to L-citrulline and NO, with a consequent vasodilatory response (Mendelsohn and Karas, 1999). In addition to promoting vasodilatation, E2 also acts to decrease plasma renin concentrations and angiotensin-converting-enzyme (ACE) with consequent reductions in plasma volume, accompanied by suppression of renal sympathetic activity, and ion and water reabsorption (Mendelsohn and Karas, 1999; Maranon and Reckelhoff, 2013). E2 also reduces circulating levels of the vasoconstrictor endothelin-1 (Mendelsohn and Karas, 1999). The net effect of these E2-mediated increases in vasodilatation and decreases in vasoconstriction and plasma volume, is a reduction in blood pressure, with the largest impact during stage V when E2 peaks. Interestingly, E2 enhances carotid vasomotor baroreflex sensitivity (but not cardiac baroreflex sensitivity), although this effect is likely mitigated by concurrent changes in progesterone levels, which blunt vasomotor baroreflex sensitivity (Brunt et al., 2013). Of note, estrogens have also been shown to increase cerebral blood flow in both animals and humans (Shamma et al., 1992; Belfort et al., 1995; Nevo et al., 2007), and loss of estrogens during menopause is associated with decreased cerebral reactivity (Matteis et al., 1998). The impact of vasodilation in the cerebral circulation secondary to increases in estrogen appears to be blunted in the face of estrogen and progesterone induced increases in respiration and hypocapnia, which would tend to reduce cerebral blood flow (Slatkovska et al., 2006; Preston et al., 2009).



Estrogen Has Indirect Effects on Central Nervous System Modulators That Regulate Behavior and Cardiovascular Control

Estradiol may also play a key role in regulating central nervous system factors that modulate adolescent behavior. For example, E2 may have the ability to modulate dopamine neurotransmission [dopaminergic neurons express estrogen receptors and mRNA (Purves-Tyson et al., 2012; Sinclair et al., 2014)], contributing to changes in dopamine signaling during adolescence (Sinclair et al., 2014). Dopamine is a catecholamine synthesized in dopaminergic neurons arising from the substantia nigra pars compacta and the ventral tegmental area and binds to dopamine receptor 1 (DR1) (Sinclair et al., 2014). Adult levels of DR1 mRNA and protein are attained during late adolescence/early adulthood, with coincidental timing to E2 levels (Sinclair et al., 2014). Dopamine influences control of movement, the ability to experience pleasure and pain, and emotional responses (Arain et al., 2013). In addition, dopamine inhibits noradrenaline release, and so acts to further amplify the vasodilatory effects of E2.

Increases in E2 have also been shown to increase serotonin concentrations by increasing the rate-limiting step in serotonin synthesis, as well as increasing the time that serotonin remains in the synapse and interstitial space (Rybaczyk et al., 2005). The latter is accomplished through the antagonistic action of E2 on the serotonin reuptake transporter (SERT) and down-regulation of SERT gene expression (Rybaczyk et al., 2005). Serotonin is an amine known to act as a neurotransmitter that is synthesized from tryptophan in serotoninergic neurons (Rybaczyk et al., 2005). Serotonin plays a role in arousal, anxiety, mood alterations and has also been shown to regulate various physiological functions including vasodilation (Arain et al., 2013). Thus, as E2 levels increase during female puberty, it is likely that these CNS modulators follow a similar increase, accounting for changes in behavior, and potentially exacerbating the vasodilatory effects of estrogen throughout puberty.



Progesterone

Progesterone secretion generally occurs in conjunction with E2, as it is regulated by gonadotropins and secreted by the ovaries and the placenta (Rossmanith et al., 1990). It binds to progesterone receptors to thicken the lining of the uterus and stimulate the formation of milk glands in the breast in preparation for pregnancy (Regidor, 2014). Progesterone remains at fairly low levels during childhood until adolescence where it is shown to increase in a cyclic manner depending on the phase of the menstrual cycle (Apter, 1980; Figure 4). Progesterone levels continue to increase and peak premenopausally, declining thereafter until reaching very low levels after menopause (O’Connor et al., 2009).


Progesterone Causes Vasodilatation, Increases Plasma Volume and Promotes Hypocapnia

The effects of progesterone in the absence of estrogen indicate that it promotes vasodilatation, blunts sympathetic outflow and increases plasma volume (Brunt et al., 2013). Progesterone stimulates NO synthesis through transcriptional and non-transcriptional pathways, promoting vasodilation (Miner et al., 2011). However, progesterone also acts to counteract the effects of estrogen on NO production, resulting in mixed evidence concerning the net role of progesterone in controlling vasomotor tone (Brunt et al., 2011). Progesterone also blunts carotid-vasomotor baroreflex sensitivity (Brunt et al., 2013), but without affecting the control of mean arterial pressure, perhaps because of concurrent augmentation of baroreflex control of stroke volume and/or the opposing action of estrogen on baroreflex sensitivity (Brunt et al., 2011, 2013). Further research is needed to determine the precise role of progesterone in modulating vasomotor tone. However, the reported blunting of sympathetic outflow, which could account for decreases in heart rate and impaired vasoconstriction, may become relevant, particularly later in puberty.

Progesterone is a respiratory stimulant, with the consequence that PETCO2 levels are reduced during times of high progesterone levels. For example, ventilation is increased during the luteal phase compared to the follicular phase of the menstrual cycle (White et al., 1983). This effect is enhanced during combined increases in both estrogen and progesterone (although estrogen alone is not closely correlated with cyclic fluctuations in ventilation during the menstrual cycle) (Regensteiner et al., 1989). Accordingly, higher estrogen and progesterone levels in younger women might contribute to their lower resting PETCO2 in early life, and the age-related loss of estrogen would explain higher levels of PETCO2 in later life (Regensteiner et al., 1989). These respiratory effects of estrogen and progesterone would be expected to promote reductions in PETCO2 during puberty in females, particularly during the later stages, and might contribute to the reductions in cerebral blood flow that occur during female puberty.



Inhibins

Inhibin levels are increased at puberty due to increased FSH stimulation of the granulosa cells of ovarian follicles, which are the main source of circulating dimeric inhibins (Bergadá et al., 2001). During puberty, a progressive rise in inhibins accompanies an increased production of sex steroids (Bergadá et al., 2001) with the highest levels reached during stages IV–V (Burger et al., 1988; Figure 4). With the development of ovarian follicles, inhibin levels increase where they act largely to suppress FSH release (Bergadá et al., 2001). This negative feedback control of FSH secretion only occurs once adult inhibin levels are reached (Bergadá et al., 2001).


Inhibins Regulate Follicle Stimulating Hormone Levels and Indirectly Affect Estrogen Levels

Once adult inhibin levels are reached at around stage IV, inhibins indirectly modulate estrogen levels through negative feedback control of FSH (Bergadá et al., 2001), with a theoretical impact on cardiovascular regulation via estrogen (Figure 2). However, E2 continues to increase from stage IV to V, indicating that the role of inhibin on overall estrogen levels is small. Inhibins play a key role in regulating estrogen levels during the menstrual cycle, but do not appear to affect the overall estrogen levels during the stages of puberty. Direct effects of inhibins on cardiovascular regulation have not been demonstrated, although they may play a role in gestational hypertension and preeclampsia (Itoh et al., 2006).



Growth Hormone

Growth hormone (GH) increases substantially during the growth spurt of adolescence. It is secreted by the anterior pituitary gland in response to stimulation by GH releasing hormone from the hypothalamus (Soliman et al., 2014). GH levels more than double during puberty (Saenger, 2003), attaining peak levels at stage III–IV in females (Rose et al., 1991; Soliman et al., 2014; Figure 4). GH functions to promote lipolysis, increase protein synthesis, regulate energy metabolism in liver, muscle and adipose tissue, and is a potent insulin antagonist (Sakharova et al., 2008). GH levels are exquisitely regulated, with secretion enhanced by estrogen and thyroid hormones, and further regulation by somatostatin, ghrelin, and insulin-like growth factor 1 (IGF-1) levels. Circulating GH levels also regulate GH secretion through negative feedback (Romero et al., 2012).


Growth Hormone Is a Vasodilator and Induces Insulin-Resistance

Growth hormone acts as a vasodilator through activation of an endothelium-dependent component involving the NO pathway (Napoli et al., 2003) to improve arterial compliance, flow mediated dilation, and endothelial function (Napoli et al., 2003). Given its vasodilatory effects, GH would be expected to contribute to blood pressure lowering, particularly during stage III–IV where GH levels reach their peak. However, GH also acts to antagonize the hepatic and peripheral effects of insulin on glucose metabolism, preventing insulin uptake and inducing insulin resistance, thus increasing circulating insulin levels (Palmeiro et al., 2012). Furthermore, GH has a significant influence on adipocyte metabolism, increasing adipokines such as leptin (Palmeiro et al., 2012). Accordingly, GH contributes to increases in both insulin and leptin, increasing their impact on autonomic cardiovascular regulation.



Insulin-Like Growth Factor-1

Insulin-like growth factor-1 (IGF-1) production follows similar patterns to GH secretion during puberty; it is stimulated by GH in the liver and further enhanced by estrogen and thyroid hormones (Rozario et al., 2000). In females, IGF-1 levels peak during stage IV and are associated with increases in adiposity at this time (Moran et al., 2002; Figure 4). IGF-1 binds to the IGF-1 receptor and is a primary mediator of the actions of GH, promoting growth in almost every cell in the body by regulating cellular proliferation, differentiation and metabolism (Rozario et al., 2000).


Insulin-Like Growth Factor-1 Is a Vasodilator and Enhances Insulin Sensitivity

Insulin-like growth factor-1 induces vasodilation by enhancing NO and potassium channel activity, both of which reduce calcium release into vascular smooth muscle, blunting vasoconstriction (Conti et al., 2004). IGF-1 interacts with a tyrosine kinase membrane receptor that activates the serine/threonine kinase Akt signaling pathway, which in turn activates eNOS, increasing NO levels and promoting vasodilatation (Conti et al., 2004). By facilitating widespread vasodilatation, it is likely that IGF-1 reduces blood pressure, particularly during stage III–IV when IGF-1 levels peak. IGF-1 increases insulin sensitivity and prevents postprandial dyslipidemia by suppressing plasma free fatty acid levels, reducing fasting plasma triglyceride concentrations, and increasing oxidative and non-oxidative glucose metabolism (Conti et al., 2004). Contrary to GH, IGF-1 helps to restore insulin and leptin levels to normal values (Conti et al., 2004). Thus, increases in IGF-1 are likely the result of, not the cause of, insulin resistance in puberty (Kelsey and Zeitler, 2016).



Insulin

During female puberty insulin levels generally coincide with changes in IGF-1 levels (Moran et al., 2002). Fasting insulin levels are highest in stage III, occurring one stage earlier than peak IGF-1 levels (Moran et al., 2002; Figure 4). Insulin is synthesized by beta cells in the pancreas following stimulation by blood glucose (Sliwowska et al., 2014)and primarily acts to facilitate cellular glucose entry for energy utilization and growth (Sliwowska et al., 2014). When this process is compromised, insulin resistance can develop, and if left untreated it can progress to type 2 diabetes mellitus.

Puberty is associated with a marked decrease in insulin sensitivity, on par with that seen during pregnancy. In otherwise healthy youth, insulin sensitivity reaches a nadir in mid-puberty (stage III) that recovers by stage V (Kelsey and Zeitler, 2016). In patients with POTS, increases in serum resistin have been documented, the significance of which is unclear, but it has been previously associated with insulin resistance (Bai et al., 2017). It is interesting to note that the decline in cerebral blood flow during puberty is tightly linked to the concurrent decreases in glucose metabolism (Satterthwaite et al., 2014).

In children with type 1 diabetes, profound insulin resistance associated with puberty is well documented, although effects on the ANS in these children are not well studied. In one study evaluating 73 diabetic children, abnormalities in heart rate variability (a marker of autonomic dysfunction) were correlated with poor glycemic control in pubertal children. This relationship was not seen in younger children (Massin et al., 1999).


Insulin Exhibits Opposing Roles in Regulating Vasomotor Tone

Insulin exhibits both central and peripheral effects on the ANS – insulin both promotes vasodilatation and prevents vasoconstriction, while also having the ability to stimulate sympathetic activity. Insulin diminishes arterial stiffness (Vehkavaara et al., 2000) and acts as a vasodilator by binding to an insulin receptor tyrosine kinase, activating the Akt pathway and further stimulating eNOS to increase NO production (Muniyappa et al., 2007). Insulin has further been shown to attenuate vascular smooth muscle contraction and decrease vasoconstrictor tone by inhibiting calcium influx (Muniyappa et al., 2007). In contrast, insulin can stimulate sympathetic activity and increase catecholamine levels (Muniyappa et al., 2007). The opposing roles of insulin essentially lead to little change in arterial diameter and blood pressure under normal circumstances in healthy individuals (Muniyappa et al., 2007). However, during acute increases in sympathetic nerve activity, different parts of the vascular tree respond differently to insulin, where distal arterioles vasodilate and proximal arterioles constrict (Muniyappa et al., 2007). This could contribute to enhanced venous pooling during sympathetic activation upon standing. Increases in sympathetic activity and catecholamine levels would tend to facilitate tachycardia.



Thyroid Hormones

The thyroid gland produces triiodothyronine (T3) and thyroxine (T4), both of which are stimulated by thyroid-stimulating hormone from the anterior pituitary gland secondary to release of thyrotropin-releasing hormone from the hypothalamus (Shahid and Sharma, 2019). The release of T3 and T4 from the thyroid gland is influenced by growth factors and modulated by sex steroids in females (Dunger et al., 1990). During puberty T3 increases, peaking during stage II, while T4 decreases at the onset of puberty and continues to decrease before leveling off after stage IV (Dunger et al., 1990; Elmlinger et al., 2001; Figure 4). The decrease in T4 is likely a result of its conversion into T3 in the periphery, as T3 is the more active, bioavailable form of thyroid hormone (Jørgensen et al., 1994). These hormones act to increase and regulate basal metabolic rate, as well as to increase heart rate, cardiac output, and ventilation, with decreases in peripheral resistance (Shahid and Sharma, 2019). Additional effects on the central nervous system and skeleton are crucial to normal development and growth (Shahid and Sharma, 2019).


Thyroid Hormones Act as Vasodilators While Increasing Heart Rate to Preserve Blood Pressure

Higher levels of thyroid hormones increase metabolism and heat production stimulating hypothalamic reflex responses (Thomas, 1957). These hypothalamic responses initiate vasodilation of arterioles, largely in the skin, to increase blood flow and dissipate heat, while simultaneously increasing heart rate and stroke volume to maintain a constant blood pressure (Thomas, 1957). T3 enhances endothelium-dependent relaxation through a cyclic adenosine monophosphate-mediated increase in endothelium-derived hyperpolarizing factor (EDHF), as well as through NO-mediated relaxation via up-regulation of eNOS (Büssemaker et al., 2003). EDHF prevents calcium influx through voltage-gated calcium channels, inhibiting contraction of vascular smooth muscle. T4 directly inhibits vascular contraction by inhibiting calcium/calmodulin-related regulatory mechanisms (Ishikawa et al., 1989). Cerebral blood flow remains unchanged during increases in thyroid hormones (Thomas, 1957).



Cortisol

Baseline cortisol levels increase during puberty, peaking at stage IV/V in females (Stroud et al., 2011; Figure 4). Cortisol is released by the adrenal gland following stimulation by adrenocorticotropic hormone, which is produced by the anterior pituitary (Lee et al., 2015). Cortisol binds to cortisol receptors and plays a role in maintaining blood glucose levels, central nervous system function, and cardiovascular function during fasting (Lee et al., 2015). Cortisol increases blood glucose levels during stress at the expense of muscle protein and one of its most important functions is to protect the body against self-injurious inflammatory and immune responses (Lee et al., 2015).


Cortisol Increases Plasma Volume and Increases Blood Pressure

Acute increases in cortisol levels blunt autonomic reactivity by suppressing the early effects of catecholamines in the brain (Teixeira et al., 2015), with subsequent decreases in arterial vasoconstriction (Theodorakis et al., 1998). However, chronic elevations in cortisol induce hypertension, independent of changes in sympathetic nervous system activity, likely mediated via increases in plasma volume, extracellular fluid and exchangeable sodium (Theodorakis et al., 1998).



Leptin

Leptin levels increase with the onset of puberty, but remain fairly steady following this initial rise until a late surge starting at stage IV in females (Ahmed et al., 1999; Figure 4). Leptin is secreted by adipocytes and is hypothesized to act on specific receptors at the level of the hypothalamus to regulate appetite, energy expenditure, the neuroendocrine axis, and weight (Ahmed et al., 1999). Differential changes in body composition between males and females during puberty are affected by the sexual dimorphism of leptin levels during this period (Ahmed et al., 1999). In females, leptin increases throughout puberty, with a prominent surge during stage IV–V, to reach adult concentrations, while in males it increases only transiently with the onset of puberty (Kelsey and Zeitler, 2016).


Leptin Activates the Sympathetic Nervous System and Increases Insulin Sensitivity

Leptin activates the sympathetic nervous system through hypothalamic mechanisms that are mediated by neuropeptide systems, including the melanocortin system and corticotropin-releasing hormone (Muniyappa et al., 2007). With increases in sympathetic activity, increases in heart rate and vasoconstriction are expected, particularly at stage V, when leptin levels peak. Leptin also increases insulin sensitivity which helps to prevent abnormally high levels of circulating insulin, and somewhat counteracts the role of GH in inducing insulin-resistance (Muniyappa et al., 2007). Higher leptin levels are also associated with impaired heart rate variability (a sign of autonomic dysfunction). In particular, increased low frequency heart rate variability, and an increased ratio of low to high frequency heart rate variability have been reported, suggesting that increased leptin levels may result in an autonomic imbalance with a sympathetic predominance in young females during puberty (Van De Wielle and Michels, 2017).



Melatonin

In the early stages of female puberty (I and II) melatonin secretion significantly decreases, with further successive decreases in the later stages (Murcia et al., 2002; Crowley et al., 2012; Figure 4). Melatonin is a lipophilic endocrine hormone that is synthesized in the pineal gland (Murcia et al., 2002). Melatonin secretion is largely regulated by light and dark information received by the suprachiasmatic nucleus from retinal photosensitive ganglionic cells (Murcia et al., 2002). It is secreted in a circadian pattern, with the greatest secretions occurring at night (Murcia et al., 2002), and functions in many regulatory processes including biological rhythms, metabolism, intestinal reflexes, and protection against inflammation (Chen et al., 2011).


Melatonin Inhibits Estrogen Receptor-Mediated Transcription

Melatonin interferes with E2 signaling by impairing estrogen receptor pathways via specific inhibition of E2-induced estrogen receptor alpha (ERα) mediated transcription of both estrogen response element and activator protein 1 containing promoters (Del Río et al., 2004). By reducing the transcription of one of the main estrogen receptors, ERα, the effects of estrogen are reduced. As melatonin levels decrease as puberty progresses, while estrogen increases, there is an inverse relationship between melatonin and estrogen. Thus, the inhibitory effect of melatonin on estrogen signaling is probably relatively minor during puberty.



Kisspeptin and Gonadotropin Inhibiting Hormone

Increases in kisspeptin levels and decreases in GnIH levels are thought to contribute to the initiation of puberty (Figure 3). However, data on kisspeptin and GnIH levels throughout the phases of puberty, as well as any potential impact on cardiovascular responses or susceptibility to syncope are currently lacking.



PUBERTAL HORMONES AS POTENTIAL CONTRIBUTORS TO VASOVAGAL SYNCOPE AND POSTURAL ORTHOSTATIC TACHYCARDIA SYNDROME

There are numerous factors known to increase susceptibility to syncope. One key contributor is excessive vasodilatation and/or impaired vasoconstrictor responses, often associated with hypotension and blunted sympathetic outflow (Brown and Hainsworth, 2000; Bush et al., 2000). In addition, hypocapnia and cerebral hypoperfusion (Claydon and Hainsworth, 2003; Norcliffe-Kaufmann et al., 2007), hypovolemia (Cooper and Hainsworth, 2008), excessive tachycardia (Sandroni et al., 1999), or impaired baroreflex responses (Cooper and Hainsworth, 2002; Gulli et al., 2005a), will all impair orthostatic cardiovascular control. The potential impact of female pubertal hormones on these predisposing factors is summarized in Table 4.


TABLE 4. Impact of pubertal hormones on factors that predispose to syncope events.

[image: Table 4]The implications for these hormones as possible contributors to VVS and POTS can be considered based on the impact each has on cardiovascular control (Table 4), and the timing of their changes over the duration of puberty (Apter, 1980; Burger et al., 1988; Wennink et al., 1990; Rose et al., 1991; Ahmed et al., 1999; Elmlinger et al., 2001; Moran et al., 2002; Stroud et al., 2011; Crowley et al., 2012; Figure 4). Hormones promoting vasodilatation may exacerbate the inappropriate reductions in blood pressure that occur during VVS or the impaired vasoconstriction in POTS, placing increased reliance on orthostatic tachycardia for maintenance of blood pressure (Figures 5, 6). Thyroid hormones, GH and IGF-1 largely act as vasodilators through their involvement with the NO pathway. Along with releasing NO and hydrogen sulfide, another vasodilator, E2 also promotes hyperpolarization in vascular smooth muscle, and decreases renal renin release with subsequent reductions in angiotensin-mediated vasoconstriction, culminating in a potent vasodilatory influence. Baseline blood pressures increase during puberty, but to a lesser degree in females than in males, suggesting that the vasodilatory actions of female pubertal hormones promote lower blood pressures in females, with an associated susceptibility to further orthostatic blood pressure decrements (Shankar et al., 2005). The differential influence of insulin in the presence of sympathetic stimulation may account for the abnormal blood perfusion and splanchnic pooling as a proposed mechanism of VVS and POTS (Figures 5, 6). In the presence of high insulin and sympathetic activity, as seen with standing, distal vessels vasodilate while proximal vessels constrict, likely increasing blood flow to distal extremities while decreasing flow to the central regions of the body. This effect would predominate during stage III when insulin levels peak. Similarly, different organs in the body respond differently to the vasodilatory effects of thyroid hormones, and this may also promote splanchnic pooling (Figures 5, 6). The presence of hypovolemia in POTS and VVS patients may be exacerbated by E2 as it acts to decrease renin concentrations with consequent decreases in blood volume mediated via the renin-angiotensin-aldosterone pathway. High levels of E2 and progesterone may promote hypocapnia and associated reductions in cerebral blood flow, increasing susceptibility to further cerebral compromise during orthostatic stress. While these hormones can account for some of the similar predisposing factors and symptoms of VVS and POTS, hormones that may contribute to the different profiles of VVS and POTS should further be considered.
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FIGURE 5. Potential mechanisms by which pubertal hormones exacerbate susceptibility to vasovagal syncope (VVS). The normal cardiovascular response to orthostatic stress is shown (black text). In patients with VVS, hypovolemia and excessive venous pooling, particularly in the splanchnic vascular bed, combine to produce particularly large orthostatic reductions in stroke volume and cardiac output. Impaired baroreflex responses, and blunted orthostatic increases in vascular resistance and vascular capacitance fail to appropriately compensate, and ultimately blood pressure and cardiac output fall dramatically, with cerebral hypoperfusion and subsequent presyncope or syncope. Impairments in cerebral autoregulatory control and excessive reductions in cerebral blood flow in response to the hypocapnia during orthostasis further contribute to the decline in cerebral perfusion (blue text). Hormones that potentially exacerbate the impaired cardiovascular responses to orthostatic stress in patients with VVS are indicated (orange text). GH, growth hormone; IGF-1, insulin-like growth factor-1.
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FIGURE 6. Potential mechanisms by which pubertal hormones exacerbate susceptibility to the Postural Orthostatic Tachycardia Syndrome (POTS). The normal cardiovascular response to orthostatic stress is shown (black text). In patients with POTS, excessive venous pooling, particularly in the splanchnic vascular bed, contributes to particularly large orthostatic reductions in stroke volume and cardiac output. In those with hyperadrenergic POTS1 central sympathetic outflow is excessive. In those with hypovolemic POTS2, plasma volume is low exacerbating the impact of the orthostatic venous pooling. Patients with neuropathic POTS have impaired vasoconstrictor responses with compensatory tachycardia3. Those with noradrenaline transporter deficiency have a primary orthostatic tachycardia4. The common feature of all subtypes is excessive tachycardia (either primary tachycardia or secondary tachycardia to compensate for other impairments) with low venous return and stroke volume during orthostasis, reduced time for diastolic filling, and consequently low cardiac output. Cerebral perfusion is compromised and symptoms of presyncope are common. Impaired orthostatic increases in vascular resistance and vascular capacitance exacerbate the orthostatic tachycardia. Some patients with POTS are reported to have decreased cardiac mass, with low stroke volume, that also facilitates orthostatic tachycardia. Impairments in cerebral autoregulatory control and excessive reductions in cerebral blood flow in response to the hypocapnia during orthostasis further contribute to the decline in cerebral perfusion (blue text). Hormones that potentially exacerbate the impaired cardiovascular responses to orthostatic stress in patients with POTS are indicated (orange text). Leptin, insulin and thyroid hormones may exacerbate orthostatic tachycardia. GH, growth hormone; IGF-1, insulin-like growth factor-1.


The effects of these hormones on the ANS may be more prominent in some individuals, leading to a greater predisposition to POTS or VVS. As cortisol levels have been shown to increase during vasovagal reactions in patients with VVS (Stroud et al., 2011), peak levels of cortisol during stage IV/V may play a role in the manifestation of VVS. Progesterone may also be a contributor to VVS by blunting sympathetic outflow, and impairing baroreflex responses, exhibiting its greatest effects during stages IV–V, when progesterone is at its highest (Figure 5).

Central hyperadrenergic POTS and the abnormal heart rate increases in POTS patients could be exacerbated by hormones involved in increasing sympathetic activity and elevating norepinephrine levels (Figure 6). Both insulin and leptin have the ability to increase sympathetic activity and stimulate catecholamine release, and increases in leptin and insulin are associated with increases in heart rate. Insulin and leptin peak during puberty in stages III and V, respectively, and might be hypothesized to exacerbate orthostatic tachycardia at these times. Thyroid hormones also play a role in increasing heart rate to maintain blood pressure – with key rises in T3 during pubertal stage II.

While it is certainly not possible to imply causality between these pubertal hormone changes and disorders of orthostatic tolerance in adolescents, the coincidental timing of these profound hormonal changes – many of which have marked cardiovascular effects - and the timing of onset of VVS and POTS, together with the observation that many youth “grow out” of their symptoms (Kizilbash et al., 2014), is suggestive of a link between pubertal hormone changes and susceptibility to syncope in females. Certainly, orthostatic tolerance increases in women as they age, and is highest in postmenopausal women (Protheroe et al., 2013). It is conceivable that pubertal increases in these hormones, many of which have secondary actions to promote vasodilatation, impair vasoconstriction, decrease blood volume, promote hypocapnia and cerebral hypoperfusion, and contribute to excessive tachycardia, unmask a susceptibility to disorders of orthostatic intolerance in girls with a previously unknown predisposition to poor orthostatic tolerance. Further insight into the role of female sex hormones in susceptibility to VVS and POTS can also be gleaned from a case series in which fifteen women (including six adolescents) with refractory VVS/POTS experienced symptomatic benefit with complete resolution, or a marked reduction in the frequency, of orthostatic symptoms following ovarian hormone therapy (Boehm et al., 1997).



CONCLUSION

Hormone changes during puberty have the potential to impact cardiovascular autonomic control and as such may play a role in predisposing adolescent females to autonomic dysfunction, including disorders of orthostatic intolerance such as POTS and VVS. The peak incidence of VVS and POTS in young women occurs at approximately 10–15 years of age, a time where many hormones involved in puberty, capable of predisposing to disorders of orthostatic intolerance, are at peak levels. These pubertal hormones can act to promote vasodilatation, impair vasoconstriction, decrease plasma volume, promote hypocapnia and cerebral hypoperfusion, and contribute to excessive tachycardia. Additional research is necessary to examine the potential role that puberty, and in particular the hormonal changes that accompany it, may have in predisposing young females to orthostatic intolerance and autonomic dysfunction during their pubertal years.
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Introduction: Accumulated evidence indicates that obesity is associated with enhanced sympathetic activation. Hypothalamic leptin-mediated signaling may contribute to the exaggerated sympathoexcitation of obesity. The goal of this study was to investigate the “neuron–astrocyte” interaction affecting leptin-mediated sympathoexcitation within the arcuate nucleus (ARCN) of the hypothalamus in obese rats.

Methods and Results: Obesity was induced by high-fat diet (HFD, 42% of calories from fat) in Sprague Dawley rats. Twelve weeks of HFD produced hyperleptinemia, hyperlipidemia, and insulin resistance. In anesthetized rats, microinjections of leptin into the ARCN induced increases in heart rate (HR), renal sympathetic nerve activity (RSNA), and mean arterial pressure (MAP) in both control and HFD rats. However, microinjections of leptin in HFD rats elicited higher responses of RSNA and arterial pressure than control-fed rats. It also caused the inhibition of astrocytes within the ARCN using an astrocytic metabolic inhibitor, fluorocitrate, and reduced leptin-induced sympathetic activity and blood pressure responses. Moreover, the expression of the leptin receptor in the ARCN of HFD-fed rats was significantly increased compared to rats fed a control diet. Immunohistochemistry analysis revealed leptin receptor localization from both neurons and astrocytes of the ARCN. HFD rats exhibited increased protein expression of glial fibrillary acidic protein (GFAP) in the ARCN. We also found that the expression of astrocyte-specific glutamate transporters and excitatory amino acid transporter 1 (EAAT1) and 2 (EAAT2) were decreased within the ARCN of the HFD rats. In cultured astrocytic C6 cells, 24 h of leptin treatment increased the protein expression of GFAP and reduced the expression of EAAT1 and EAAT2.

Conclusion: The results suggest that central leptin signaling occurs via neuron-astrocyte interactions in the ARCN and contributing to the exaggerated sympathoexcitation observed in obese rats. The effects may be mediated by the action of leptin on regulating astrocytic glutamate transporters within the ARCN of the hypothalamus.
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INTRODUCTION

Accumulated evidence indicates that obesity is associated with enhanced sympathetic activation (Kalil and Haynes, 2012; Head et al., 2014; Vaneckova et al., 2014; Hall et al., 2019). Chronic sympathetic activation increases cardiovascular risks, such as heart failure, hypertension, arrhythmia, atherosclerosis, and subsequent mortality in obesity (Corry and Tuck, 1999; Balasubramanian et al., 2019). The central nervous system plays a critical role in integrating peripheral afferent signals to regulate sympathetic outflow and cardiovascular function (Prior et al., 2010; Ward et al., 2011). The levels of circulating leptin have been found to be elevated in the obese condition and therefore may be related to the onset and maintenance of a hyper-sympathetic state during obesity (Bell and Rahmouni, 2016). Central leptin administration increases renal sympathetic nerve activity (RSNA), arterial pressure, and heart rate (HR) in conscious animals (Matsumura et al., 2000). The precise central mechanisms linking obesity with sympathetic overactivation are not entirely understood.

Leptin is an adipose-derived hormone that links to sympathetic activation in obesity-related hypertension (Haynes et al., 1997; Lim et al., 2013; Hall et al., 2019). Importantly, leptin can cross the blood–brain barrier to interact with a leptin receptor (OBR) in the hypothalamic nuclei. Central leptin action mainly affects feeding, thermogenesis, and sympathetic activation of the kidneys, hind limbs, and adrenal glands (Rahmouni and Haynes, 2002). Leptin can exert pressor effects through its action at the hypothalamic nuclei–the arcuate nucleus (ARCN), paraventricular nucleus, and ventromedial hypothalamus–resulting in sympathetic activation in animals (Badoer and Ryan, 1999; Rahmouni and Morgan, 2007; Habeeballah et al., 2016). The OBR is widely expressed in all these hypothalamic nuclei (Ghamari-Langroudi et al., 2011). Thus far, the central hypothalamic leptin-mediated pathways have not been fully elucidated.

The hypothalamus, including the ARCN, is a heterogeneous area comprised of different types of cells, including neurons, astrocytes, oligodendrocytes, microglia, endothelial cells, and ependymal cells (Thaler et al., 2010). The function of astrocytes in the brain extends beyond providing structural and metabolic support to the neurons. Astrocytes can also affect neuronal activity in a variety of ways, including influencing the action of glutamate and other neurotransmitters (Gordon et al., 2009). Indeed, it has been recently revealed that astrocytes serve as active mediators of various complex central mechanisms (Pan et al., 2012; Marina et al., 2016). OBR has been found in both neurons and astrocytes in the hypothalamus (Hsuchou et al., 2009b) and is responsible for leptin-induced calcium signaling in astrocytes (Hsuchou et al., 2009a). Further, it has been shown that metabolic changes can alter OBR expression and astrocytic activity in obese mice (Hsuchou et al., 2009a). Pan et al. have reported that leptin actions on astrocytic cells played an essential role in affecting metabolism and neuronal activity in obesity (Pan et al., 2012). We, therefore, proposed that defining the role of astrocytes on leptin signaling would provide an understanding of the central mechanisms involved in the sympathetic over-activation exhibited during HFD-induced obesity.



MATERIALS AND METHODS

This protocol was approved by the Institutional Animal Care and Use Committee of the University of South Dakota and was conducted in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.


High Fat Diet-Induced Obese Rats

Male Sprague Dawley rats (130–150 g, age 6–7 weeks) were obtained from Envigo and housed in a room with a 12-h light-dark cycle with free access to water. Rats were fed with the HFD (TD 0.88137, 42% of calories are from fat, 42% of calories from carbohydrate, 15% of calories from protein, Harlan) (n = 30). Rats fed a standard diet served as non-HFD controls (n = 30). Body weight, food consumption and blood glucose were monitored weekly. The blood glucose sample was obtained by a nick on the tail and a small drop of blood was collected to measure blood glucose by a commercial handheld glucometer (Accu-Chek, Roche). Using blood samples collected from the tail vein, levels of plasma insulin, leptin (ALPCO, Salem, NH, United States), and angiotensin II (LifeSpan BioSciences, Seattle, WA, United States) were measured by commercial ELISA kits. A total of 33 plasma samples (16 from control and 17 from HFD rats) were tested. The absorbance was measured with a microplate reader at 450 nm (PerkinElmer, Waltham, MA, United States). The plasma triglyceride level was measured by a quantification kit (BioVision, Milpitas, CA, United States). The insulin sensitivity index was calculated as 1/[log (fasting insulin) + log (fasting glucose)].

Urinary norepinephrine excretion was measured as an index of overall sympathetic nerve activity. After 12 weeks of HFD, rats were placed in metabolic cages, and 24-h urine was collected, and urine volume was measured. Urinary norepinephrine concentration was measured using an ELISA kit (LifeSpan BioSciences) and calculated as urinary norepinephrine concentration multiplied by urine volume over a 24-h period.

Acute experiments and tissue collections were performed after 12 weeks of exposure to the HFD or control diet (18-week-old rats).



In vivo Electrophysiological Studies


General Surgery for the Recording of Renal Sympathetic Nerve Activity and Arterial Pressure

Rats were anesthetized with a cocktail of urethane (0.75–1.5 g/kg, i.p) and α-chloralose (140 mg/kg, i.p). Adequate depth of anesthesia was assessed by the absence of a corneal reflex and paw withdrawal response to a noxious pinch. The femoral vein was cannulated with PE20 tubing for administration of additional anesthesia and 0.9% saline. The femoral artery was cannulated and connected to the MacLab (ADInstruments, Colorado Springs, CO, United States) for a computer-based recording of arterial pressure and HR.

The left kidney was exposed through a retroperitoneal flank incision. A renal nerve bundle was isolated from fat and connective tissue. The nerve bundle was placed on a bipolar electrode and fixed with Wacker Silgel. The electrical signal was amplified with a Grass amplifier (gain, 10,000) with high- and low-frequency cutoffs of 1,000 and 100 Hz, respectively. The rectified output from the amplifier was displayed, using the PowerLab system to record and integrate the raw nerve discharge (full-wave rectified and integrated with a 0.5 s time constant) (Kleiber et al., 2008).

Basal nerve activity was determined at the beginning of the acute experiment. The background noise was determined by the RSNA recorded at the end of the experiment after a ganglionic blocker hexamethonium (30 mg/kg, iv) injection. The value of RSNA during the experiment was calculated by subtracting the background noise from the actual recorded value. The changes of RSNA were expressed as a percentage of the basal value of RSNA.



Microinjections Into the ARCN

An incision was made on the midline of the scalp. The coordinates of the ARCN were 2.3 mm posterior to the bregma, 0.5 mm lateral to the midline, and 9.6–9.9 mm ventral to the dura (Harlan et al., 2011; Kawabe et al., 2013). 30 min after the surgical procedure, a microsyringe needle (0.2 mm OD) was inserted into the ARCN for drug delivery. At the end of the experiment, blue dye (2% Chicago blue, 30 nL) was injected into the brain for histological verification.



Microinjection Experimental Protocols

Experiment 1: In the control and HFD groups (n = 8–9/group), leptin (R&D Systems, Minneapolis, MN, United States) (50, 100, and 200 ng in 50 nL yielding concentrations of 1, 2, and 4 mg/ml, respectively) (Rahmouni and Morgan, 2007; Shi et al., 2015) dissolved in the vehicle consisting of artificial cerebrospinal fluid was microinjected into the ARCN. The responses of RSNA, mean arterial pressure (MAP), and HR over the following 30 min were recorded. Microinjections into the ARCN with 50 nL of vehicle were also performed and recorded accordingly.

Experiment 2: In the separate groups of control and HFD rats (n = 8/group), astrocytic metabolic inhibitor fluorocitrate (20 mM, 1 nmol in 50 nL, MilliporeSigma) (Pan et al., 2011) dissolved in the artificial cerebrospinal fluid vehicle was pre-microinjected into the ARCN. A total of 30 min later, leptin (200 ng in 50 nL) was microinjected into the ARCN. The responses of RSNA, MAP, and HR over the next 30 min were recorded. Microinjections into the ARCN of the vehicle (50 nL) and, 30 min later, leptin (200 ng in 50 nL) were performed. The responses of RSNA, MAP, and HR were recorded.



Immunohistochemistry

Under deep anesthesia with isoflurane, rats were perfused through the left cardiac ventricle with heparinized saline followed by 4% paraformaldehyde. The brain was removed, post-fixed with paraformaldehyde, and then placed in 30% sucrose. Brain sections of the ARCN (each section 30 μm thick) were cut with a cryostat according to a stereotaxic atlas and preserved in cryoprotectant.

The floating brain sections (control and HFD, n = 4/group) were incubated with 10% normal donkey serum for 1 h and then incubated in the primary antibody against OBR, (anti-rabbit, 1:200∼500, Abcam, Cambridge, MA, United States) with neuronal marker NeuN, (anti-mouse, 1:500, MilliporeSigma, Burlington, MA, United States) or glial marker glial fibrillary acidic protein (GFAP) (anti-mouse, 1:500, MilliporeSigma) antibody overnight at 4°C. Negative control for dual labeling included the sections with NeuN or GFAP primary antibody only. OBR block peptide and OBR siRNA (Supplementary Figure 1) was used in the dual labeling staining to test the specificity of the OBR primary antibody. On the second day, the sections were incubated with Alexa Fluor 594 donkey anti-rabbit secondary antibody and Alexa Fluor 488 donkey anti-mouse secondary antibody (1:200, Jackson ImmunoResearch, West Grove, PA, United States) for 2 h. After washing, the sections were mounted on glass slides and cover slipped with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, United States). The images of OBR with NeuN or GFAP immunofluorescence, respectively, within the ARCN (sections from −2.3 to −2.8 mm to bregma) were viewed by a Leica fluorescence microscope and captured by a digital camera (Leica, Germany). Quantification of the intensity of OBR fluorescence in the ARCN area was done using NIH ImageJ software. Six sections of the ARCN were averaged for each rat. The number of GFAP immunoreactive (GFAP+) cells and the number of projections from GFAP+ cells were measured in five randomly chosen high-power (400X magnification) fields within the ARCN using ImageJ software.



Micropunch of the ARCN of the Hypothalamus for Protein Measurements

In the separate groups of control (n = 6) and HFD (n = 6), under deep anesthesia with isoflurane, rats were sacrificed, and brains were removed and frozen on dry ice. Serial coronal sections (100 μm/section) of the ARCN (total 15 sections, from −2.0 to −3.5 mm to bregma) were cut with a cryostat according to a stereotaxic atlas. The sections were bilaterally punched using the Palkovits and Brownstein technique (Palkovits and Brownstein, 1983). The punches were homogenized and placed in 100 μl of radioimmunoprecipitation assay (RIPA) buffer containing 1% protease inhibitor cocktail (Promega, Madison, WI, United States), and protein samples were stored at −80°C.



Western Blot Measurements

The total protein concentrations were measured with a bicinchoninic acid assay kit (Pierce, Rockford, IL, United States). Samples were adjusted to contain the same total protein concentrations. 4× loading buffer was added, and samples were loaded onto sodium dodecyl sulfate polyacrylamide electrophoresis gel, subjected to electrophoresis, and transferred to a polyvinylidene difluoride membrane (MilliporeSigma). Then, the membrane was incubated with primary antibody [rabbit anti-OBR (1:300, Abcam), mouse anti-GFAP (1:500, MilliporeSigma), rabbit anti-excitatory amino acid transporter 1 (EAAT1), rabbit anti-EAAT2, rabbit anti-vesicular glutamate transporter 2 (vGLUT2) (1:200, Cell Signaling, Danvers, MA, United States), or mouse anti-β-actin (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, United States)] overnight. After the incubation with secondary antibody conjugated with fluorescent dye (1:10000, Thermo Fisher Scientific), the membrane was visualized by the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE, United States). The intensity of the band was quantified using NIH ImageJ software. The protein expression was calculated as the ratio of the intensity of the protein to the intensity of β-actin.



In vitro Studies


GFAP Protein and Glutamate Transporter Levels in Response to Leptin in Astrocytes

Stock cultures of the astrocytic cell line C6 were purchased from American Type Culture Collection (ATCC CCL-107, Manassas, VA, United States). Cells were grown in 60 mm culture dishes in ATCC-formulated F-12K medium supplemented with 2.5% fetal bovine serum and 15% horse serum, and they were maintained at 37°C and 5% CO2 until 60–70% confluence before treatment with leptin. Cells were then maintained in the medium without serum for differentiation purposes. Subsequently, cells were treated with leptin at the concentration of 25–200 ng/ml or vehicle for 24 h. Each treatment was performed for four times (n = 4). Cultured cells prepared were subjected to immunohistochemistry study for GFAP and OBR staining, protein extraction procedure, and Western blot studies for GFAP, EAAT1, and EAAT2 protein measurements.



Statistical Analysis

All data are presented as Means ± SE. Statistical data analysis was performed with Graph Pad Prism 7 (GraphPad Software, La Jolla, CA, United States). For the dose response studies in the electrophysiological experiments and in vitro experiments, log dose-response linear analysis was used first to assess the dose-dependent responses. Values of P < 0.05 were considered as displaying a significant linear trend. Then factorial one-way or two-way analysis of variance (ANOVA) was used, followed by the Tukey post-test or Sidak’s post-test for multiple comparisons when appropriate, to assess the difference in response between doses and the differences between experimental groups. Other measurements were compared between the groups using two tailed unpaired Student’s t tests. P < 0.05 was considered statistically significant.



RESULTS


General Characteristics of Control and HFD Rats

General characteristics of control and HFD rats used in the experiments are summarized in Table 1. Twelve weeks of HFD increased animal body weight, retroperitoneal fat pad weight, and epididymal fat pad weight. The HFD rats also had increased brown adipose tissue weight. The levels of plasma leptin, insulin, and triglyceride were significantly higher in the HFD rats than in control rats. Although the plasma glucose levels were not significantly different between the groups, the HFD rats had a lower mean insulin sensitivity index. These data confirmed that 12 weeks of HFD induced hyperlipidemia, hyperleptinemia, hyperinsulinemia, and insulin resistance.


TABLE 1. General characteristics of control and HFD rats.

[image: Table 1]As can be seen in Table 1, the level of plasma angiotensin II was significantly elevated, while the basal RSNA and 24-h urinary norepinephrine levels were significantly increased in the HFD group, suggesting that overall sympathetic activity was elevated. The basal MAP was also significantly increased in the HFD rats compared to control rats. There was no significant difference in HR in the two groups.



Sympathetic Responses to Leptin Injections Into the ARCN of the HFD Rats

In anesthetized rats, microinjections of leptin (50, 100, and 200 ng) into the ARCN induced dose-dependent increases of RSNA [linear regression analysis, control: F(1,2) = 94.83, R2 = 0.979, P = 0.010; HFD: F(1,2) = 43.05, R2 = 0.956, P = 0.022], MAP [control: F(1,2) = 31.25, R2 = 0.940, P = 0.031; HFD: F(1,2) = 48.51, R2 = 0.960, P = 0.020], and HR [control: F(1,2) = 12.27, R2 = 0.890, P = 0.042; HFD: F(1,2) = 25.95, R2 = 0.929, P = 0.036] in both control and HFD rats (Figure 1). Leptin administration (200 ng) in the ARCN of HFD rats elicited significantly higher increases in RSNA and MAP (reaching RSNA: 46 ± 7%, ΔMAP: 35 ± 5 mmHg) compared with control rats (ΔRSNA: 29 ± 5%, ΔMAP: 22 ± 4 mmHg) [RSNA: F(7,7) = 5.656, P = 0.036; MAP: F(7,7) = 2.265, P = 0.034]. There was no significant difference in the increase in HR seen in control and HFD groups. Vehicle injections did not affect the sympathetic responses in either group.
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FIGURE 1. (A) Representative tracer of renal sympathetic nerve activity (RSNA), integrative RSNA (int.RSNA), mean arterial pressure (MAP), and heart rate (HR) responses to microinjection of leptin in the ARCN of the control and HFD rat. (B) Mean changes in RSNA, MAP, and HR to microinjection of leptin (50, 100, 200 ng) in the ARCN. ∗P < 0.05 vs. control group. aCSF: artificial cerebrospinal fluid.




Pre-inhibition of Astrocytes With Astrocytic Metabolic Inhibitor Fluorocitrate Reduced Leptin-Induced Sympathetic Responses in the ARCN

Inhibition of astrocytes in the ARCN with the astrocytic metabolic inhibitor fluorocitrate significantly inhibited leptin-induced increases of RSNA, MAP, and HR in the ARCN in both control and HFD rats (ΔRSNA: 12 ± 3% vs. 29 ± 5% in control, 15 ± 6% vs. 46 ± 7% in HFD; ΔMAP: 8 ± 2 mmHg vs. 22 ± 4 mmHg in control, 10 ± 3 mmHg vs. 35 ± 5 mmHg in HFD; ΔHR: 11 ± 3 bpm vs. 18 ± 2 bpm in control, 11 ± 8 bpm vs. 22 ± 3 bpm in HFD, P < 0.05) (Figure 2). The HFD rats had more reductions of RSNA, MAP, and HR responses to the leptin with fluorocitrate microinjections. Fluorocitrate itself did not affect RSNA, MAP, and HR responses in either group of rats (Figure 2).
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FIGURE 2. (A) Representative tracer of RSNA, int.RSNA, MAP, and HR responses to microinjection of leptin with fluorocitrate in the ARCN of the control and HFD rat. (B) Mean changes in RSNA, MAP, and HR to microinjection of leptin (200 ng) with and without fluorocitrate in the ARCN. # P < 0.05 vs. the leptin group without fluorocitrate. +P < 0.05 vs. the FC + leptin group. FC: fluorocitrate.




Increased Leptin Receptor (OBR) Expression in the ARCN of the HFD Rats

Immunohistochemistry staining confirmed the expression of OBR within the ARCN in control and HFD rats (Figure 3). The OBR immunofluorescent signal co-localized with neuronal marker NeuN (Figure 3A) as well as with glial cell marker GFAP (Figure 3B) within the ARCN. The immunofluorescent signal for OBR was found to be increased in the ARCN from rats fed on an HFD compared to control rats (P = 0.021, Figure 3C). In addition, Western blot analysis showed the HFD rats had a significantly higher protein level of OBR (ratio of intensity: 0.84 ± 0.08 vs. 0.39 ± 0.02, P < 0.001) in the ARCN compared to the controls (Figure 3D).
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FIGURE 3. (A) Immunofluorescent photomicrographs from the sections of the ARCN region stained for leptin receptor (OBR, in red), neuronal marker NueN (in green), and 4′,6-diamidino-2-phenylindole (DAPI, in blue) in a control and an HFD rat (X200). Amplified images are shown in the right panel. Arrow indicates the localization of OBR in the NeuN-labeled cell. (B) Immunofluorescent photomicrographs from the sections of the ARCN region stained for OBR (in red), glial marker glial fibrillary acidic protein (GFAP, in green), and DAPI (in blue) in a control and an HFD rat (X200). Amplified images are shown in the right panel. Arrow indicates the colocalization of OBR and GFAP. (C) Mean intensity of OBR staining signal in the ARCN of control and HFD rats. (D) Representative gel of OBR and mean protein expressions in the ARCN of control and HFD rats. ∗P < 0.05 vs. control group.




Increased Astrocyte Structural Protein (GFAP) Levels in the ARCN of the HFD Rats

Western blot analysis showed the HFD rats had a significantly higher protein level of GFAP (ratio of intensity: 0.97 ± 0.10 vs. 0.64 ± 0.06, P = 0.021) in the ARCN (Figure 4A). The morphology of GFAP+ cells in the ARCN of HFD rats was different from the controls (Figure 4B). Morphological analysis demonstrated that there were increases in the number of primary projections from GFAP+ cells in the ARCN of HFD rats (P = 0.021). However, there were no significant changes in the number of GFAP+ cells in the ARCN of HFD rats (P = 0.665, Figure 4B).
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FIGURE 4. (A) Representative gel of GFAP and mean protein expressions in the ARCN of control and HFD rats. (B) Immunofluorescent photomicrographs from the sections of the ARCN region stained for GFAP positive (GFAP+) cells in a control and an HFD rat (X400). Bottom panel shows the mean number of projects in GFAP+ cells and mean number of GFAP+ cells. ∗P < 0.05 vs. control group.




Altered Glutamate Transporter Levels in the ACRN of the HFD Rats

Western blot analysis showed the HFD rats had significantly lower protein levels of astrocyte-specific glutamate transporters, EAAT1 (ratio of intensity: 0.15 ± 0.03 vs. 0.34 ± 0.08, P = 0.026) and EAAT2 (ratio of intensity: 0.50 ± 0.06 vs. 0.86 ± 0.14, P = 0.031) in the ARCN (Figures 5A,B). There was no significant difference in the level of vGLUT2 protein (ratio of intensity: 0.74 ± 0.05 vs. 0.80 ± 0.08, P = 0.497) in the ARCN in the HFD rats (Figure 5C).
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FIGURE 5. Representative gel and mean protein expressions of (A) excitatory amino acid transporter 1 (EAAT1), (B) EAAT2, and (C) vesicular glutamate transporter 2 (vGLUT2) in the ARCN of the control and HFD rats. ∗P < 0.05 vs. control group.




GFAP Protein and Glutamate Transporter Levels in Response to Leptin in Astrocytes (in vitro Study)

Immunohistochemistry staining revealed GFAP staining was increased after 24 h of leptin treatment in the cultured astrocytic C6 cells (Figure 6A). Western blot analysis showed increased GFAP protein expression with leptin incubation (25–200 ng/ml) [linear regression analysis, F(1,3) = 9.455, R2 = 0.759, P = 0.05] increasing by 2.9 folds at a concentration of 200 ng/ml [F(3,3) = 4.334, P < 0.001] (Figure 6B). After 24 h, in vitro exposure to leptin (25–200 ng/ml) reduced EAAT1 protein expression [linear regression analysis, F(1,3) = 2.442, R2 = 0.449, P = 0.22], decreasing it by 38% at a concentration of 200 ng/ml [F(3,3) = 1.34, P = 0.016] (Figure 7A). In vitro exposure to leptin also reduced EAAT2 protein expression [linear regression analysis, F(1,3) = 5.066, R2 = 0.628, P = 0.11], decreasing it by 39% at a concentration of 200 ng/ml [F(3,3) = 2.014, P = 0.022] (Figure 7B) in the astrocytes. In vitro exposure of leptin had no significant effects on the EAAT1 and EAAT2 protein expression in a neuronal cell line CLU (Supplementary Figure 2).
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FIGURE 6. (A) Immunofluorescent photomicrographs from the cultured astrocytic C6 cells stained for GFAP (green), OBR (red), and DAPI (blue) with/without leptin treatment. Bar = 50 μm. (B). Representative gel and mean protein expressions of GFAP in the C6 cells with leptin treatment. ∗P < 0.05 vs. control without leptin treatment.
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FIGURE 7. Representative gel and mean protein expressions of panels (A) EAAT1 and (B) EAAT2 in the astrocytic C6 cells with leptin treatment. ∗P < 0.05 vs. control without leptin treatment.




Brain Histology

Supplementary Figure 3 depicts the brain histological verifications for the injection sites. There was a total of 38 injections within the ARCN area. Among them, 19 injection sites belonged to control group rats, and 19 injection sites belonged to the HFD rats. There were five injections that missed the ARCN area. Data from these five missed injections was excluded from the analysis.



DISCUSSION

In the HFD obese rat model used in this study, we observed the elevation of 24-h urinary norepinephrine excretion, which suggests an increased overall sympathetic tone in this HFD rat model. Twelve weeks of HFD also produced hyperleptinemia, hyperlipidemia, hyperinsulinemia, and insulin resistance in the rats. Hyperleptinemia, as well as higher levels of insulin and angiotensin II, have been reported to be associated with sympathoexcitation in obese conditions (Hilzendeger et al., 2012; Xue et al., 2016; Hall et al., 2019). The role of leptin in activating the sympathetic drive through the central nervous system has been highlighted in many reviews (Kalil and Haynes, 2012; Mark, 2013; Head et al., 2014). The present study confirms the critical role of leptin in relation to the sympathetic over-activation in HFD obese rats.

Leptin, an adipokine, is able to elicit a myriad of physiologic effects including, but not limited to, sympathetic activation and blood pressure regulation. The ARCN in the hypothalamus has been shown as an important gateway for the actions of leptin signaling for controlling sympathetic activity (Dampney, 2011). In our animal studies, we observed that direct leptin administration into the ARCN increased RSNA, MAP, and HR. These results were consistent with our previous study and other reports that centrally administered leptin increased sympathetic nerve activity and blood pressure (Dunbar et al., 1997; Rahmouni and Morgan, 2007; Zheng et al., 2017). More importantly, we observed that OBR protein expression in the ARCN was upregulated in the HFD rats, indicating enhanced endogenous leptin signaling after HFD feeding. Further, our electrophysiological study functionally confirmed that central stimulation with leptin resulted in elevated sympathetic activation in obese rats. Taken together, these results suggest that the up-regulation of OBR and leptin signaling within the hypothalamus could be one possible mechanism for the enhanced leptin-mediated excitatory action on sympathetic outflow elemental to the obese condition.

The hypothalamus including the ARCN is comprised of different types of cells (Gordon et al., 2009). Our dual labeling immunohistochemistry staining showed that both neurons and astrocytes in the ARCN expressed OBR. Interestingly, in the HFD obese rats, the expression of OBR was increased in the ARCN. Furthermore, we found that the HFD rats had increased levels of astrocyte structural protein GFAP and an increased number of primary projection of GFAP+ cells in the ARCN. This is consistent with other previous reports that increased gliosis in the ARCN is related to the enhanced leptin signaling in obesity (Pan et al., 2012). HFD-induced weight gain also results in hypothalamic gliosis and changes in the glial coverage of neurons and vasculature (Horvath et al., 2010). Our data provides further evidence of the role of astrocyte involvement in the alteration of leptin signaling. This may contribute to the leptin-mediated sympathetic over-activation in the obese condition.

Astrocytes have recently emerged as an important constituent of central sympathetic activation mechanisms (Park et al., 2009; Guo et al., 2010). It is reported the astrocytes are potential cellular substrates of angiotensin (1–7), mediating effects on local metabolism and microcirculation in the rostral ventrolateral medulla, resulting in changes in the activity of pre-sympathetic neurons and blood pressure (Guo et al., 2010). Astrocytic GABA transporters have been shown to regulate tonic GABA inhibitory function, pre-sympathetic neuronal activity, and sympathetic outflow from the paraventricular nucleus (Park et al., 2009). Indeed, in our functional study, we observed that metabolic inhibition of astrocytes significantly reduced leptin-induced RSNA, MAP, and HR. Particularly in the HFD rats, there were further reductions of RSNA, MAP, and HR after astrocytic inhibition. As described, rats in our experiments were pre-inhibited with the gliotoxin fluorocitrate, a metabolic inhibitor of reactive astrocytes. Fluorocitrate has been effectively used in vivo and in vitro to study the effects of astrocyte function on particular signaling pathways (Fonnum et al., 1997; Gordon et al., 2005). In the brain, fluorocitrate is selectively taken up by the astrocytes, blocking the activity of the enzyme aconitase, and leading to depletion of ATP stores. We did not expect fluorocitrate to produce precise changes to astrocyte remodeling. However, we anticipated that using fluorocitrate would provide a useful approach to determine the effects of altered astrocytic function in the central nervous system. In the study, the injection of fluorocitrate per se into the ARCN had no significant effects on sympathetic activity and blood pressure. This may support evidence that fluorocitrate does not cause significant direct effects on the excitability of neurons in the ARCN. However, further evidence needs to be provided by a direct neuronal activity recording from the ARCN.

Astrocytes participate in neuroendocrine function partially through the modulation of synaptic input density in the hypothalamus (Garcia-Caceres et al., 2011). Leptin modulates synaptic input in the hypothalamus, but whether astrocytes participate in this action is not fully known. It is reported that chronic leptin exposure increases astrocytic activation in the hypothalamus (Garcia-Caceres et al., 2011). Some studies have indicated astrocytic activity may modulate neuronal uptake and leptin signaling in obese mice (Hsuchou et al., 2009a). In the central nervous system, astrocytes participate in the control of obesity by the upregulation of their associated OBRs. Progression of obesity may be associated with a shift of the neuronal predominant expression pattern to an astrocytic preference in mice (Pan et al., 2008). In the HFD rats, we observed that astrocyte structural protein GFAP was increased and that there were morphologic changes in astrocytes in the ARCN, suggesting astrocytes may play an important role in the pathology of obesity.

Glutamate, the excitatory amino acid, plays a central role in astrocyte–neuronal interactions (Simard and Nedergaard, 2004) and contributes to sympathetic activation (Li et al., 2003, 2008). Glutamate is cleared from the neuronal synapses by astrocytes via glutamate transporters, and it is then converted into glutamine, which is released and taken up by neurons (Simard and Nedergaard, 2004). Excitatory amino acid transporters, EAAT1 and EAAT2, are the major glutamate transporters; they are expressed predominantly in astrocytic cells and are responsible for glutamate uptake (Kim et al., 2011). EAATs are responsible for regulating glutamate concentration in the synaptic cleft. When the astrocyte-mediated clearance of glutamate from the extracellular space is altered, it may cause an increased concentration of the excitatory amino acid in the extracellular space (Carney et al., 2014). Dysfunction of EAAT and accumulation of excessive extracellular glutamate has been implicated in the development of several neurodegenerative diseases (Kim et al., 2011; Zhang et al., 2016). In the present study, we observed reduced EAAT1 and EAAT2 expression in the ARCN when the rats were chronically exposed to the HFD. Additionally, our in vitro study showed that the expression of both EAAT1 and EAAT2 was downregulated by leptin stimulation in the cultured astrocytes. These results suggest that astrocytes play important roles in the relationship of leptin signaling within the ARCN. We propose that these important roles may be due to the effects of EAATs on astrocytic glutamate uptake. Therefore, in obese rats, reduced efficacy of EAATs in the astrocytes may result in increased sympathetic activation of leptin signaling from the ARCN. It is noted that Cano et al. (2014) reported astrocytes from HFD mice showed longer and less abundant projections accompanied by the upregulation of both glutamate transporter 1 and astrocyte glutamate transporter in the area of the hippocampus (Cano et al., 2014). The differential responses of astrocytes from the hypothalamus and outside the hypothalamus may be due to their origin in a specific brain area.

In the central nervous system, leptin has shown to exert its effects on sympathetic activity and blood pressure through a number of mediators, including glutamate (Ghamari-Langroudi et al., 2011). Both leptin and glutamate are important neuromodulators in the central nervous system. A higher glutamatergic tone also has been shown in several hyper-sympathetic disease conditions, such as chronic heart failure, hypertension, and diabetes (Luo et al., 2002; Li et al., 2003, 2008). Previously, we have reported that central leptin–glutamate signaling interactions contributed to sympathetic activation (Zheng et al., 2017). The present study provides evidence that, in the obese condition, there are alterations in the astrocytic glutamate transporter expression in the ARCN. Furthermore, the in vitro study indicates that leptin directly inhibits the expression of EAATs, suggesting an important role for the involvement of leptin–glutamate signaling in the obese condition.



CONCLUSION

These studies provide evidence that, within the hypothalamic nuclei, leptin signaling via neuron–astrocyte interactions in the ARCN may contribute to the exaggerated sympathoexcitation observed in HFD obese rats. The effects are potentially mediated by the actions of leptin on the regulation of astrocytic glutamate transporters within the ARCN of the hypothalamus.
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Cutaneous Aβ-Non-nociceptive, but Not C-Nociceptive, Dorsal Root Ganglion Neurons Exhibit Spontaneous Activity in the Streptozotocin Rat Model of Painful Diabetic Neuropathy in vivo
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Diabetic peripheral neuropathic pain (DPNP) is the most devastating complication of diabetes mellitus. Unfortunately, successful therapy for DPNP remains a challenge because its pathogenesis is still elusive. However, DPNP is believed to be due partly to abnormal hyperexcitability of dorsal root ganglion (DRG) neurons, but the relative contributions of specific functional subtypes remain largely unknown. Here, using the strepotozotocin (STZ) rat model of DPNP induced by a STZ injection (60 mg/kg, i.p), and intracellular recordings of action potentials (APs) from DRG neurons in anesthetized rats, we examined electrophysiological changes in C-and Aβ-nociceptive and Aβ-low threshold mechanoreceptive (LTM) neurons that may contribute to DPNP. Compared with control, we found in STZ-rats with established pain hypersensitivity (5 weeks post-STZ) several significant changes including: (a) A 23% increase in the incidence of spontaneous activity (SA) in Aβ-LTMs (but not C-mechanosensitive nociceptors) that may cause dysesthesias/paresthesia suffered by DPNP patients, (b) membrane hyperpolarization and a ∼85% reduction in SA rate in Aβ-LTMs by Kv7 channel activation with retigabine (6 mg/kg, i.v.) suggesting that Kv7/M channels may be involved in mechanisms of SA generation in Aβ-LTMs, (c) decreases in AP duration and in duration and amplitude of afterhyperpolarization (AHP) in C-and/or Aβ-nociceptors. These faster AP and AHP kinetics may lead to repetitive firing and an increase in afferent input to the CNS and thereby contribute to DPNP development, and (d) a decrease in the electrical thresholds of Aβ-nociceptors that may contribute to their sensitization, and thus to the resulting hypersensitivity associated with DPNP.

Keywords: action potential, diabetic neuropathy, nociception, primary sensory neurons, K+ channels


INTRODUCTION

Diabetic peripheral neuropathic pain (DPNP) is the most debilitating complication of diabetes mellitus with up to 50% of people with diabetic neuropathy (DN) having some degree of PNP (e.g., Lee-Kubli and Calcutt, 2014). Patients with DPNP usually experience a range of unpleasant positive symptoms such as spontaneous/ongoing pain, mechanical and cold hypersensitivity and dysesthesias/paresthesias, as well as negative symptoms notably heat hypoalgesia (e.g., Schreiber et al., 2015). Successful therapy for DPNP remains a challenge because currently available drugs have either limited efficacy and/or adverse side effects. Despite its high prevalence and clinical importance, the pathophysiology of DPNP is still illusive. However, several mechanisms have been implicated in its pathogenesis including mechanisms that involve structural changes in the peripheral nervous system (Polydefkis et al., 2004; Shun et al., 2004), and functional changes such as abnormal hyperexcitability of dorsal root ganglion (DRG) and CNS neurons (see (Baron et al., 2010)). Like other models of PNP, the hypersensitivity and/or ongoing pain associated with DPNP are likely to result from changes in excitability of the primary afferent neurons (Burchiel et al., 1985; Hong et al., 2004; Jagodic et al., 2007; Serra et al., 2012). Several animal studies using rodent models of DPNP have shown that both C- and A-fiber DRG neurons exhibit aberrant spontaneous activity (SA), the key characteristic of neuronal hyperexcitability (Burchiel et al., 1985; Ahlgren et al., 1992; Chen and Levine, 2001; Khan et al., 2002). While these studies suggest that both A-and C-fiber afferent fibers are involved in DPNP pathogenesis, the relative contributions of specific functional afferent subtypes that are likely to mediate different aspects of DPNP remain unknown. Indeed, little is known about the sensory receptive properties (sensory modality) of the afferent neurons involved in development and/or maintenance DPNP pathogenesis.

The primary aim of this in vivo study was to examine in the streptozotocin (STZ) rat model of DPNP electrophysiological changes in physiologically identified C- and A-fiber DRG neurons that might contribute to their hyperexcitability, and thereby to DPNP development. We found (5 weeks post-STZ) several significant changes in both nociceptive and non-nociceptive DRG neurons in STZ rats. These include SA in A/β-LTMs (but not in C-mechanosensitive nociceptors) that may cause dysesthesias/paresthesias experienced by many patients with DPNP. Interestingly, we also found that activation of Kv7 channels with retigabine caused membrane hyperpolarization and marked suppression of the SA in Aα/β-LTMs suggesting that these channels may be involved in mechanisms of SA generation in this subtype of Aβ-LTMs. It should be note that a decrease in expression or a change in activation properties of Kv7 channels that underlie the M current that normally acts as a “dynamic brake” on repetitive action potential discharges (see Brown and Passmore, 2009) could result in membrane depolarization, and render neurons more prone to action potential firing.



METHODS


The Animal Model of DPNP and in vivo Preparation

Male Sprague–Dawley rats (250–300 g) were used in the present study. They were housed in groups of 4 per cage, in a room (with room temperature maintained between 21 and 24°C) in the animal house of Liverpool University (UK), under standard laboratory conditions with 12-h light\dark cycles. The experimental protocols were approved by the University of Liverpool Ethical review committee, and complied throughout with the UK Animals (Scientific Procedures) Act 1986. The terminal surgery and recordings were conducted under deep anesthesia (sodium pentobarbitone 60 mg/kg i.p.). At the end of experiments, animals were humanely killed with an overdose of sodium pentobarbitone. We used the STZ rat model of DPNP that involves a single injection of STZ (60 mg/kg, i.p.) after an overnight fast to reduce competition between glucose and STZ for uptake into pancreatic β-cells as reported previously (see Djouhri et al., 2019). It is noteworthy that hypoinsulinemia and hyperglycemia caused by STZ is due to its cytotoxicity to pancreatic β cells. The STZ model (model of type 1 diabetes) is more commonly used than other models of DPNP because of its low cost, rapid induction, greater stability and relative lack of toxicity to other organs (Skovso, 2014). More imoprtantly, the STZ model is known to exhibit long lasting behavioral signs of DPNP including mechanical and heat hypersensitivity (see Djouhri et al., 2019 and section “Discussion”).



Pain Behavioral Testing

Pain behavioral testing was conducted on 10 STZ rats by an experimenter blind to the various treatment animal groups as reported recently (Djouhri et al., 2019). Briefly, paw withdrawal threshold (PWT), paw withdrawal latency (PWL), and cold escape/nocifensive behavior, were assessed on the left hind paw of each STZ rat. Mechanical hypersensitivity was indicated by a significant decrease in the mean PWT, whereas heat hypersensitivity was indicated by a significant decrease in the mean PWL to a noxious heat. Cold hypersensitivity was assessed using a hot/cold plate analgesiometer (Ugo Basile, Milan, Italy) and a stop watch to record the duration (in seconds) of the escape/nocifensive behavior (licking, lifting, guarding, shaking or biting of the hind paw, or jumping) in a 2 min period in rats before and after STZ treatment. Cold hypersensitivity was indicated by a significant decrease in the duration of cold-evoked responses as reported previously (e.g., Orio et al., 2009). STZ rats were also assessed for the presence of spontaneous foot lifting (SFL), a behavioral sign of spontaneous/ongoing pain as described previously (Djouhri et al., 2019).



In vivo Electrophysiological Recordings

Intracellular recordings were made in deeply anesthetized STZ rats (n = 28) 5 weeks post-STZ or in control (vehicle treated) rats (n = 18 rats) of similar age/weight. General anesthesia was induced by sodium pentobarbitone (60 mg/kg. i.p.). The relatively large number of rats used is due to the low percentage (about 23%) of neurons with SA (see section “Results”). This means finding a spontaneously firing neuron requires 4 or more successful experiments with at least 4 neurons in each experiment. Full details of the animal preparation were as reported previously (Djouhri et al., 2018). Briefly, to allow artificial ventilation and monitoring of end-tidal CO2, a tracheotomy was performed. CO2 was maintained between 3 and 4% by adjusting the volume and rate of the respiratory pump. The left jugular vein and carotid artery were tabulated to enable, respectively, regular injections of additional doses of anesthetic (sodium pentobaribtone 10mg/kg) and monitoring of blood pressure (normally ∼80–100 mmHg). A laminectomy was performed from vertebrae L2-L6 as reported previously (Djouhri et al., 2018). Intracellular voltage recordings from somata of L4 or L5 DRG neurons were obtained using sharp glass microelectrodes filled with 3M or 1M KCl. Somatic action potentials (APs) were antidromically evoked by dorsal root stimulation with single rectangular pulses (0.03 ms duration for A-fiber neurons or 0.3 ms for C-fiber neurons). The electrical threshold (the minimum stimulus (in volts) applied to the dorsal root that evoked a somatic AP) was measured. The stimulus intensity (up to 25 V) was adjusted to twice threshold for A-fiber neurons and between 1 and 1.5 times threshold for C-fiber neurons. As reported previously (Djouhri et al., 2006), spontaneous firing/activity (SA) which is the ongoing firing in the absence of any known stimulus, was recoded (when present) before modality testing to avoid the search stimuli influencing such firing. In all neurons, the assessment period for SA was initially 2 min. The recording time was extended up to 5 min for neurons exhibiting SA during this initial observation period to calculate the rate of SA. SA rate was calculated by counting the number of action potentials during the recording period.



Conduction Velocity, Action Potential Recordings, and Selection Criteria

The conduction velocity (CV, m/s) of each neuron was calculated by dividing the conduction distance between the recording and stimulating sites by the latency to onset of the evoked AP. Neurons were classified according to their dorsal root CVs as C (≤ 0.8m/s), Aδ (1.5–6.5 m/s) or Aα/β (>6.5 m/s) (see Fang et al., 2002). These borderlines were relatively low, for reasons discussed previously including inclusion of utilization time (Djouhri and Lawson, 2001). As reported previously (e.g., Fang et al., 2002; Djouhri et al., 2018), APs were recorded online with a CED (Cambridge Electronics Design) 1401 plus interface and the spike II programs from CED and were subsequently analyzed offline using CED Spike II program. For each neuron, various variables were measured as described previously (see (Djouhri et al., 2012)). These include CV, resting membrane potential (Em), durations of AP at base, rise time (RT) and fall time (FT) as well as AP height and AP overshoot. AHP duration to 80% recovery (AHP80%) and AHP amplitude (between Em and maximum AHP depth). were also measured. Neurons were included in the analysis only if their Ems were equal to, or more negative, than −40 mV, and an AHP.



Sensory Receptive Properties

The sensory receptive properties of DRG neurons were identified using natural innocuous and noxious mechanical and thermal stimuli as described previously (Fang et al., 2005; Djouhri et al., 2018). Briefly, non-nociceptive neurons including low threshold mechanorecptive (LTMs) were those units that responded to non-noxious mechanical stimuli including light brushing of limb fur with a fine paint-brush, skin contact and light pressure with blunt objects. Only cutaneous Aβ-LTMs were included in the current study; they were classed as slowly adapting units or rapidly adapting units (see Fang et al., 2005; Djouhri et al., 2018). Slowly conducting C-, Aδ-fiber LTMs were not encountered in the present study. Nociceptive neurons were those that failed to respond to the non-noxious mechanical stimuli but responded either to noxious mechanical stimuli (applied with a needle, fine forceps or coarse toothed forceps) only, or to both noxious mechanical and noxious heat stimuli (hot water at 50–65°C applied with a syringe). These are referred to as C-mechano-sensitive nociceptors. C-mechano-insensitive nociceptors were not included in the present study.



Statistical Tests

The behavioral data are normally distributed (Shapiro–Wilk normality test) and are therefore presented as the mean ± SEM. Comparisons between values before and after STZ treatment were made with paired t-tests (Figure 1). Comparisons of percentage change were made using the Fisher exact test (Figure 2). Most of the electrophysiological data (not normally distributed) are presented as medians and compared with the nonparametric Mann–Whitney U test (Figures 3, 4). All tests were made using GraphPad Prism software, version 8 (GraphPad, San Diego, CA, United States), and were two-tailed. Values of P < 0.05 were considered significant. Statistical significance: ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.
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FIGURE 1. Behavioral signs of mechanical and heat hypersensitivity in STZ-diabetic rats. Data are presented as mean ± SEM. STZ treatment significantly decreased the mean paw withdrawal threshold (PWT) (A) and the mean paw withdrawal latency (PWL) (B) in STZ rats (n = 10) 5 weeks post-STZ. The decrease in both PWT and PWL was highly significant (P < 0.001) indicating that the STZ-treated rats developed mechanical and heat hypersensitivity. Comparisons are between values before STZ treatment (pre-STZ, open bars) and 5 weeks post-STZ (5W, black bars). Statistical tests were made with paired t-test. The level of statistical significance is: ∗∗∗P < 0.001.




RESULTS


STZ Rats Exhibit Behavioral Sings of Mechanical and Heat, but Not Cold, Hypersensitivity or Spontaneous Pain

We have previously shown that STZ-diabetic rats exhibit behavioral signs of mechanical and heat hypersensitivity, but not cold hypersensitivity or spontaneous/ongoing pain (Djouhri et al., 2019). To confirm that the STZ-rats on which the present electrophysiological experiments were conducted also show behavioral indices of DPNP, we assessed pain behaviors in 10 rats including 7 STZ-rats from which the spontaneously firing Aβ-LTMs were recorded (see below). Consistent with our previous study (Djouhri et al., 2019), we found 5 weeks post-STZ that all STZ-rats exhibited: (1) significant decreases in the mean PWT and PWL (P < 0.01) indicating that they developed behavioral signs of mechanical and heat hypersensitivity respectively (Figure 1), and (2) no behavioral signs of cold hypersensitivity or spontaneous/ongoing pain (data not shown).



In vivo Intracellular Voltage Recordings in Control and STZ Rats

In vivo intracellular voltage recordings were made from 125 physiologically identified DRG neurons that met the acceptance criteria defined in the methods. Only C-mechano-sensitive nociceptors, Aβ-nociceptors and cutaneous Aβ-LTMs were included in the present study. Other subtypes were either not included (e.g., Aα/β-muscle spindle afferent neurons) or not encountered including C-LTMs, C-cooling, Aδ-nociceptors and Aδ-LTMs. Of the 125 neurons recorded, 67 neurons (20 C-nociceptors, 20 Aβ-nociceptors, and 27 cutaneous Aβ-LTMs) were recorded from L4/L5 DRGs in control rats, and 58 neurons (15 C-nociceptors, 13 Aβ-nociceptors, and 30 cutaneous Aβ-LTMs) were recorded from STZ rats.



STZ Induces Spontaneous Firing in Aβ-Nociceptors and Aβ-LTMs but Not C-Mechanosensitive Nociceptors

None of control C-nociceptors (0/20), Aβ-nociceptors (0/20) or cutaneous Aβ-LTMs (0/27) exhibited spontaneous activity (SA). Of the STZ neurons, none of the C-nociceptors (0/15) fired spontaneously, but 23% (7/30) and 15% (2/13) of cutaneous Aβ-LTMs and Aβ-nociceptors showed SA, respectively (Figure 2). Figure 2 also shows example records of three typical Aβ-LTMs with SA. These neurons fired spontaneously at a rate of 0.15 Hz (Figure 2A), 0.53 Hz (Figure 2B), and 0.59 Hz (Figure 2C). As shown in Figure 2D the incidence of Aβ-LTMs, but not Aβ-nociceptors with SA is significant (P < 0.05 Fisher exact test). The median SA rate for the whole sample of Aβ-LTMs was 0.59 Hz (Figure 2E).


[image: image]

FIGURE 2. Effects of retigabine on spontaneous activity (SA) and membrane potential (Em) in Aβ-LTMs in STZ rats. Shown in panels (A–C) are example records of three typical spontaneously active Aβ-LTMs recorded from STZ rats before and 15 min after systemic administration of retigabine (6 mg/kg, i.v.). The left traces (A,B and C,B) are somatic APs evoked by dorsal root electrical stimulation and recorded intracellularly from these three Aβ-LTMs; the CV (m/s) of each neuron is given above the Ems shown by dotted lines. The middle traces in panels (A–C) are original records of these neurons firing spontaneously at different rates before retigabine administration (BRT). The traces on the right in panels (A–C) illustrate that 15 min after retigabine (ART), the SA rate of these neurons was reduced from 0.15 to 0.03 Hz, 0.53 to 0.22 Hz, and 0.59 to 0.05 Hz, respectively. Shown below the middle trace in panel (C) is part of the trace shown in panel (C) (in a box) on an expanded time scale (note different time scales). Panel (D) shows that the percentage of Aβ-LTMs with SA (but not Aβ-nociceptors) is significantly greater (Fisher exact test, P < 0.05) than that of control Aβ-LTMs. Panel (E) shows that the median SA rate (0.59 Hz) for the whole sample of Aβ-LTMs tested (n = 7) was significantly (P < 0.01) reduced to 0.09 Hz 15 min after retigabine (ART) administration. Panel (F) shows that retigabine (6 mg/kg, i.v.) caused a highly significant decrease (hyperpolarization) in the median resting membrane potential (Em) of the Aβ-LTMs in STZ rats (P < 0.001, paired t-test). Note that there was no significant difference in the median Em between STZ and control Aβ-LTMs. The voltage and time scales to the right of AP shown in panel (B) are for all three evoked APs. The dotted lines on the traces indicate AP overshoot. *P < 0.05; **P < 0.01.




Activation of Kv7 Channels With Retigabine Suppressed STZ-Induced SA in Aβ-LTMs

We have recently shown that retigabine given intraperitoneally at a dose of 15mg/kg attenuated mechanical hypersensitivity in STZ rats (Djouhri et al., 2019). Given that PNP is due partly to SA in DRG neurons (see section “Introduction”), we sought to determine whether activation of Kv7 channels with retigabine modulates SA in Aβ-LTMs that we see in STZ-rats. Interestingly, we found that intravenous administration of retigabine at a dose of 6 mg/kg substantially reduced SA rate in all Aβ-LTMs examined (n = 7) as illustrated for the three Aβ-LTMs shown in Figures 2A–C. Indeed, 15 min after retigabine injection, the rate of SA in the neuron shown in Figure 2A was reduced by ∼80% (from 0.15 to 0.03 Hz), whereas in the other two neurons, the SA rate was reduced by 58% (from 0.53 to 0.22, Figure 2B) and 91% (from 0.59 to 0.05 Hz Figure 2C). The median SA rate for the whole sample of Aβ-LTMs tested was significantly (P < 0.01) reduced by ∼85% (from 0.59 to 0.09 Hz) 15 min after retigabine administration (Figure 2E). Only one of the two spontaneously firing Aβ-nociceptors was examined for the effects of retigabine; its SA rate was also reduced (by ∼70%) 15 min after by retigabine injection (not shown). The other Aβ-nociceptive neuron was lost before testing.



Retigabine Causes Membrane Hyperpolarization in Spontaneously Active Aβ-LTMs

We compared resting membrane potential (Em) in STZ Aβ-LTMs with those of control Aβ-LTMs because EM could influence SA. As shown in Figure 2F, there was no significant difference in the median Ems of Aβ-LTMs between STZ and control rats. However, the Ems of Aβ-LTMs were significantly hyperpolarized 15 min after retigabine administration (P < 0.001, paired t-test). The median Em decreased from −51 to −71 mV (Figure 2F). Retigabine had no significant effects on other AP variables in Aβ-LTMs (Supplementary Figure S1).



STZ Induces Decreased Electrical Thresholds in Aβ-but Not C-Nociceptors

To avoid the risk of sensitizing and/or losing the recorded DRG neurons, we did not measure their mechanical thresholds (see section “Discussion”). However, we compared the dorsal root electrical thresholds of control and STZ C-and Aβ-nociceptors, and found that the median electrical threshold of Aβ-nociceptors (Figure 4A) (but not C-nociceptors, Figure 3A) was significantly (P < 0.05) lower than that of control Aβ-nociceptors.


[image: image]

FIGURE 3. Changes in AP variables in C-fiber mechano-sensitive nociceptors in STZ rats. The graphs (A–I) show scatterplots of variables measured 5 weeks post-STZ. These variables are: electrical threshold (A), CV (B), Em (C), AP height (D), AP overshoot (E), AP duration at base (F), Rise time (RT) (G), AHP duration (AHP 80%, H) and AHP amplitude (I). Each dot in these graphs and in those shown in Figure 4 represents a value from one neuron. Medians are superimposed. Note the significant decreases in the durations of AP (F) and RT (G), but not in other variables. Comparisons between medians in columns 1 (control, blue dots) and column 2 (STZ, red dots) were with the Mann–Whitney U test. The level of statistical significance is as follows: ∗P < 0.05; ∗∗P < 0.01.




STZ Induces Other Changes in Electrophysiological Properties of C-and Aβ-Nociceptors and Aβ-LTMs

Several changes in electrophysiological variables were found in both C-and Aβ-nociceptors in STZ-rats. These include significant decreases in: (1) AP and rise time (RT) durations in C-nociceptors (Figures 3F,G) and Aβ-nociceptors (Figures 4F,G) and (2) AHP duration and amplitude in Aβ- nociceptors (Figures 4H,I). The decreased AP duration in both C-and Aβ-nociceptors was largely due to a significant decrease in the duration of RT (Figures 3G, 4G) but not in fall time (data not shown). There was no significant changes in the other variables measured including CV, Em, AP fall time, AP amplitude, AP overshoot and electrical threshold exhibited in C-nociceptors (Figure 3). However, there was a highly significant (P < 0.001) decrease (by 80%) in the median electrical threshold in Aβfiber nociceptors (Figure 4A). Furthermore, as shown in Figure 4 there was significant decreases in the CV, AP duration, RT AHP duration and AHP amplitude in Aβ-nociceptors. We also examined whether the aforementioned variables also change in subtypes of cutaneous Aα/β-LTMs. The significant changes found in cutaneous Aβ-LTMs (grouped together) were decreased CV, AHP duration and AHP amplitude (Supplementary Figure S1). The faster AP and AHP kinetics and decreased AHP amplitude induced by STZ in A-fiber nociceptive and LTMs are likely to cause repetitive firing in these neurons resulting in increased afferent input to the CNS.
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FIGURE 4. Changes in AP variables in Aβ-nociceptors in STZ rats. The variables shown are the same as those shown in Figure 3. Note the significant decreases in the CV (B), durations of AP (F), RT (G), and AHP (H) and in AHP amplitude (I). Details are as in Figure 2. Note that there was no significant change in the other variables: electrical threshold (A), resting membrane potential (C), AP height (D), AP overshoot (E) and afterhyperpolarization duration to 80% recovery (H).




DISCUSSION

We report several novel electrophysiological changes in Aβ-LTMs, and C-and Aβ-nociceptors in STZ-rats that are likely to contribute to DPNP pathogenesis. These include: (1) increased incidence of SA in Aβ-LTMs that may result in dysesthesias/paresthesias associated with DPNP, and (2) faster AP and AHP kinetics, and reduced electrical thresholds (C-and/or Aβ-nociceptors) that may lead to their repetitive firing and sensitization respectively, and thereby contribute to development of DPNP. Furthermore, we found that activation of Kv7 channels with retigabine suppressed STZ-induced SA, and caused membrane hyperpolarization in Aβ-LTMs, suggesting that the reduction in SA rate was a direct consequence of the hyperpolarizing effects of retigabine.

We used the STZ model, a well-established model of DPNP, that has been shown by numerous studies to exhibit long lasting behavioral signs of DPNP including mechanical and heat hypersensitivity (see Djouhri et al., 2019 and references therein). Consistent with those studies and with our recent study (Djouhri et al., 2019) we found that STZ-diabetic rats developed mechanical and heat hypersensitivity 5 weeks post-STZ. However, unlike other models of PNP such as those induced by traumatic nerve injury or chemotherapy that exhibit spontaneous/ongoing pain behavior and cold hypersensitivity (Djouhri et al., 2006, 2012; Al-Mazidi et al., 2018), we found that STZ-diabetic rats do not show these behaviors, in agreement with our recent study (Djouhri et al., 2019). It is noteworthy, however, that STZ model validity as a model of DPNP was challenged by a number of investigators (Romanovsky et al., 2004; Cunha et al., 2009; Bishnoi et al., 2011).

One of the interesting and novel findings of the present study is that Aβ-LTMs, but not C-mechanosensitive nociceptors, exibited signficant SA in STZ rats. Serra and his co-workers (Serra et al., 2012) also found, using microneurographic recordings from patients with diabetic neuropathy and STZ rats, significant SA in C-mechanoinsensitive, but not C-mechanosensitive nociceptors, but they did not record from afferent A-fibers. Other studies that investigated the impact of diabetes on excitability of primary afferent neurons/fibers have been inconsistent. Indeed, some studies reported that SA occurs almost exclusively in C-fibers in diabetic BB/Wistar rats (Burchiel et al., 1985), while other studies found no SA in this subtype of afferent fibers in STZ rats (Ahlgren et al., 1992; Chen and Levine, 2001). A significant increase in incidence of C-fibers with SA but not in Aδ-or Aβ-afferents was also reported by another study (Khan et al., 2002). However, these co-workers found that all CV groups in STZ-rats exhibited a significant increase in SA frequency and lower activation thresholds and augmented responses to mechanical stimuli. In contrast, another study (Chen and Levine, 2001) found no significant change in mechanical thresholds in STZ-diabetic rats. The causes for the apparent discrepancy between these various studies are not clear, but might be due to differences in the nerve type used for recordings, rat strains, time interval post-STZ and/or different recording methodologies.

Another interesting finding of the present study is that activation of Kv7 channels with retigabine caused membrane hyperpolarization and profound suppression of SA in Aβ-LTMs. These findings suggest that retigabine exerts its anti-allodynic effects in STZ rats (Djouhri et al., 2019) by causing membrane hyperpolarization in this subpopulation of DRG neurons. Retigabine has also been shown to induce membrane hyperpolarization in several neuronal types, including DRG (Passmore et al., 2003) and spinal cord (Rivera-Arconada and Lopez-Garcia, 2005) neurons, as well as axotomized afferent neurons in mice (Roza and Lopez-Garcia, 2008). The hyperpolarizing effect of retiagbine is likely to be due to a shift in the K+ channel opening to more negative potentials (Rundfeldt and Netzer, 2000; Tatulian et al., 2001; Schwarz et al., 2006; Vervaeke et al., 2006). Although previous studies have implicated Aβ-afferent neurons (Xu et al., 2015), but not capsaicin-sensitive C-nociceptors (Khan et al., 2002) in STZ-induced mechanical hypersensitivity in mice, our current findings extend those findings and show that the functional identity of those Aβ-afferent neurons, at least in the rat, is Aβ-LTMs and probably not Aβ-nociceptors.

Retigabine has also been shown to block or reduce: (1) SA induced by saphenous nerve injury in almost all C-fibers and two putative Aβ-LTMs tested (Bernal et al., 2016), (2) SA in small dissociated DRG neurons following spinal cord injury (Wu et al., 2017), and in axotomized sensory fibers (Roza and Lopez-Garcia, 2008), (3) excitability of C- fibers in humans suffering from polyneuropathy (Lang et al., 2008), and (4) C- and Aδ-fiber discharges induced by heat stimuli (see (Brown and Passmore, 2009)). It is known that retigabine works by activating Kv7 channels mediating the low threshold and non-inactivating outward K+ (M) current that results from homo- or heteromeric assemblies of KCNQ proteins (Brown and Adams, 1980; Jentsch, 2000). The exact site of retigabine action remains to be determined, but it could be any of the anatomical compartments of DRG neuron because: (a) Kv7 channels are expressed in the somata of DRG neurons, and in their peripheral and central terminals (see (Du et al., 2018)), and (b) retigabine effects have been described at the nodal membrane of myelinated axons in peripheral nerve (Devaux et al., 2004; Schwarz et al., 2006) as well as at the somata level and at peripheral and central terminals of primary afferent neurons (see (Brown and Passmore, 2009).

It is noteworthy that retigabine exhibits non-Kv7 channel effects including positive allosteric modulation of GABA subtypes as well as blockade of voltage-gated Ca2+ and Kv2.1 channels (see Stas et al., 2016 and refrences therein). The Kv7 channel inhibitor XE991 also has been shown to have off-target effect on Na+ channels (Sun et al., 2019). Therefore, the possibility that changes in neuronal excitability caused by these Kv7 channels modulators are due to their non-Kv7 channel effects cannot be excluded. To ensure that the observed effects of retigabine on SA are mediated by Kv7 channels, ideally one should conduct further experiments using a Kv7 inhibitor such as XE991 to show that the effects of retigabine on SA in Aβ-LTMs are prevented by pre- or co-treatment with a Kv7 channel blocker. However, since XE991 has been found to induce repetitive AP firing in rat lumbar DRG neurons (Barkai et al., 2017), administration of XE991 before or with retigabine is likely to induce SA in non-spontaneously firing DRG neurons. This would make interpreting the findings of such experiments very difficult. Nevertheless, further experiments are required to determine whether the other electrophysiological changes in Aβ-nociceptors and Aβ-LTMs including changes in AP and AHP variables are mediated by KV7 channels. However, the findings of such experiments should be interpreted with caution because, as noted above, both retigabine and XE991, the most widely used modulators of KV7 channels, have off-target effects. Indeed, XE991 may not be an ideal compound to evaluate the influence of blocking channels on nerve excitability, as suggested previously (Sun et al., 2019).

Our current findings of changes in AP and AHP variables in Aβ-nociceptors or Aβ-LTMs are in agreement with those of a previous in vitro study (Kriz and Padjen, 2003) that also reported other changes in Aβ-fibers from isolated sural nerves in STZ-rats. These in vitro and in vivo preclinical findings are consistent with the clinical findings of impaired perception of vibration (see Garrow and Boulton, 2006) which is known to be mediated by Aβ-fibers (e.g., Claus et al., 1993). Our results of decreased CV in Aβ-nociceptors in STZ rats which is likely to result for demyelination, are also in agreement with those of other animal studies (e.g., Chen and Levine, 2001) and with clinical studies that showed slowing of CV in A-fibers in patients with DN (Herrmann et al., 2002). In contract, another clinical study reported a reduction in CV of C mechano-sensitive fibers, but not C-mechano-insensitive fibers in patients with DN (Orstavik et al., 2006). The findings that Aβ-LTMs exhibit SA in STZ-rats may result in unpleasant sensations (dysesthesias/paresthesias) experienced by many patients with DPNP. Furthermore, SA in primary afferent neurons is believed to trigger and/or maintain central sensitization (see e.g., Baron et al., 2010), promoting hypersensitivity to normally innocuous stimulus (allodynia). In the presence of central sensitization during PNP conditions, nerve impulses carried centrally from the periphery along Aβ-LTMs are believed to be amplified and acquire access to the central nociceptive system, and thereby contribute to mechanical hypersensitivity associated with PNP. Normally central sensitization is driven by inputs from C-nociceptors (see Latremoliere and Woolf, 2009; von Hehn et al., 2012), but during chronic pain states, Aβ-LTMs are thought to exhibit phenotypic changes that would render them capable of triggering or maintaining central sensitization (Liu et al., 2000). On the other hand, spontaneous firing in Aβ-LTMs is expected, under normal conditions, to reduce transmission of pain signals at the spinal cord level via the gate control mechanism (Melzack and Wall, 1965). However, it is possible that this inhibitory mechanism is overridden by facilitatory spinal mechanisms involved in chronic pain conditions.

One of the major strengths of this study is that it is the first in vivo study that investigated electrophysiological changes in different subtypes of physiologically identified DRG neurons. We believe this is important because, as noted above, subtypes of DRG neuron are likely to contribute to different aspects of DPNP. We also believe that it is important to investigate these DRG neurons in vivo in their native environment that changes during chronic pain states in a complex way that cannot be readily mimicked in vitro (see Djouhri et al., 2018). Indeed, loss in vitro of the chemical environment including target-derived trophic factors such as NGF and BDNF, and dissociation-induced damage of DRG neurons profoundly alters properties of these neurons including their normal electrophysiological values against which comparisons are made (Kerekes et al., 2000). One limitation of the present study is that we did not routinely measure the mechanical thresholds of neurons, but precise determination of thresholds requires application of more stimuli to tissues that increases the risk of losing the recording. Another potential limitation of our study is the use of the general anesthetic pentobarbital that my affect the excitability of DRG neurons via modulating some ion channels. However, changes in the excitability of DRG neurons that we see in STZ rats are unlikely to be due to effects of pentobarbital because it was used in both control and STZ rats and because pentobarbital has been shown to have negligible effects on excitability of cutaneous Aβ-mechanoreceptive afferents (Cheng et al., 2013).

In conclusions, we have shown, in an established rat model of DPNP, that Aβ-LTMs, but not C-mechanosensitive nociceptors, exhibit significant SA, and that activation of Kv7 channels with systemic retigabine causes membrane hyperpolarization and suppression of SA in this subpopulation of DRG neurons in STZ-rats. These findings suggest that Kv7 channels are involved in mechanisms of SA generation in Aβ-LTMs, and taken together with our previous findings of significant attenuation of mechanical hypersensitivity (allodynia) in STZ rats (Djouhri et al., 2019) suggest that retigabine exerts its antiallodynic effects probably by causing membrane hyperpolarization in Aβ-LTMs.
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FIGURE S1 | Changes in AP variables in cutaneous Aβ-LTMs in STZ rats and the effects of retigabine on those variables in Aβ-LTMS with SA. The variables shown are the same as those shown in Figure 3. Note the significant decreases in the CV (B) and AHP duration (H) and AHP amplitude (I). Note that administration of retigabine (6 mg/kg, i.v.) had not significant effects on all the variables. Details are as in Figure 3. Note that there was no significant changes in the other variables: electrical threshold (A), AP height (C), AP overshoot (D), AP duration (E), AP rise time (F), and AP fall time (G).
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Control (n = 16) HFD (n =17) Control (n = 16) HFD (n =17)
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Retroperitoneal fat pad (g) 43+05 8.7+ 1.2* Plasma insulin (mU/L) 14.3+42.7 78.0+ 15.6*
Epididymal fat pad (g) 43+02 9.0+ 1.2* Insulin sensitivity index 0.54 £ 0.06 0.38 £ 0.04*
Brown adipose tissue (g) 0.28 £ 0.038 0.61 £ 0.08* Plasma leptin (ng/ml) 358 + 37 2577 + 356*
Plasma triglyceride (mmol/L) 1.1+£03 53+1.3* Plasma angiotensin Il (pg/ml) 92.5 + 341 298.5 £+ 31.4*
Basal MAP (mmHg) 93+4 1083+ 56 Basal heart rate (beat/min) 347 + 26 366 + 19
Basal Int. RSNA (jLv.s) 22+0.3 4.2 +0.4* 24 h urinary NE (jL9) 2.0+0.3 6.2 +£0.8*

Values are mean + SE. *P < 0.05 vs. control group. MAR, mean arterial pressure; Int RSNA, integrated renal sympathetic nerve activity; NE, norepinephrine.
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Comparisons

Workday Free day Workday Free day
Time (hh:mm) Lower SJL Higher SJL Lower SJL Higher SJL P P
Bedtime 23:45 (00:52) 23:51 (00:49) 23:56 (00:48) 01:27 (00:52) 0.775 <0.0001
Sleep onset 23:57 (00:50) 00:083 (00:51) 00:09 (00:50) 01:36 (00:51) 0.713 <0.0001
Waking up 07:09 (00:39) 07:02 (00:28) 08:45 (01:09) 10:00 (01:40) 0.540 0.019
Sleep duration 07:13 (00:56) 06:59 (00:43) 08:35 (01:11) 08:25 (01:27) 0.433 0.706

Comparison of sleep timing and duration between groups with lower and higher SJL on workday and free day. Bedltime was indicated by entries of the sleep diary,
whereas sleep onset and waking up were estimated by the Actiheart software and verified by diary data. Mean (SD), two-sample t-test, n = 17 and 16 for the group with
lower and higher SJL, respectively.
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Workday Free day Workday Free day P P
HR (1/min) 59.1 (2.1) 58.1(1.3) 57.8(1.8) 57.2 (2.1) 0.520 0.739
SDNN 86.8 (7.3) 95.1(6.4) 91.5(6.2) 102.2 (6.9) 0.088 0.018
RMSSD 61.1(8.3) 64.9 (7.4) 64.1 (4.5) 72.8 (5.4) 0.422 0.092
pPNN50 32.8(56.1) 35.2 (4.3) 37.7 (3.6) 44.2 (3.9) 0.540 0.107

Mean HR and HRV data were averaged for the time period from sleep onset to waking up. Data for the workday and the free day were compared within both groups of
participants. Mean (SEM), paired t-test, n = 17 and 14 for the group with lower and higher SJL, respectively.
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Tanner Description
stage

| Preadolescent
Il Breast budding; early labial hair growth

1l Increased breast size with palpable glandular tissue; no separating of
breast contours; moderately dark coarser labial hair over mons pubis

\% Further enlargement of breasts with projection of areola above breast
plane; lateral spread of pubic hair

\% Adult breast size and pubic hair distribution

Typical stages of puberty in girls are defined according to breast development and
distribution of pubic hair. Adapted from Swerdloff and Odell (1975).
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Biomarker POTS+ (n =113) POTS—- (n = 283) P-value

FUR 6.38 (0.05) 6.58 (0.03) 0.000276*
CAIX 1.53 (0.09) 1.73 (0.06) 0.050109
FItaL 7.76 (0.05) 7.89 (0.03) 0.012979
ErbB2HER2 7.79(0.04) 7.92 (0.03) 0.026045

Plasma concentrations of the assessed proteins are expressed on a log2-
scale. Inter-group differences were assessed using analysis of variance method.
*Bonferroni-corrected significant values (p < 0.012). CAIX, Carbonic anhydrase IX;
ErbB2HER?Z2, Receptor tyrosine-protein kinase erbB-2; FIt3L, Fms-related tyrosine
kinase 3 ligand; FUR, furin.
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Biomarker Univariate Multivariate*

OR 95% CI P-value OR 95% CI P-value

FUR 0.81  0.73-0.92 <0.001 0.86 0.77-0.96 0.009

*Adjusted for age, sex.
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Biomarker Univariate Multivariate*

B 95% CI P-value B 95% CI P-value

FUR —-7.0 —-106t0-3.38 <0.001 —-42 -79to-05 0.03

*Adjusted for age, sex.
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Groups SDNN (ms) SDANN (ms) SDNN index (ms) RMSSD (ms) pNN50(%) TR index ULF (ms?) VLF (ms?) LF (ms?) HF (ms?) TP (ms?) LF/HF

POTS 1432+ 339 133.7 £42.52 68.4 +16.9 49.3+20.52 206+ 11.4 294473 15650.7 & 7954.02 2443.7 +965.32 1075.3 £ 561.7% 901.4 £ 756.6% 3384.9+ 1774.12 1.6+ 0.82
Control  130.6 +31.7 1445+ 7292 55.0+13.5 384+132 144+86 245+7.0 13801.6+8333.4% 1954.3+£856.2 747.7 £401.3% 554.7 +388.5% 23952 + 117548 1.6+0.72
vz —-1.317 —0.253 —2.934 —1.879 —2.038 —2.356 —1.034 —1.633 —-2.012 —1.649 —1.996 —0.395
P 0.193 0.806 0.005 0.060 0.046 0.022 0.308 0.1056 0.044 0.101 0.046 0.699

Data are mean + SD. HRV, Heart rate variability; SDNN, standard deviation of all NN intervals during 24-h recording; SDANN, standard deviation of the average of NN intervals in all 5-min segments of the entire recording;
SDNN index, mean of the standard deviation of NN intervals for each 5-min segment; RMSSD, root mean square of the successive NN interval difference; pNN50, percentage of adjacent RR intervals > 50 ms; TR index,
triangular index; ULF, ultra low frequency; VLF, very low frequency; LF, low frequency; HF, high frequency; TF, total power; LF/HF, ratio of low to high frequency power. Data are mean + SD. @Non-normal distribution.
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Groups Cases (n; %) Sex (M/F) Age (y) Height (cm) Weight (kg) BMI (kg/m?) HR (bpm) SBP (mmHg) DBP(mmHg) AHR (bpm) Pre-treatment SS (point)
Responders 34 (75.6) 18/16 12.0+2.3 156.8 £ 152  49.8 +18.3 19.6 +£4.32 78 £18° 109 +£ 12 63+ 11 48 +£ 8 6.6 +£3.92
Non-responders 11 (24.4) 5/6 129+1.6 1616 +7.2 51.4+13.4 19.56 £ 41 74 +£15 1056+ 8 62+9 47 + 82 71+44

t/Z/x2 - 0.007 1.201 1.015 0.259 —0.092 -1.375 —0.805 —0.183 —0.595 —0.346

P-value - 0.932 0.236 0.316 0.797 0.926 0.169 0.425 0.855 0.552 0.729

HR, heart rate; SBR, systolic blood pressure; DBF, diastolic blood pressure; AHR, heart rate change from supine to standing. Data are mean + SD. @ Non-normal distribution.
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Groups SDNN (ms) SDANN (ms) SDNN index (ms) RMSSD (ms) pNN50 (%) TR index ULF (ms2) VLF (ms?) LF (ms?) HF (ms?) TP (ms?) LF/HF

Responders 134.6 + 32.6% 128.4 + 44.42 63.2+12.8 432+152 17.5+9.6 27.3+6.1 14083.5+8129.12 2196.2+ 770.7 883.4 £340.6 665.4 +£478.22 2811.5+1147.9% 1.7+0.82

Non- 169.5 £+ 23.5% 150.3 + 32.32 84.5+18.3 6794242 3024115 3674172 2040484561126 3208.8:+ 11349 1630.7 19948 1630.7 £ 994.8 5257.3+22198 12405
responders

774 -3.078 —2.206 4.305 4.013 3.634 3.779 —2.958 —2.588 5.013 —-3.222 —3.143 —2.166

P 0.002 0.027 <0.001 <0.001 0.001 <0.001 0.003 0.010 <0.001 0.001 0.002 0.030

HRV, Heart rate variability; SDNN, standard deviation of all NN intervals during 24-h recording; SDANN, standard deviation of the average of NN intervals in all 5-min segments of the entire recording; SDNN index, mean
of the standard deviation of NN intervals for each 5-min segment; RMSSD, root mean square of the successive NN interval difference; pNN50, percentage of adjacent RR intervals > 50 ms; TR index, triangular index;
ULF, ultra low frequency; VLF, very low frequency; LF, low frequency; HF, high frequency; TR total power; LF/HF, ratio of low to high frequency power. Data are mean + SD. @Non-normal distribution.
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Characteristic

Age

Female sex, n (%)
BMI, Kg/m?

SBP supine, mmHg
DBP supine, mmHg
HR supine, bpm

SBP HUT min, mmHg
DBP HUT min, mmHg
HR HUT max, bpm
Smoking, n (%)

POTS— (n = 283)

31.47 (9.85)
189 (66.8)
24.33 (4.14)
120.07 (14.16)
69.98 (8.21)
68.86 (11.87)
112.34 (13.35)
71.83 (9.11)
84.77 (13.77)
58 (20.5)

POTS+ (n = 113)

26.27 (8.41)
83 (73.5)
22.69 (3.50)
120.41 (14.20)
70.22 (8.22)
7113 (11.57)
107.58 (16.24)
72.46 (10.58)
112.41 (15.63)
16 (14.2)

P-value

<0.001
0.241

<0.001
0.833
0.788
0.084
0.003
0.552

<0.001
0.188

P-values for differences between the groups are shown as mean and SD for
continuous variables and as percentages for categorical variables; DBF, diastolic
blood pressure; HR, heart rate; HUT min/max, lowest/highest value during
passive head-up tilt test; IHD, ischemic heart disease; POTS, postural orthostatic
tachycardia syndrome,; SBR, systolic blood pressure.
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Groups Case (n) Sex (M/F)
POTS 45 23/22
Control 17 11/6
t/x%/2 - 0.454
P = 0.501

Data are mean + SD. @Non-normal distribution.

Age (y)

122422
11.6+2.0
—1.235

0.221

Height (cm)

168.0 £ 13.7
1656.7 £11.9
—0.614
0.541

Weight (kg)

50.2+17.12

483 £ 11.7
—-0.197
0.848

BMI (kg/m?)

19.6 £4.22
19.7 £ 2.9
—1.271
0.207
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POTS cases diagnosed by HT, PE, ECG,
standing test, Holter, EEG, cranial CT or . _
MRI, HUTT and psychological test (n=45) PE, standing test and Holter (n=17)

Comparison | Controls subjects evidenced by HT,

-—]l Metoprolol for 1-3 months

The first follow-up (n=45)

/\

| Responders (n=34) ‘ | Non-responders (n=11)

| POTS cases after the first follow-up ‘

/\

Basoline TR index < 33.7 and SDNN index £79.0 ms

Basoline TR index > 33.7 or SDNN index >79.0 ms

(n=31)
|

(n=14)
|

l

’ The second follow-up: 3 to 48 months after treatment (n=45)
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Description

Standard deviation of NN/RR intervals

Standard deviation of the average
normal-to-normal (NN) intervals for each of the
5 min segments during a 24 h recording

Mean of the standard deviations of all the NN
intervals for each 5 min segment of a 24-h HRV
recording

Percentage of adjacent NN intervals that differ
from each other by more than 50 ms (pNN50)
(Task Force of the European Society of
Cardiology and the North American Society of
Pacing and Electrophysiology, 1996)

Root mean square of successive differences
between normal heartbeats

Absolute power of total or of the single band of
frequency calculated by FFT or Auto Regressive
model

Relative power of the low-frequency band in
normal unit

Relative power of the high-frequency band in
normal unit

Ratio LF-to-HF power

Peak of frequency of VLF, LF, or HF band
Measures the regularity and complexity of a time
series

Measures the regularity and complexity of a time
series. Sample entropy can be calculated from a
much shorter time series of fewer than 200 values
Quantify the degree of irregularity over a range of
time scales. The time series are constructed by
averaging the IBl/tachogram’s data points within
non-overlapping windows of increasing length

In the time domain both sympathetic and
parasympathetic nervous systems contribute to
SDNN. Differently from “RR,” "NN” means that
abnormal beats, like ectopic beats, have been
removed. RMSSD is used to estimate the vagally
mediated changes reflected in HRV. It is strongly
correlated with pNN50

HF, LF and VLF bands of frequency are associated
with several aspects of the ANS. The HF band
reflects parasympathetic activity and corresponds to
the HR variations related to the respiratory cycle. The
LF band reflects contributions from both the
parasympathetic and sympathetic systems. It mainly
reflects baroreceptor activity during resting
conditions. The sympathetic system is below 0.1 Hz.
The VLF band is associated to thermoregulation, the
renin-angiotensin system, and other hormonal
factors, but also to the intrinsic heart activity. The
normalized values (nuLF and nuHF) express the
quantities on a more easily understood proportion
(0-1) or percentage (0-100%) scale basis. The LF/HF
ratio is generally used to represents the ratio of
sympathetic to parasympathetic nerve activity, also if
the LF is contaminated by the vagal system. nuLF,
nuHF, as well as LF/HF ratio should be considered
equivalent carriers of information with regard to
sympathovagal balance (Burr, 2007)

The entropy reflects of the amount of irregularity in the
R-to-R interval. Lower or higher values are index of
higher or lower complex activity of the ANS. Further
higher values were associated to a higher brain-heart
two way interaction. The SampEn was introduced to
counteract some shortcomings of the ApEn. The
SampEn does not count a self-match of vectors,
eliminating the bias toward regularity, and has been
suggested to be independent of data length (Yentes
etal, 2013)
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1 Early phase Il reduction > 20
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Pulse pressure reduction to
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2 Early phase Il reduction
>40 mmHg MBP.

3 Early phase Il reduction
>40 mmHg + absent late
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4 Criteria for 3 + orthostatic
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>30 mmHg or
MBP > 20 mmHg).

Modified CASS
Cardio-vagal

0 The same with CASS
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0 Normal

1 Early phase Il reduction > 20
but <40 mmHg MBP (3040 if
>50 years)

Late phase Il does not return to
baseline.

Pulse pressure reduction to
<50% of baseline.

2 Early phase Il reduction
>40 mmHg MBP.

3 Early phase Il reduction

>40 mmHg + absent late
phase Il and phase IV.

Modified CASS allots 3 points instead of 4 for the adrenergic domain. HR_DB, heart
rate response to deep breathing; VR, Valsalva ratio; SBR, systolic blood pressure;

MBF, mean blood pressure.
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Baseline

SAP (mmHg) 118 £+ 11
DAP (mmHg) 75+9
MAP (mmHg) 89+9
Heart rate (bpm) 64 +8
O, Hb saturation (%) 98 + 1
Parafoveal Superficial 54.7 +£2.6
vessel plexus
density
Deep 60.4 £ 2.2
plexus

Hypoxia

114 £10
75+ 10
88+9
76+12
872

56.0 £ 2.0

61.56+21

p-value

0.15
0.29
0.97
0.03
<0.0001

<0.001

<0.001

Mean values and standard deviations are presented. bpm, beats per minute; DAR,
diastolic arterial pressure; Hb, hemoglobin;, MAR, mean arterial pressure; SAR,

systolic arterial pressure.
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Baseline

SAP (mmHg) 117 £ 12
DAP (mmHg) 78 £ 10
MAP (mmHg) 91 +10
Heart rate (bpm) 64 +8
Parafoveal Superficial 555 +2.6
vessel plexus
density
Deep 60.2 £ 1.8
plexus

Handgrip

150 + 18
102 £ 14
118+ 15
78 £ 10

53.7+29

56.7 £ 2.8

p-value

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

< 0.0001

Mean values and standard deviations are presented. Bpm, beats per minute;
DAR diastolic arterial pressure; MAFR, mean arterial pressure; SAFR systolic

arterial pressure.
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Step 1

Marital conflict
RSAR

Sex

Step 2

arital conflict
xRSAR

arital conflict x Sex
RSAR x Sex
Step 3

Marital conflict x
RSAR x Sex

Internalizing problems

1.36
-0.43
2.05

—1.05

0.21
0.75

—0.71

SE B t 95% Cl for B

048 0.16  2.84* [0.42, 2.30]
046 -0.056 0.53 [-0.68, 1.18]
046 024 448  [1.15,2.95]

048 —0.12 —217* [-2.00, —0.10]

047 003 046 [-0.70, 1.13]
045 008 1.62 [~0.16, 1.67]

0.47 -0.09 —-1.52 [-1.64,0.21]

Total R? = 0.11, F(7, 322) = 5.86***

AR?

0.08

0.11

0.11
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Step 1

Marital conflict
RSAR

Sex

Step 2

Marital conflict x
RSAR

arital conflict x Sex
RSAR x Sex
Step 3

Marital conflict x
RSAR x Sex

1.46
—0.43
2.05

-0.76

-0.18
0.81

0.06

SE

0.47
0.46
0.46

0.46

0.46
0.47

0.46

Internalizing problems

0.17
—0.05
0.24

—0.09

—0.02
0.09

0.008

t

3.12%
0.53
4.48%

—1.64

—0.40
1.72

0.14

95% Cl for B

[0.54, 2.38]
-0.68,1.18
[1.15, 2.95]

—-1.67,0.15

—-1.11,0.73
—-0.12, 1.75

—0.84, 0.97

Total R? = 0.11, F(7, 322) = 5.86**

AR?

0.09

0.01

0.00
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Step 1

Marital conflict
RSAR

Sex

Step 2

Marital conflict
xRSAR

Marital conflict x Sex
RSAR x Sex
Step 3

Marital conflict x
RSAR x Sex

Internalizing problems

1.51
0.04
1.94

-0.16

—0.11
0.77

0.58

SE

0.47
0.46
0.46

0.46

0.47
0.46

0.45

0.17
0.005
0.22

-0.02

—0.01
0.09

0.06

t

3.22**
0.098
4-22***

-0.34

-0.24
1.63

1.25

95% ClforB  AR?

[0.58, 2.44]
[~0.87, 0.96
[1.03, 2.84]

—-1.06, 0.74

—-1.08, 0.81
—0.15, 1.69

—0.32, 1.47

Total B2 = 0.10, F(7, 322) = 5.21%**

0.09

0.008

0.004
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Physical changes

Breast, penis, testicle development

Body hair — appearance in armpits and
pubic area

Growth spurts and weight gain
Menstruation and menstrual
symptoms — nausea, cramps, bloating,
diarrhea, aching in upper thighs,
headache, backache, stomach ache
Widening of the hips/shoulders
Increased subcutaneous fat
distribution/muscle development

Mental/Emotional changes

Mood swings — aggression, emotional
surges, bouts of crying
Changes in sleep patterns and fatigue

Changes in social behavior
Menstrual symptoms — changes in
appetite

Risk-taking/novelty-seeking behaviors
Cognitive development

Typical physical and mental/femotional changes are shown. Adapted from Larson
et al. (1980),Wheeler (1991), and Viner and Christie (2005).
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[ Orthostatic stress ]

[Venous pooling and capillaryfiltration decrease | Excessive splanchnicpooling

venous return Insulin
Thyroid hormones

Hypovolemia? [ Decreased stroke volume Decreased cardiac mass

Estrogen and cardiac output

v

Decreased blood pressure ]

v

Hyperadrenergic responset Decreased baroreceptor firing

Excessive tachycardia®
Leptin
Insulin
Thyroid hormones

[ Increased sympatheticoutflow ] [Decreased parasympatheticoutflow]

Increased heart rate
Increased contractility

Low cardiac output
v

Increased vasculer resistance Maintenance of cerebral perfusion Impaired eerebral autoregulation .
and capacitance Hypocapnia-induced cerebral hypoperfusion

Impaired vasoconstriction® Cerebral hypoperfusion Estrogen
Estrogen Progesterone
Progesterone
Thyroid hormones
GH

IGF-1
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[ Orthostatic stress ]

venous return Insulin
+ Thyroid hormones

[Venous pooling and capillary filtration decrease | Excessive splanchnic pooling

Hypovolemia Decreased stroke volume
Estrogen and cardiac output

v

Decreased blood pressure

l Impaired baroreflex responses
Progesterone

Decreased baroreceptor firing

v

[ Increased sympathetic outflow —D[ Inereased heat Fate HDecreased parasympathetic outflow]

Increased contractility

J
. R . .
Increased vascul'ar resistance Maintenance of cerebral perfusion Impaired cerebral autoregulation
and capacitance

J

Impaired vasoconstriction Cerebral hypoperfusion Estrogen
Estrogen Progesterone
Progesterone
Thyroid hormones
GH

IGF-1

Hypocapnia-induced cerebral hypoperfusion
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Groups nSDNN (ms) nRMSSD (ms) nPNN50 (%) nTR index nULF (ms?) nVLF (ms?) nLF (ms?) nHF (ms?) nTP (ms?) nLF/HF

Responders 734 =199 581 £25.32 33.0+17.0 117 £ 2:5 244 +741 999.0 + 290.3 712.7 £ 280.5 909.5 + 696.52 2308.7 £+ 1029.5 1.3+0.62
Non-responders 88.3 & 30.1 80.3 & 40.8 44.3 +£20.8 183.3+4.2 228 +6.0 997.4 + 304.8 893.8 + 496.9 1694.7 £ 1273.5 3188.5 + 1920.3 1.2+£1.12
vz 1.564 —1.664 1.812 1.270 —0.686 —-0.016 1.5622 —1.611 1.453 —1.604
P 0.142 0.096 0.077 0.228 0.497 0.988 0.135 0.107 0.172 0.109

HRYV, Heart rate variability; nSDNN, night standard deviation of all NN intervals during 24-h recording; nRMSSD, night root mean square of the successive NN interval difference; npNN50, night percentage of adjacent
RR intervals > 50 ms; nTR index, night triangular index; nULF, night ultra low frequency; nVLF, night very low frequency; nLF, night low frequency; nHF, night high frequency; nTR, night total power; nLF/HF, night ratio of
low to high frequency power. Data are mean + SD. @Non-normal distribution.
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NMDA (100 mM)
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) spritz/APV

500 M)

20 pulse/APV (500 M)

L-Glu (50 mM)

spritz/CNQX

L-Glu (50 mM)

20 M)

spritz/PHCCC (30 pM)
1 pulse/PHCCC (30 nM)
20/PHCCC (30pM)

Time

control (1)

65

54

27
41

25

75

35
62

*P < 0.05 Fisher’s Exact Test.

Time

control (2)

54/65

47/54

14/27
29/41

18/25

60/75

24/35
56/62

Control

57

30

21
27

38

61

37
50
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37/57*

19/30*

14/21
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30/38

41/61
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Physical changes

Dizziness and syncope upon standing

Exercise intolerance

Sweating abnormalities — hyperhidrosis or hypohidrosis

Digestive difficulties — loss of appetite, bloating unrelated to menstruation

Urinary problems — difficulty urinating, incontinence, incomplete bladder emptying
Sexual dysfunction

Vision problems — blurred vision or inability for pupils to react to light quickly

Concerning autonomic abnormalities associated with puberty are shown. Adapted
from Palma et al. (2017).
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Regression coefficient Standard error P-value

Constant 1.148 0.299 <0.0001
HbA1c-SD 0.784 0.327 0.018*
Mean HbA1c 0.07 0.222 0.753
Index HbA1c 0.209 0.222 0.348

Regression coefficient for each individual variable. *P < 0.05. HbATc,
glycohemoglobin; CV, coefficient of variation; SD, standard deviations.
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238 patients with type 2 diabetes who
visited the outpatient diabetic clinic

Excluded patients

1. Numbers of HbAlc
medasurements are
less than four
(n=15)

2. Diuabetes duration
less than 10 years
(n=113)

v

No cardiovascular autonomic cardiovasculur antonontic
neunropathy (n=59) neuropathy (n=51)
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Characteristics
Age (year)

Sex (male/female)

Diabetes duration (year)
Body mass index

SBP (mmHg)

DBP (mmHg)

Baseline underlying disease
Retinopathy, n (%)
Proteinuria, n (%)

Coronary heart disease (%)
Ischemic stroke (%)
Laboratory test findings
Total cholesterol (mmol/L)
Triglyceride (mmol/L)
HDL-G (mmol/L)

LDL-C (mmol L)

Index HbA1c (%) 6.9 £0.97.4 £ 0.9
73+£117.4£130171

Mean HbA1c (%)
HbA1c-SD (%)

HbA1c-CV

Type of diabetes treatment
OHA only

Insulin only

No treatment

Other concomitant medications
AGE inhibitor or ARB
Beta-blocker

Calcium channel blocker
Diuretics

Lipid-lowering medications

No CAN (n = 59)

622+88
34/26
174+£58
256+33
1405 +£19.7
745+ 11.4

2(3%)
38 (64%)
10 (17%)
13 (229%)

1529 +27.8
1331 £754
66.7 + 14.9
70.9+24.8
70+£1.0

74+10
0.6+ 0.4
9.0+48

a7
14
2

40
16
21
27
40

CAN (n =51)

672+76
31/20
174 +£63
262 +37
144.4 £ 191
755+ 11.2

43 (84%)
37 (73%)
11(22%)
12 (24%)

1671 +£27.4
1420+ 73.9
49.2 +£13.0
80.7 £25.4
75+10

o231
09+05
121+£74

28
26
4

41
16
18
23
40

Crude P-value

0.002**
0.74
1.0
0.35
0.29
0.65

<0.0001***
o021
0.54
085

0.43
0.54
0.02*
0.04*
0.01*

0.009**
0.003**
0.009**

071

0.57
0.76
0.31
0.23
0.45

Adjusted OR (95% CI) Adjusted P-value
731.1(67.9-7869.3) <0.0001%+*
10.1(1.90-54.4) 0.007*

Data are presented as means + standard deviations or n (%). *P < 0.05; **P < 0.01; ***P < 0.001. CAN, cardiac autonomic neuropathy; n, number of cases; SBF,

systolic blood pressure; DBR, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbATc, glycohemoglobin;

CV, coefficient of variation; SD: standard deviations; OHA, oral hypoglycemic agent; ACE, angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker.
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No CAN(n=59) CAN(n=51) FT

Composite Autonomic 0.7+04 29+13 119.3
Scoring Scale

HR_DB (beats/min) 83+47 43+26 46.2
Valsalva ratio 1.3+ 0.1 1.2+£01 22.5
Baroreflex sensitivity 1.6+£09 09+0.8 13.9

Data are presented as means =+ standard deviations or n (%).

P-valuef

<0.00071***

<0.0001***
<0.00071***
<0.0001***

*P < 0.05;

P < 0.01; ***P < 0.001. Parameters of cardiovascular autonomic study
were compared by ANCOVA after controlling for age. Ft and P represent the
comparison between CAN vs.no CAN group. n, number of cases; HR_DB, heart
rate response to deep breathing; CAN, cardiac autonomic neuropathy.
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Variables Composite Autonomic Scoring
Scale (n = 110)

r P-value
Age (year) -0.123 0.089
Diabetes duration (year) 0.036 0.725
Body mass index 0.042 0.675
SBP (mmHg) 0.121 0.230
DBP (mmHg) 0.021 0.839
Total cholesterol (mmol/L) 0.149 0.140
Triglyceride (mmol/L) 0.024 0.816
HDL-C (mmol/L) —0.101 0.315
LDL-C (mmol/L) 0.194 0.053
Index HbA1c (%) 0.207 0.039*
Mean HbA1c (%) 0.220 0.028*
HbA1c-CV 0.197 0.05*
HbA1c-SD 0.232 0.02*

*P < 0.05. r, correlation coefficient. n, number of cases; SBF, systolic
blood pressure; DBPF, diastolic blood pressure; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; HbATc, glycohemoglobin;
CV, coefficient of variation.
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After SR phase After RA phase

Subjective State

Arousal 4.26 (1.26) 3.03 (1.17)
Valence 4.48 (0.89) 4.23 (0.99)
Mood 27.74 (4.88) 28.35 (6.90)

Values for subjective state and mood scores are expressed as mean (SDs).
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