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There is a lack of knowledge about the neurophysiology of disease states such as obesity and related disorders. Recognizing this, basic scientists are actively investigating and learning more about how the brain controls energy homeostasis from the perspective of autonomic function.

The central nervous system controls many fundamental systems including whole body metabolism, body temperature and blood pressure. Autonomic reflexes are mediated by neural pathways in the brainstem and spinal cord and generally regulate organ and system performance very rapidly (ms). Autonomic control is also mediated by specific brain regions, such as the hypothalamus, which is responsible for mid-term (min) and long-term (hours/days) regulation of internal organ systems. Importantly, autonomic reflexes are dynamic, where adaptations can alter rapid homeostatic control over longer time scales. In this respect, an understanding of the basic neurophysiology is required to subsequently discover how these processes contribute to, or are impacted by, disease states - ranging from diabetes mellitus to hypertension.

The field of autonomic neuroscience research concentrates on those neural pathways and processes that ultimately modulate parasympathetic and sympathetic output to alter peripheral organ function. In the following eBook, laboratories from across the field have contributed reviews and original research to summarize current views on the role of the brain in tuning peripheral organ performance to regulate body temperature, glucose homeostasis and blood pressure. These mechanisms include experimental approaches ranging from the whole system to synaptic levels.

One of the most basic requirements for mammalian life is the maintenance of core body temperature and as such, this factor is tightly regulated. Tupone et al. (2014) review the central nervous system nuclei and circuitry involved in brown adipose tissue thermogenesis, a sympathetically driven mechanism to increase body temperature that has been demonstrated in species from rodents to adult humans. The Morrison laboratory has been consistently at the forefront in unraveling the brain regions involved in this mechanism and in this review, the authors also discuss the potential advantages of activation or inhibition of brown adipose tissue thermogenesis for the treatment of obesity or cardiac ischemia.

A second basic requirement for life is energy availability, with glucose as the basic substrate in mammals. Verberne et al. (2014) review the current understanding of the neural pathways that control glucose homeostasis with specific emphasis on the counter-regulatory response to hypoglycemia. This mechanism highlights the coordination between endocrine and neural outflows in regulating the supply of glucose. Diepenbroek et al. (2013) present original research indicating that deep brain stimulation of the nucleus accumbens shell in rats alters blood glucose and glucagon, a mechanism that may be mediated via the lateral hypothalamus, a site that receives strong innervation from the nucleus accumbens. Such an interaction complements the central scheme presented in the review by Verberne et al. (2014). Meanwhile, Browning (2013) presents a perspective article on the role of glucose in modulating gastrointestinal vagal afferent reflex function. Figure 2 neatly and concisely summarizes the known mechanisms by which glucose impacts the viscerosensory arm of autonomic reflexes.

The site where viscerosensory information enters the brainstem is the nucleus of the solitary tract (NTS) and this region plays a crucial role in many autonomic functions. In this context, McDougal et al. (2013) highlights an important role of astrocytes in glucose homeostasis. Specifically, the authors demonstrate that cytoplasmic calcium increases in astrocytes under low glucose conditions, an effect that could not be prevented by the neurotoxin tetrodotoxin. These data suggest that astrocytes are able to directly sense changes in central glucose levels.

The dorsal motor nucleus of the vagus (DMV) is positioned downstream to vagal afferents and receives viscerosensory information via the NTS. In the original work of Jiang and Zsombok (2014), the role of a Sirtuin in the DMV in regulating energy homeostasis is investigated. The authors show that SIRT1 modulates excitatory inputs to DMV motor neurons, which relies on potassium channel modulation to increase glutamate release from presynaptic terminals.

Taken together, these studies illustrate the overlapping and integrated mechanisms that are involved in glucose homeostasis.

Two papers investigate the role of the transient receptor potential cation channel subfamily V member 1 (TRPV1) in the dorsomedial complex and both utilized temperature as a tool in their respective assay systems. First Fenwick et al. (2014) test the hypothesis that other TRP channels apart from TRPV1 contribute to the excitatory primary afferent drive to NTS neurons. In knock out TRPV1 mice, approximately 50% of NTS neurons received primary afferent input where glutamate release could be modulated by temperature, suggesting involvement of other TRP channels in this neurotransmitter release process. The authors subsequently demonstrate nodose neurons express TRPV3 and propose this channel may be involved. While one to two steps later in the reflex circuitry Anwar and Derbenev (2013) explore the role of the TRPV1 in the DMV and observe both glutamatergic and GABAergic release is modulated by TRPV1 activation. Both papers further illustrate just how heterogeneous the dorsomedial complex is and continues to challenge efforts to investigate the neurophysiology in this region.

Finally on the sympathetic output side, at the level of the rostroventrolateral medulla (RVLM), Barnes and McDougal (2014) investigate the impact of leptin in modulating arterial pressure and renal nerve activity. The authors first utilized transneuronal tracing techniques to demonstrate leptin receptor expression in tyrosine hydroxylase positive RVLM neurons that ultimately innervate the kidney cortex. Then demonstrated that leptin microinjected into the RVLM evokes a sympathoexcitatory response to increases blood pressure and renal sympathetic nerve activity. These findings indicate a possible mechanism by which hypertension develops with obesity.

From whole system to synaptic levels, this collection of work represents the diverse range of central mechanisms that contribute to the regulation of autonomic function in relation to body temperature, energy and blood pressure homeostasis. This basic research sets the foundation for understanding how the brain coordinates and modulates peripheral organ systems. Defining these neurophysiological mechanisms will facilitate the development of advanced therapeutic approaches in the treatment of autonomic related disease states into the future.
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From mouse to man, brown adipose tissue (BAT) is a significant source of thermogenesis contributing to the maintenance of the body temperature homeostasis during the challenge of low environmental temperature. In rodents, BAT thermogenesis also contributes to the febrile increase in core temperature during the immune response. BAT sympathetic nerve activity controlling BAT thermogenesis is regulated by CNS neural networks which respond reflexively to thermal afferent signals from cutaneous and body core thermoreceptors, as well as to alterations in the discharge of central neurons with intrinsic thermosensitivity. Superimposed on the core thermoregulatory circuit for the activation of BAT thermogenesis, is the permissive, modulatory influence of central neural networks controlling metabolic aspects of energy homeostasis. The recent confirmation of the presence of BAT in human and its function as an energy consuming organ have stimulated interest in the potential for the pharmacological activation of BAT to reduce adiposity in the obese. In contrast, the inhibition of BAT thermogenesis could facilitate the induction of therapeutic hypothermia for fever reduction or to improve outcomes in stroke or cardiac ischemia by reducing infarct size through a lowering of metabolic oxygen demand. This review summarizes the central circuits for the autonomic control of BAT thermogenesis and highlights the potential clinical relevance of the pharmacological inhibition or activation of BAT thermogenesis.
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INTRODUCTION

The presence of uncoupling protein-1 (UCP-1) in the mitochondria of brown and beige adipocytes confers on brown adipose tissue (BAT) the unique capacity to generate heat through dissociation of the energy derived from the electron transport chain from the production of ATP. BAT thermogenesis is under the direct control of central sympathetic circuits such that the release of norepinephrine onto β 3 receptors in the membrane of brown adipocytes contributes to increased lipolysis and β-oxidation of fatty acids leading to the activation of the mitochondrial process for heat production (Cannon and Nedergaard, 2004). Cold exposure produces BAT activation, both in human (Christensen et al., 2006; Cypess et al., 2009; Nedergaard et al., 2010) and rodents (Nakamura and Morrison, 2011; Morrison et al., 2012), and exposure to a warm environment leads to a reduction in the sympathetic drive to BAT, maintaining an inhibition of thermogenesis (Nakamura and Morrison, 2010).

BAT thermogenesis requires the consumption of energy stores, initially those in the BAT lipid droplets and, with extended BAT activation, those derived from catabolism of white adipose tissue. During restricted energy availability, BAT thermogenesis and its energy expenditure are inhibited, as exemplified in the suspension of the thermogenic response to cold in hibernating animals (Cannon and Nedergaard, 2004) and during food restriction or hypoglycemia (Egawa et al., 1989; Madden, 2012). Thus, in addition to the core thermoregulatory network, BAT thermogenesis can be modulated by CNS circuits not directly involved in thermoregulation, but in regulating other aspects of overall energy homeostasis. We hypothesize that such a metabolic regulation of BAT thermogenesis plays a permissive role in determining BAT thermogenesis, potentiating, or reducing transmission through the core thermoregulatory circuit controlling BAT. In this review, we will describe the core thermoregulatory circuit controlling BAT thermogenesis in response to cold or warm exposure, as well as other CNS regions whose neurons may be modulatory or permissive for the BAT thermogenesis. Additionally, we will suggest examples in which the understanding of the circuits regulating BAT thermogenesis, and thus, the opportunities for pharmacological inhibition or activation of BAT, could be clinically relevant in pathologies such as intractable fever, obesity, or brain or myocardial ischemia.

CORE THERMOREGULATORY CIRCUIT REGULATING BAT THERMOGENESIS

The autonomic regulation of BAT thermogenesis is effected primarily through the core thermoregulatory network (Figure 1) in the CNS. This neural network can be viewed as a reflex circuit through which changes in skin (and visceral) thermoreceptor discharge leads to alterations in the activation of BAT sympathetic nerve activity (SNA), to counter or protect against changes in the temperature of the brain and other critical organ tissues. The synaptic integration sites and neurotransmitter systems in the core thermoregulatory network constitute potential sites where non-thermal signals and pharmacological agents could modulate BAT thermogenesis.


[image: image]

FIGURE 1. Schematic model of the central autonomic thermoregulatory pathway and neurotransmitters regulating brown adipose tissue (BAT). Cool and warm cutaneous thermal sensory receptors excite primary sensory neurons in the dorsal root ganglia which relay thermal information to second-order thermal sensory neurons in the dorsal horn (DH). Cool and warm sensory neurons in DH release glutamate to activate third-order sensory neurons in the external lateral (LPBel) and dorsal (LPBd) subnuclei, respectively, of the lateral parabrachial nucleus. Thermal signals for involuntary thermoregulatory responses are transmitted from the LPB to the preoptic area (POA) which contains a population of BAT-regulating, GABAergic, warm-sensitive (W-S) neurons in the medial preoptic area (MPA) that project to inhibit glutamatergic, BAT sympathoexcitatory neurons in the dorsomedial hypothalamus and dorsal hypothalamic area (DMH-DA). In the median preoptic (MnPO) subnucleus, we postulate that GABAergic interneurons, activated by cool-activated neurons in LPBel, inhibit W-S neurons, while excitatory interneurons, excited by warm-activated neurons in LPBd, excite W-S neurons. Prostaglandin (PG) E2 binds to EP3 receptors to inhibit the activity of W-S neurons in the POA. The activity of BAT sympathoexcitatory neurons in the DMH-DA, determined by the balance of a glutamatergic excitation of unknown origin and a GABAergic inhibition from W-S POA neurons, excites BAT sympathetic premotor neurons in the rostral ventromedial medulla, including the rostral raphe pallidus (rRPa) and parapyramidal area (PaPy), that project to BAT sympathetic preganglionic neurons (SPN) in the spinal intermediolateral nucleus (IML). Some BAT premotor neurons can release glutamate (GLU) to excite BAT SPNs and increase BAT sympathetic nerve activity, while others can release serotonin (5-HT) to interact with 5-HT1A receptors, potentially on inhibitory interneurons in the IML, to increase the BAT sympathetic outflow, and thermogenesis. Regions with modulatory inputs to the thermoregulatory pathway include the paraventricular hypothalamic nucleus (PVH) which exerts an inhibitory influence on BAT thermogenesis. Orexinergic neurons in the perifornical lateral hypothalamus (PeF-LH) project to the rRPa to increase the excitability of BAT sympathetic premotor neurons. Activation of neurons in the ventrolateral medulla (VLM) or in the nucleus of the solitary tract (NTS) produces an inhibition of BAT thermogenesis. Norepinephrine (NE) release from the rRPa terminals of VLM catecholaminergic neurons contributes to the VLM-evoked BAT sympathoinhibition via alpha 2 adrenergic receptors on BAT sympathetic premotor neurons. VGLUT3, vesicular glutamate transporter 3.



CUTANEOUS THERMAL RECEPTOR AFFERENT PATHWAY

The skin contains both cool and warm thermoreceptors (Andrew and Craig, 2001; Craig et al., 2001). The predominant cold receptors are lightly myelinated Aδ fibers, active between 10°C and 40°C and less abundant warm receptors are unmyelinated C fibers, activated between 30°C and 50°C, such that both warm and cold thermoreceptors would be active at temperatures between 30°C and 35°C (Hensel and Kenshalo, 1969). The molecular mechanisms underlying activation of cutaneous thermoreceptors reside in the transient receptor potential (TRP) family of cation channels whose conductances are temperature dependent (Pogorzala et al., 2013). TRPM8, activated by menthol and cooling is the primary candidate for the cutaneous cold receptor TRP channel (McKemy et al., 2002). BAT activity and core temperature are reduced by blockade of peripheral TRPM8 (Almeida et al., 2012) or neonatal capsaicin treatment that reduces TRPM8 mRNA in dorsal root ganglia (Yamashita et al., 2008). By virtue of their location at the interface between the environment and subcutaneous tissue, the discharge of cool and warm skin thermoreceptors will be influenced by both the ambient temperature (modulated by the degree of hairiness of the skin site) and the level of cutaneous blood flow and degree of anastomosis of the cutaneous vasculature. Thus, upon exposure to a cold environment, an increase in the discharge of skin cool thermoreceptors will be sustained by the fall in ambient temperature as well as by the reflex-evoked cutaneous vasoconstriction which reduces the flow of warm blood to the skin in order to limit heat loss.

Primary thermal somatosensory fibers deliver thermal information to lamina I neurons in the spinal (or trigeminal) dorsal horn (Craig, 2002) (Figure 1). Cold-defensive, sympathetic BAT thermogenesis is driven, not by the spinothalamocortical pathway mediating perception, localization and discrimination of cutaneous thermal stimuli, but rather by a spinoparabrachiopreoptic pathway, in which collateral axons of spinothalamic and trigeminothalamic lamina I dorsal horn neurons (Hylden et al., 1989; Li et al., 2006) activate lateral parabrachial nucleus (LPB) neurons projecting to thermoregulatory networks in the preoptic area (POA). Specifically, neurons in the external lateral subnucleus (LPBel) of the lateral parabrachial nucleus (LPB) and projecting to the median subnucleus (MnPO) of the POA are glutamatergically activated following cold exposure (Bratincsak and Palkovits, 2004; Nakamura and Morrison, 2008b), and third-order warm sensory neurons in the dorsal subnucleus (LPBd) are activated in response to skin warming (Bratincsak and Palkovits, 2004; Nakamura and Morrison, 2010). Although nociceptive inputs play only a minor role (Nakamura and Morrison, 2008b), there may be other non-thermal signals that are integrated with cutaneous thermal afferent inputs to LPB neurons in the afferent pathway contributing to regulate BAT thermogenesis.

HYPOTHALAMIC MECHANISMS IN THE THERMOREGULATORY CONTROL OF BAT THERMOGENESIS

Within the neural circuits regulating BAT thermogenesis, the hypothalamus, prominently including the POA and the dorsomedial hypothalamus/dorsal hypothalamic area (DMH/DA), occupies a pivotal position between the cutaneous signaling related to ambient temperature and the premotor and spinal motor pathways controlling BAT thermogenesis (Figure 1). Other hypothalamic nuclei, including the perifornical lateral hypothalamus (PeF/LH) and the paraventricular nucleus (PVH), can modulate BAT SNA (see below), but are not within the core thermoregulatory pathway.

Glutamatergic activation of MnPO neurons by their LPBel inputs is an essential step in the central mechanism for eliciting cold-defensive BAT thermogenesis. Specifically, stimulation of BAT thermogenesis by activation of LPBel neurons or by skin cooling is blocked by inhibiting neuronal activity or by antagonizing glutamate receptors in the MnPO (Nakamura and Morrison, 2008a,b). MnPO neurons receiving cutaneous cold signals from LPBel neurons also presumably receive other synaptic inputs that could influence the regulation of BAT thermogenesis by cutaneous thermal afferents. For example, tuberoinfundibular peptide of 39 residues (TIP39)-mediated activation of the parathyroid hormone 2 receptor (PTH2R) on glutamatergic terminals presynaptic to MnPO neurons projecting to DMH/DA increases core temperature, likely including a stimulation of BAT thermogenesis, and interruption of TIP39 signaling in MnPO reduces cold defense capability (Dimitrov et al., 2011). Additionally, neurons in MnPO contain receptors for leptin (Zhang et al., 2011) and for PGE2(Lazarus et al., 2007) that also influence the activation of BAT thermogenesis. The strong activation of BAT thermogenesis by local nanoinjections of bicuculline into MnPO (Nakamura and Morrison, 2008a) is consistent with a tonic GABAergic inhibition of skin cooling-activated neurons in MnPO.

The conceptual foundation of our current understanding of the role of the hypothalamus in normal body temperature regulation and in the elevated body temperature during fever is the discovery (Nakayama et al., 1963; Boulant and Hardy, 1974) of a class of hypothalamic neurons, perhaps concentrated in the medial preoptic area (MPA), which have intrinsic temperature sensitivity: in the absence of synaptic inputs, their discharge frequency increases as the temperature of their local environment increases. The neurophysiological mechanism underlying the thermosensitivity of warm-sensitive neurons in the POA is thought to reside in a warming-dependent facilitation of the rate of rise of a depolarizing prepotential, due to an heat-induced increase in the inactivation rate of an A-type potassium current, which shortens the intervals between action potentials and thereby increases their firing rates (Boulant, 2006). Thus, cold-defensive and febrile activation of BAT thermogenesis is postulated to occur via a disinhibitory mechanism in which MnPO neurons receiving cutaneous cool signals from LPBel neurons provide a GABAergic inhibition to warm-sensitive, GABAergic (Lundius et al., 2010) inhibitory projection neurons in the MPA (Figure 1) to reduce their tonic activity, thereby resulting in disinhibition of BAT sympathoexcitatory neurons in caudal brain regions such as DMH/DA and rostral raphe pallidus (rRPa), whose excitation increases the sympathetic outflow to BAT. Consistent with this hypothesis, increases in BAT thermogenesis evoked by skin cooling or by stimulation of MnPO neurons are reversed completely by antagonizing GABAA receptors in the MPA (Nakamura and Morrison, 2008a).

The DMH/DA contains the BAT sympathoexcitatory neurons antecedent to medullary BAT sympathetic premotor neurons in rRPa (Figure 1) that are critical for the cold-defense and febrile activation of BAT thermogenesis (reviewed in Dimicco and Zaretsky, 2007). The direct activation of DMH/DA neurons by local injection of NMDA or leptin (Enriori et al., 2011) increases the sympathetic tone to BAT. Bicuculline-mediated disinhibition of DMH/DA neurons increases BAT SNA (Cao et al., 2004) and BAT thermogenesis (Zaretskaia et al., 2002), consistent with a tonically-active GABAergic input, likely from warm-sensitive POA neurons, to BAT sympathoexcitatory neurons in the DMH/DA (Figure 1) (Nakamura et al., 2005). In addition, inhibition of neurons in the DMH/DA or blockade of local glutamate receptors in the DMH/DA reverses febrile and cold-evoked excitations of BAT SNA and BAT thermogenesis (Zaretskaia et al., 2003; Madden and Morrison, 2004; Morrison et al., 2004; Nakamura et al., 2005; Nakamura and Morrison, 2007). Neurons in the DMH/DA do not project directly to BAT sympathetic preganglionic neurons, but their monosynaptic projection to the rostral ventromedial medulla (Hermann et al., 1997; Samuels et al., 2002; Nakamura et al., 2005; Yoshida et al., 2009), including the principal site of BAT sympathetic premotor neurons in the rRPa (see below), has been implicated in mediating the effects of DMH/DA neurons on BAT thermogenesis. Glutamate receptor activation in the rRPa is necessary for the increase in BAT SNA and BAT thermogenesis evoked by disinhibition of neurons in the DMH/DA (Cao and Morrison, 2006). Neurons in the DMH/DA that are retrogradely-labeled from tracer injections into the rRPa express Fos in response to BAT thermogenic stimuli such as endotoxin, cold exposure or stress (Sarkar et al., 2007; Yoshida et al., 2009; Madden, 2012) and some DMH/DA neurons that project to the rRPa receive close GABAergic appositions from neurons in the MPA (Nakamura et al., 2005).

While there is evidence suggesting a role for neurons in the periaqueductal gray (PAG) in determining the level of BAT thermogenesis, potentially by influencing the output from the DMH/DA, no consistent picture has emerged of the functional organization of the PAG influence on the sympathetic outflow to BAT. Some DMH/DA neurons projecting to the caudal PAG (cPAG) express Fos in response to cold exposure (Yoshida et al., 2005) and some neurons in the cPAG are multisynaptically-connected to BAT (Cano et al., 2003), presumably including those that project directly to the raphe (Hermann et al., 1997). Neurons in the cPAG express Fos in response to cold (Cano et al., 2003), although these may not project to the rRPa (Yoshida et al., 2009). Excitation of neurons in cPAG increases BAT temperature, but without a concomitant increase in core temperature (Chen et al., 2002), while similar excitation of neurons in the lateral and dorsolateral PAG (dl/lPAG) of conscious rats does increase core temperature, in a manner dependent on activity within the DMH (De Menezes et al., 2009). In contrast, in anesthetized and paralyzed rats, skin cooling-evoked stimulation of BAT thermogenesis was unaffected by muscimol injections into the cPAG (Nakamura and Morrison, 2007). The area of the rostral ventromedial PAG (rvmPAG) contains neurons with an inhibitory effect on BAT thermogenesis that are capable of reversing the BAT thermogenesis evoked by PGE2 injections into POA or by disinhibition of neurons in DMH/DA (Rathner and Morrison, 2006).

BAT SYMPATHETIC PREMOTOR NEURONS IN THE RRPA

Within the hierarchical organization of the central thermoregulatory network, neurons in the rostral ventromedial medulla, centered in the rRPa and extending into nearby raphe magnus nucleus and over the pyramids to the parapyramidal area (PaPy) (Bamshad et al., 1999; Oldfield et al., 2002; Cano et al., 2003; Yoshida et al., 2003), play a key role as BAT sympathetic premotor neurons—providing an essential excitatory drive to BAT sympathetic preganglionic neurons (SPNs) in the intermediolateral nucleus (IML) of the thoracolumbar spinal cord, which, in turn, excite sympathetic ganglion cells innervating the BAT pads (Figure 1). BAT sympathetic premotor neurons in the rRPa respond to local application of agonists for NMDA and non-NMDA subtypes of glutamate receptors and receive a potent glutamatergic excitation (Madden and Morrison, 2003; Cao and Morrison, 2006). They also receive GABAergic inhibitory inputs, which predominate under warm conditions to reduce BAT thermogenesis. Relief of this tonically-active, GABAergic inhibition as well as an increase in glutamate-mediated excitation, including that from the DMH (Cao and Morrison, 2006), contributes to the cold-evoked and febrile increases in BAT premotor neuronal discharge that drives BAT SNA and BAT heat production (Madden and Morrison, 2003). Reduced activity of rRPa neurons produces dramatic falls in body temperature in conscious rats (Zaretsky et al., 2003). The activity of rRPa neurons is required for the increases in BAT SNA and BAT thermogenesis elicited by a variety of thermogenic stimuli, including not only skin cooling and fever (Nakamura et al., 2002; Madden and Morrison, 2003; Nakamura and Morrison, 2007; Ootsuka et al., 2008), but also disinhibition of neurons in the DMH (Cao et al., 2004) or PeF/LH (Cerri and Morrison, 2005); activation of central mu-opioid receptors (Cao and Morrison, 2005), central melanocortin receptors (Fan et al., 2007) or preoptic CRF receptors (Cerri and Morrison, 2006) and systemic administration of the adipose tissue hormone, leptin (Morrison, 2004). BAT thermogenesis is driven by the activity of both VGLUT3-expressing and serotonin-containing neurons in the rostral ventromedial medulla, as indicated by the findings that a significant percentage of VGLUT3-containing neurons in the rRPa express c-fos in response to cold exposure or icv PGE2 (Nakamura et al., 2004), that serotonergic neurons in the rRPa increase their firing rate in response to PGE2 administration or cold exposure (Martin-Cora et al., 2000), that blockade of spinal glutamatergic receptors attenuates increases in BAT SNA evoked by disinhibition of neurons in the raphe pallidus (Nakamura et al., 2004), and that blockade of spinal serotonin receptors markedly attenuates cold-evoked increases in BAT SNA (Madden and Morrison, 2010). Thus, the rRPa and PaPy regions of the ventromedial medulla contain the principal populations of BAT sympathetic premotor neurons that provide the final common medullospinal pathway (Figure 1) for the BAT sympathoexcitatory drive to the spinal network controlling BAT SNA and that are both necessary and sufficient for the BAT thermogenic responses to thermoregulatory (Figure 1) and febrile stimuli and to a variety of neurochemical mediators that influence body temperature.

SPINAL SYMPATHETIC MECHANISMS INFLUENCING BAT THERMOGENESIS

The discharge of BAT SPNs that determines the level of BAT SNA and BAT thermogenesis, as well as the rhythmic bursting characteristic of BAT SNA, is governed by their supraspinal and segmental inputs as well as those to the network of spinal interneurons that influence BAT SPN excitability. A significant fraction of the BAT sympathetic premotor neurons in rRPa and in the PaPy are glutamatergic and/or serotonergic and/or GABAergic neurons (Cano et al., 2003; Nakamura et al., 2004; Stornetta et al., 2005). In addition, IML-projecting neurons located in the rRPa and the PaPy can contain thyrotropin-releasing hormone (TRH) and substance P (Sasek et al., 1990), but a role for these neurotransmitters in the spinal mechanisms regulating BAT thermogenesis has yet to be demonstrated. GABAergic and serotonergic inhibitory inputs to GABAergic spinal interneurons likely play a role in the regulation of BAT thermogenesis (Stornetta et al., 2005; Madden and Morrison, 2008). Glutamate and 5-HT play critical roles in the descending excitation of BAT sympathetic preganglionic neurons by their antecedent premotor neurons in the rRPa (Nakamura et al., 2004; Madden and Morrison, 2006, 2010). The significant role of serotonin-containing neurons in normal cold defense responses is also supported by the finding that mice that lack almost all central serotonergic neurons show blunted BAT thermogenesis during cold exposure (Hodges et al., 2008).

NON-THERMOREGULATORY MODULATION OF BAT THERMOGENESIS

The CNS circuit described above (Figure 1) represents the thermoregulatory backbone pathway controlling the BAT sympathetic outflow in response to changes in skin thermoreceptor discharge. However, BAT thermogenesis can be markedly influenced by a variety of metabolic signals (e.g., oxygen or energy status) and BAT thermogenesis can contribute to the elevations in core temperature that characterize various behavioral states (e.g., wakefulness or stress). With the view that cold-defense is the primary function of BAT thermogenesis, we propose that such influences on BAT thermogenesis are effected by modulating, perhaps in a “permissive” manner, transmission through the synaptic integration sites in the backbone thermoregulatory pathway driving BAT SNA by a diverse array of non-thermoregulatory inputs. Since it is only for the regulation of BAT thermogenesis by skin thermoreceptors that the reflex pathway from stimulus to effector has been delineated, we can only speculate about the “functional” role underlying the myriad of neurochemical and site-specific effects on BAT thermogenesis that have been described. Although we categorize these influences as “modulatory,” it should be clear that some (e.g., hypoxia or hypoglycemia) are capable of completely abrogating thermoregulatory activation of BAT thermogenesis. On the other hand, it is expected that modulatory influences that increase BAT thermogenesis (e.g., orexin) will require activation of the core thermoregulatory system.

OREXIN NEURONS IN THE PEF/LH INCREASE BAT THERMOGENESIS

Orexin neurons, a population of glutamatergic neurons co-expressing the peptides orexin A and B (De Lecea et al., 1998; Sakurai et al., 1998), are located exclusively in the PeF/LH and regulate a variety of physiological functions, including BAT thermogenesis, through their projections to several regions of the CNS (Peyron et al., 1998). A subpopulation of orexin neurons project to BAT sympathetic premotor neurons in the rRPa and PaPy (Oldfield et al., 2002; Berthoud et al., 2005; Tupone et al., 2011). Administration of orexin into the 4th ventricle increased c-fos expression in rRPa (Berthoud et al., 2005) and direct nanoinjection of orexin in RPa/PaPy, or activation of LH by activation of local NMDA receptors (Tupone et al., 2011) or by disinhibition with the GABAA antagonist, bicuculline (Cerri and Morrison, 2005), increases BAT SNA and BAT thermogenesis. Orexin in rRPa, as well as activation of neurons in PeF-LH by NMDA, potentiates an ongoing BAT SNA but fails to increase BAT SNA if the ongoing level of BAT SNA is low, as during normothermia. These data are interpreted to indicate that the orexin input to the rRPa can amplify BAT thermoregulatory responses elicited at the level of the BAT sympathetic premotor neuron (Tupone et al., 2011). Of interest is the finding that disinhibition of PeF-LH neurons with local nanoinjection of bicuculline evokes an increase in BAT SNA even in a thermoneutral condition with an initial low level of BAT SNA and this stimulation of BAT SNA requires the activity of BAT sympathoexcitatory neurons in the DMH/DA (Cerri and Morrison, 2005). Furthermore, PeF-LH orexinergic neurons, but not their release of orexin, are required for febrile and stress-induced thermogenesis (Takahashi et al., 2013). Thus, glutamate release from orexin (and non-orexinergic) neurons in PeF-LH at projection sites of these neurons such as the DMH (Peyron et al., 1998) and the rRPa (Tupone et al., 2011; Madden, 2012) could also be an important modulator of BAT thermogenesis. The modulatory role of orexin release in rRPa on cold-defensive BAT thermogenesis (Tupone et al., 2011); the increase in body weight together with the dysregulation of body temperature observed in orexin neuron-ablated mice (Hara et al., 2001, 2005; Perez-Leighton et al., 2013); and the association between a propensity for obesity and thermoregulatory dysfunction in narcoleptic disease (Plazzi et al., 2011), a pathology characterized by the lack of the orexinergic neurons, suggests that the influence of the orexin input to the core thermoregulatory network controlling BAT SNA plays a significant role in the maintenance of thermoregulatory and metabolic homeostasis.

HYPOXIC INHIBITION OF BAT THERMOGENESIS

To conserve metabolic fuel reserves and oxygen for the metabolic demands of essential tissues such as the brain and heart, BAT thermogenesis is markedly influenced by the energy status of the animal: adequate fuel substrate and oxygen availability are permissive for the activation of BAT thermogenesis, while a reduced supply of nutrient fuels (Rothwell and Stock, 1982; Buchanan et al., 1991; Madden, 2012) or of oxygen (Madden and Morrison, 2005) inhibits BAT thermogenesis. Although the neural mechanisms through which metabolic homeostasis regulates the permissive control of BAT energy expenditure are only beginning to be elucidated, recent evidence supports a role for the integration of metabolic signals with the regulation of BAT thermogenesis within the nucleus tractus solitarius (NTS) (Cao et al., 2010; Grill and Hayes, 2012), the paraventricular nucleus of the hypothalamus (PVH) and the ventrolateral medulla (VLM) (Ritter et al., 2001; Cao et al., 2010; Madden, 2012).

Systemic hypoxia produces a prompt and complete reversal of the elevated BAT SNA resulting from cold exposure or PGE2 injection into the POA (Madden and Morrison, 2005). These effects arise from stimulation of the arterial chemoreceptors since they are eliminated by transection of the carotid sinus nerves or by inhibition of second-order arterial chemoreceptor sensory neurons in the commissural region of the nucleus of the tractus solitarius (commNTS) (Madden and Morrison, 2005). Interestingly, hypoxia also eliminates the BAT SNA activation resulting from bicuculline nanoinjection into the rRPa (Madden and Morrison, 2005), suggesting that the hypoxic inhibition of BAT thermogenesis is unlikely to arise from activation of a GABAergic input to BAT sympathetic premotor neurons in rRPa. Similarly to arterial hypoxia, disinhibition of neurons in the rostral ventrolateral medulla (rVLM) inhibits the increase in BAT SNA following nanoinjection of bicuculline into the rRPa (Cao et al., 2010). The neuroanatomical pathway for the arterial chemoreceptor-mediated inhibition of BAT SNA and BAT thermogenesis may parallel that described for the hypoxic activation of vasoconstrictor sympathetic outflow (Guyenet, 2000). Interestingly, both anatomical (Stornetta et al., 2004) and electrophysiological (Deuchars et al., 1997) studies support the existence of a bulbospinal inhibitory pathway from the rVLM to SPNs thus providing a putative descending inhibitory substrate for the hypoxic inhibition of SPNs governing BAT thermogenesis.

ROLE OF NTS IN METABOLIC REGULATION OF BAT

The intermediate NTS (iNTS) contains second-order sensory neurons receiving visceral vagal input that includes metabolic signals related, at least in part, to fuel substrate availability. The iNTS also contains BAT sympathoinhibitory neurons: disinhibition of iNTS neurons elicits a prompt and complete inhibition of the increases in BAT SNA and BAT thermogenesis due to cold exposure, to injections of PGE2 into the MPA, to disinhibition of neurons in DMH/DA or in rRPa, or to pontomedullary transection (Cao et al., 2010). Further, nanoinjection of an A1 adenosine receptor agonist in iNTS inhibits cold-evoked BAT SNA and this BAT sympathoinhibition is reversed by inhibition of iNTS neurons (Figure 2A) (Tupone et al., 2013a). The inhibition of BAT thermogenesis and BAT energy expenditure by upregulation of hepatic glucokinase may also be mediated by BAT sympathoinhibitory neurons in NTS since it is dependent on a vagal afferent input (Tsukita et al., 2012). The circuit through which iNTS neurons inhibit BAT SNA is debated and remains to be further elucidated. In the mouse, a direct GABAergic projection from NTS to BAT sympathetic premotor neurons in rRPa has been suggested to mediate the NTS-evoked inhibition of BAT activity (Kong et al., 2012). However, perhaps due to a species difference, retrograde tracing from the rat rRPa failed to identify a direct projection from iNTS to rRPa (Tupone et al., 2013a). Additionally, the long survival times necessary to transynaptically label iNTS neurons after inoculation of BAT with pseudorabies virus (Cano et al., 2003) is not consistent with a direct projection from iNTS to rRPa in rat. Moreover, activation of iNTS neurons in the rat inhibits BAT SNA and BAT thermogenesis after bicuculline injection into rRPa (Cao et al., 2010), a finding that is also inconsistent with a direct GABAergic input from the iNTS to BAT sympathetic premotor neurons in the rRPa. A species difference notwithstanding, these data could also be explained by the inability to narrowly target tracer injections into rRPa in mice and the existence of a GABAergic connection between parts of the NTS and RPa that are different from those examined in the rat. Nonetheless, the iNTS-evoked inhibition of BAT SNA in rat appears to be mediated by a multisynaptic pathway from iNTS neurons to BAT sympathetic premotor neurons in rRPa and eventually to BAT SPNs or the projection of iNTS neurons to more rostral or caudal area of the RPa. The iNTS also contains BAT sympathoexcitatory neurons, as suggested by the increase in BAT temperature following injection of leptin and/or TRH into the 4th ventricle (Hermann et al., 2006; Rogers et al., 2009), although injection of leptin alone into the NTS failed to alter BAT SNA (Mark et al., 2009). Additionally, the activation of BAT thermogenesis by duodenal lipid is dependent on cholecystokinin A receptor activation and on a vagal input to iNTS neurons (Blouet and Schwartz, 2012). Thus, multiple populations of neurons in the NTS can make significant contributions to the autonomic regulation BAT thermogenesis, particularly in response to peripheral metabolic signaling.
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FIGURE 2. Inhibition of BAT thermogenesis through central modulatory areas. (A) Bilateral injection of the A1 adenosine receptor agonist, CHA, induces a rapid inhibition of the cold-evoked BAT SNA and reduces BAT temperature and expired CO2. Modified from Tupone et al. (2013a). (B) Unilateral nanoinjection of the glucoprivic agent, 5-TG, into the VLM induces a rapid inhibition of cold-evoked BAT SNA and a fall in BAT temperature and expired CO2. Modified from Madden (2012), Tupone et al. (2013a).



NEURONS IN THE VLM CONTRIBUTE TO THE HYPOGLYCEMIC INHIBITION OF BAT THERMOGENESIS

Activation of neurons throughout the rostral-caudal extent of the VLM from the facial nucleus to the lateral reticular nucleus produces an inhibition of BAT SNA (Cao et al., 2010). In particular, disinhibition of rostral VLM neurons elicits a prompt and complete inhibition of BAT SNA and BAT thermogenesis elicited by cold, by injection of PGE2 into the MPA, by disinhibition of neurons in DMH/DA or the rRPa, or by pontomedullary transection (Cao et al., 2010). Feeding and adrenal medullary responses to the glucopenia produced by systemic administration of 2-Deoxy-D-glucose (2-DG) are mediated by neurons in the intermediate VLM, including those that project to the PVH (Ritter et al., 2001) or the spinal cord (Madden et al., 2006). Direct injection of the glucoprivic agent, 5-Thio-D-glucose (5-TG), into the intermediate VLM (Figure 2B) inhibits BAT SNA and BAT thermogenesis (Madden, 2012). Although the inhibition of BAT SNA and BAT thermogenesis from activation of iVLM neurons is mediated in part by a direct catecholaminergic projection to rRPa and dependent on α2 adrenergic receptors in rRPa (Madden et al., 2013), it's role in the glucoprivic inhibition of BAT SNA remains to be determined. In this regard, the rRPa does not receive a direct input from neurons in the rostral VLM (Madden et al., 2013), a VLM region from which potent inhibition of BAT SNA can be elicited (Cao et al., 2010), suggesting that there are multiple BAT sympathoinhibitory systems over the rostral-caudal extent of the VLM.

NEURONS IN THE PVH MODULATE BAT SNA

The PVH plays a major role in the regulation of energy homeostasis through its influence on food intake (Atasoy et al., 2012) and energy expenditure (Madden and Morrison, 2009). Although the pauci-synaptic connections of neurons in the PVH to BAT (Bamshad et al., 1999; Oldfield et al., 2002; Cano et al., 2003; Yoshida et al., 2003) strongly supports a role for these neurons in the sympathetic regulation of BAT thermogenesis, their influence on the regulation of BAT thermogenesis has been controversial. Initially, neurons in the PVH were thought to play a role in the excitation of BAT SNA, since neurons in the dorsal PVH with direct projections to the spinal SPNs are activated during fever (Zhang et al., 2000) and lesions of PVH attenuated fever (Horn et al., 1994; Caldeira et al., 1998; Lu et al., 2001), although, curiously, cold-evoked BAT thermogenesis was unaffected by lesions of the PVH (Lu et al., 2001). In contrast, disinhibition of neurons in PVH or their glutamatergic activation with NMDA injections completely inhibits BAT SNA and BAT thermogenesis induced by cold exposure, injections of PGE2 into the MPA, or disinhibition of neurons in DMH/DA (Madden and Morrison, 2009). Although activation of PVH neurons could attenuate the increases in BAT SNA and BAT thermogenesis evoked by injections of NMDA into the rRPa, those resulting from bicuculline injections into rRPa were unaffected by disinhibition of PVH neurons, consistent with the PVH-evoked inhibition of BAT SNA being mediated by GABAA receptors in the rRPa. That neurons in the PVH provide an inhibitory influence on BAT SNA is also supported by the observations that NPY presynaptically inhibits GABA release onto PVH neurons (Cowley et al., 1999) and microinjection of NPY into the PVH decreases BAT SNA (Egawa et al., 1991). These apparent controversies in the relation of PVH neurons to BAT thermogenesis, particularly during fever, might be explained by the presence of subpopulations of PVH neurons mediating contrasting effects on BAT thermogenesis or by a role of PVH neurons during fever that involves the stimulation of other fever-supporting effector systems such as the cutaneous vasculature or hormone release.

Controversy also exists concerning the role of melanocortin receptor activation in the PVH on energy expenditure and on the activation of BAT thermogenesis. Selective rescue of melanocortin-4 receptor (MC4R) expression in neurons of the PVH (and the medial amygdala) in mice lacking expression of MC4R, failed to normalize (elevate) their oxygen consumption to wild-type levels (Balthasar et al., 2005). Based on these data it was suggested that PVH MC4Rs do not mediate the energy expenditure effects of melanocortins. In contrast, other groups have demonstrated that microinjection of melanocortin receptor agonists into the PVH increases core and BAT temperatures (Song et al., 2008; Skibicka and Grill, 2009). These effects of melanocortin receptor activation could be mediated by activation of presynaptic MC4Rs, which potentiate GABAergic inputs to PVH neurons (Cowley et al., 1999). Indeed, this explanation would reconcile such a controversy, since the rescue of MC4R in the study of Balthasar et al. would only rescue the postsynaptic MC4R in PVH neurons and not those that are located presynaptically and are potentially responsible for the effects of exogenously administered melanocortin receptor agonists. This explanation is also consistent with the existence of BAT sympathoinhibitory neurons in the PVH (Madden and Morrison, 2009). The physiological conditions which stimulate the BAT sympathoinhibitory output from the PVH are unknown, but may include hypoglycemia (Madden, 2012) and hypoxia (Madden and Morrison, 2005), as well as chronic intermittent hypoxia (Sharpe et al., 2013). Another interesting possibility is that neurons in the PVH provide a tonic inhibition of BAT thermogenesis and release from this inhibition under specific conditions, such as changes in dietary composition or leptin binding to arcuate neurons (Kong et al., 2012), may activate BAT SNA and BAT energy expenditure.

PATHOLOGY

BAT THERMOGENESIS CONTRIBUTES TO FEVER

Fever is a hyperthermia (i.e., increase in core temperature) mediated by increased thermogenesis and cutaneous vasoconstriction in response to inflammatory mediators that influence central thermoregulatory circuits. Inflammatory mediators such as interleukin (IL)-1 (Rothwell, 1989), macrophage inflammatory protein-1 (MIP-1) (Zampronio et al., 1994) and tumor necrosis factor alpha (TNF-α) (Rothwell, 1988) are secreted in response to invading pathogens. With the exception of MIP-1 and IL-8, the febrile response to these inflammatory mediators requires the production of prostaglandin E2 (PGE2). BAT thermogenesis contributes significantly to the heat production necessary to raise core body temperature during the febrile response driven by the increased synthesis of prostaglandin E2 (PGE2) in response to pathogen invasion. PGE2, which is synthesized in peripheral tissues and in the brain vasculature in response to immune signals (Elmquist et al., 1997; Matsumura et al., 1998; Yamagata et al., 2001), acts through its EP3 receptor (EP3-R) on neurons in POA, particularly the MPO and MnPO (Scammell et al., 1996; Nakamura et al., 2000, 2002; Lazarus et al., 2007) to activate BAT thermogenesis and increase body temperature during fever. The central role played by the POA neurons in fever is highlighted by the demonstration that elimination of EP3-R selectively in the POA is sufficient to prevent lipopolysaccharide (LPS) fever (Lazarus et al., 2007). However, EP3 receptors expressed in other brain areas such as the PVH and parabrachial nucleus may play a minor role in the generation of fever, since a thermogenic response follows nanoinjection of PGE2 into these regions (Skibicka et al., 2011). Anatomical evidence supporting the role of POA neurons in fever includes the demonstration of a population of EP3-R- positive, PRV-infected neurons in POA following virus inoculation of interscapular BAT (Yoshida et al., 2003). Also, EP3-R-positive neurons in POA heavily and directly project to DMH and to rRPa (Nakamura et al., 2002, 2005, 2009) (Figures 3A,B,D). Moreover, the majority of EP3-R-expressing POA neurons (Nakamura et al., 2002) and of warm-sensitive neurons in POA (Lundius et al., 2010) are GABAergic. Physiologically, the muscimol-evoked inhibition of POA neurons elicits hyperthermic, cardiovascular, and neuroendocrine responses similar to those evoked by a PGE2 nanoinjection into the same site (Zaretsky et al., 2006). Consistent with these results, a fever like response is elicited by the bicuculline-evoked disinhibition of DMH neurons (Morrison, 1999; Zaretskaia et al., 2002; Cao et al., 2004). Currently, the febrile response is postulated to arise from PGE2 binding to EP3-R and inhibiting, via inhibitory GTP-binding proteins (Narumiya et al., 1999), the activity of warm-sensitive neurons in POA. This results in the disinhibition of DMH BAT sympathoexcitatory neurons projecting to BAT sympathetic premotor neurons rRPa, and the activation of BAT thermogenesis (Figure 3C).
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FIGURE 3. Role of POA neurons in the generation of the fever response mediated by PGE2. (A) Intense immunoreactivity for the EP3-R in the rat POA is particularly distributed in the MnPO, MPA, and parastrial nucleus (PS). Modified from Nakamura et al. (1999). (B) Counting of double-labeled neurons in MnPO and MPA that were EP3-R immunoreactive and retrogradely labeled following injection (D) of Alexa488-conjugated CTb and Alexa594-conjugated CTb in DMH and in rRPa, respectively, thereby suggesting their role in mediating the febrile response. *P < 0.05, paired t-test. Modified from Nakamura et al. (2009). (C) PGE2-evoked increases in BAT SNA, BAT temperature (TBAT), Exp CO2, and HR were immediately reversed by bilateral muscimol injections into the DMH. Modified from Madden and Morrison (2004).



THE ROLE OF BAT IN OBESITY

Sympathetic activation of BAT increases lipolysis and β-oxidation of fatty acids in BAT, allowing heat production, via mitochondrial UCP1, at the expense of stored lipids (Cannon and Nedergaard, 2004). Reduced thermogenesis, and thus reduced lipid consumption, in BAT may contribute to the etiology of some forms of obesity. Indeed, humans with low body temperature, suggesting a reduced thermogenesis, are more prone to obesity (Rising et al., 1995; Van Marken Lichtenbelt and Daanen, 2003) and obesity in humans is correlated with decreased BAT activity (Oberkofler et al., 1997; Rousseau et al., 2006; Van Marken Lichtenbelt et al., 2009). Furthermore, treatments that impair BAT thermogenesis (Figure 4A), such as ablation of the tissue itself or deletion of UCP-1 or β-adrenergic receptors, render rodents prone to excess weight gain (Figure 4B) (Lowell et al., 1993; Hamann et al., 1996; Bachman et al., 2002; Kontani et al., 2005; Feldmann et al., 2009). Conversely, increased BAT activity is protective against obesity (Kopecky et al., 1995, 1996; Guerra et al., 1998; Stanford et al., 2013). Regardless of the specific role that decreased expression or activation of BAT has in the development or maintenance of obesity in humans, it is clear that adult humans possess BAT (Cypess et al., 2009; Saito et al., 2009; Van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009; Zingaretti et al., 2009) and that sympathetic activation of this tissue regulates the metabolism of fat in this tissue. Therefore, a greater understanding of the sympathetic regulation of BAT could suggest targets for therapeutic approaches to increase energy expenditure in this tissue and thereby combat obesity.
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FIGURE 4. Impairment of BAT thermogenic function leads to body weight increase. (A) Brown fat cells isolated from normal mice or from UCP1-ablated mice were stimulated with 1 μM norepinephrine (NE). Thermogenic responses (oxygen consumption) were impaired in the UCP1-abated mice compared to wild type. Adapted from Matthias et al. (2000). (B) Body weight (BW) increase of wild-type and UCP1(−/−) mice. Average slope was significantly different (p < 0.05) between both wild-type and UCP1-ablated mice for control diet and high-fat diet. From Feldmann et al. (2009).



CLINICAL RELEVANCE OF BAT INHIBITION

Although BAT is activated during human cold defense (Christensen et al., 2006), its role in human febrile thermogenesis has not been directly demonstrated. Nonetheless, since the central thermoregulatory pathways for cold-defensive and febrile thermogenesis are overlapping in rats (Nakamura and Morrison, 2011), it is highly likely that BAT thermogenesis is recruited in human fever as well. Thus, a potentially significant role for a pharmacological inhibition of BAT thermogenesis could be the inhibition of potentially lethal febrile responses, especially those resistant to treatment with COX inhibitors, such as in malaria, head trauma (neurogenic fever), meningitis, or AIDS. Although not a lethal febrile response, LPS-induced fever was reversed and prevented by central inhibition of BAT (and shivering) thermogenesis following systemic delivery of an agonist for the alpha2 adrenergic receptor (Figures 5C,D) (Madden et al., 2013), which is present in the rRPa and leads to inhibition of the activity of BAT sympathetic premotor neurons and a fall in BAT thermogenesis (Madden et al., 2013). Additionally, febrile responses were reversed by treatment with an A1 adenosine receptor agonist (Muzzi et al., 2012), which inhibits BAT thermogenesis (Tupone et al., 2013b).
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FIGURE 5. Inhibition of BAT thermogenesis could be used to induce therapeutic hypothermia or to treat fever. (A) Central activation of the A1 adenosine receptor (A1AR), induces a deep hypothermia and reduction of EEG amplitude and power, characteristic of a torpor-like state in rat, a non-hibernating species. External re-warming reversed the hypothermic torpor-like state, allowing recovery from this state with no apparent dysfunction in physiological and sleep characteristics. Adapted from Tupone et al. (2013a). (B) The inhibition of thermogenesis following administration of GABAA agonist, muscimol, into the rRPa produced a deep hypothermia and reduction in EEG amplitude and a shift of the theta power resembling the torpor-like state of hibernating mammals. Adapted from Cerri et al. (2013). (C) Alpha2 adrenergic receptor agonist, clonidine, inhibits PGE2-evoked BAT SNA that is reversed by direct injection of α2 receptor antagonist in rRPa. (D) Alpha2 receptor agonist treatment blocks the febrile response elicited by LPS injection in a free-behaving rat. The asterisk indicates two-way repeated measures ANOVA: drug effect, p 0.001; time effect, p 0.001; and interaction effect, p 0.001. Adapted from Madden et al. (2013).



Another important role for pharmacological inhibition BAT thermogenesis is the facilitation of a reduction in body temperature for therapeutic use in patients with brain or cardiac ischemia. Although hypothermia can be protective in the settings of myocardial infarction and brain ischemia (Hemmen and Lyden, 2009), the hypothermia is often induced by the use of cooling approaches (Schwartz et al., 2012) which also elicit a thermoregulatory response including BAT and shivering thermogenesis (Nakamura and Morrison, 2008b, 2011), thereby preventing a rapid and deep cooling of the body. Since BAT plays a role in the human thermogenic response during cold exposure, the pharmacological inhibition of BAT thermogenesis could contribute to a more rapid and controlled body core cooling for therapeutic hypothermia (Tupone et al., 2013b). Thus, understanding the central circuits controlling BAT thermogenesis is of fundamental importance for the development of drugs to induce hypothermia. For instance, the neural circuit described above shows several CNS sites and some of the pharmacological agents acting on specific thermoregulatory areas through which inhibition of BAT thermogenesis could be obtained. However, to be therapeutically useful, a pharmacologically-induced inhibition of thermoregulation and the associated hypothermia should not interfere with other important physiological functions and should be easily reversible. In this regard, the injection of muscimol in rRPa (Cerri et al., 2013) or the central administration of an A1 adenosine receptor agonist (Tupone et al., 2013a) inhibited BAT SNA and BAT thermogenesis in rat, which, in a cool ambient temperature, led to a deep hypothermia and hypometabolic state (Figures 5A,B) which also characterizes torpor, from which rats recovered spontaneously with no apparent physiological dysfunction. This demonstrates the possibility to produce a safe, hypothermic, and torpid state in a nonhibernating animal. We suggest that a pharmacological inhibition of BAT thermogenesis could be clinically useful in human for the rapid induction of therapeutic hypothermia or as an alternative antipyretic.

SUMMARY

BAT thermogenesis is finely controlled by the CNS. Cold and warm input from the skin are received in the parabrachial nuclei of the brain stem and transmitted to the POA, a center for the integration of the thermal information. Neurons in the POA provide an inhibitory regulation of BAT activation through a serial neuronal network including the DMH and the rRPa excitatory projection to the spinal sympathetic preganglionic neurons, to maintain the temperature homeostasis of the body in response to changes in the ambient temperature. However, the regulation of BAT thermogenesis is also directly related to overall energetic status. As described here, robust metabolic signals such as hypoxia and hypoglycemia inhibit BAT thermogenesis via neurons in the NTS, PVH or VLM. It is likely that these brain regions, which are also involved in the control of energy homeostasis, can exert more subtle inhibitory effects on BAT activation that are reflective of a permissive metabolic control of BAT thermogenesis. In this regard, malfunction of those metabolic controllers could result in chronic downregulation of BAT activity and BAT thermogenesis which could contribute to metabolic pathologies such as obesity and diabetes. On the other hand, it may be possible, with pharmacological stimulation of BAT thermogenesis in obese patients, to increase the energy expenditure to reduce body weight. Additionally, a better comprehension of the inhibitory regulation of BAT thermogenesis, could contribute to the discovery of novel pharmacological approaches to block cold-defensive BAT thermogenesis, which would be useful to induce therapeutic hypothermia or to treat intractable fevers. Centrally-acting drugs interacting with the A1 adenosine receptor or with the alpha2 adrenergic receptor may be applicable for such therapeutic approaches. In conclusion, control of the autonomic regulation of BAT thermogenesis, primarily a thermoregulatory function, could play a significant role in ameliorating pathologies like obesity or high fevers, or for the induction of a therapeutic hypothermic state following myocardial infarction or stroke.
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Glucose is an essential metabolic substrate for all bodily tissues. The brain depends particularly on a constant supply of glucose to satisfy its energy demands. Fortunately, a complex physiological system has evolved to keep blood glucose at a constant level. The consequences of poor glucose homeostasis are well-known: hyperglycemia associated with uncontrolled diabetes can lead to cardiovascular disease, neuropathy and nephropathy, while hypoglycemia can lead to convulsions, loss of consciousness, coma, and even death. The glucose counterregulatory response involves detection of declining plasma glucose levels and secretion of several hormones including glucagon, adrenaline, cortisol, and growth hormone (GH) to orchestrate the recovery from hypoglycemia. Low blood glucose leads to a low brain glucose level that is detected by glucose-sensing neurons located in several brain regions such as the ventromedial hypothalamus, the perifornical region of the lateral hypothalamus, the arcuate nucleus (ARC), and in several hindbrain regions. This review will describe the importance of the glucose counterregulatory system and what is known of the neurocircuitry that underpins it.
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INTRODUCTION

Glucose is a major source of energy for all cells in mammals. In particular, the nervous system requires a continuous supply of glucose to support its energy requirements and maintain metabolic homeostasis. A large proportion of energy provided by glucose is used only to support the neuronal resting membrane potential. In addition, marked regional differences in glucose utilization may be associated with changes in cognitive function even at steady state. As such, multifaceted physiological mechanisms were selected for during the evolution of mammalian species to adjust and maintain blood glucose within a narrow range. By contrast, in Type 1 diabetes, pathological increases in blood glucose, known as hyperglycemia, may lead to adverse, chronic consequences including cardiovascular disease, neuropathy, retinopathy and nephropathy. In Type 1 diabetes, hyperglycemia is treated with insulin to restore normoglycemia. However, diabetic patients may also experience hypoglycemia, as a result of inappropriate doses of insulin. Similarly, ~30% of patients with advanced Type 2 diabetes treated with hypoglycemic agents can experience hypoglycemia. If severe, hypoglycemia can result in convulsions, loss of consciousness, coma and even death. In order to restore normoglycemia, the body activates a series of defense mechanisms that act in conjunction and are referred to as the “glucose counterregulatory response.” The autonomic and neuroendocrine responses associated with the glucose counterregulatory response are usually accompanied by other behaviors such as arousal and feeding.

Although the mechanisms that underpin glucose homeostasis reside partly in the periphery, it is apparent that the central nervous system plays an important role in glucose counterregulation. For instance, adrenaline release in response to hypoglycemia or glucoprivation (local glucose deprivation) is essentially mediated by the sympathetic nervous system. Glucose sensors are distributed throughout several bodily regions and are capable of detecting decreases in glucose levels in the plasma and in the brain extracellular milieu. Activation of some of these sensors results in glucose counterregulation by adjusting the secretion of several hormones. In response to declining plasma glucose there is a decrease in insulin secretion and increases in glucagon, adrenaline, cortisol, and GH secretion. Decreases in glucose levels are detected by glucose-sensing neurons that are found in several brain regions including the ventromedial hypothalamus, the perifornical region of the lateral hypothalamus (PeH), the arcuate nucleus (ARC), as well as in several hindbrain regions and in the periphery e.g., pancreas, carotid body, liver, and gastrointestinal tract. This review addresses the central and peripheral neural pathways involved in blood glucose homeostasis.

GLUCOSE SENSING

GLUCOSE SENSING IN THE PERIPHERY

Apart from glucose-sensing by pancreatic β-cells, which will not be dealt with in this review, peripheral glucose sensing has been demonstrated at several sites including the liver, via the hepatic portal vein, vagal (Adachi, 1981) and sympathetic afferents, intestinal vagal glucose sensors, and possibly the carotid body (Figure 1). Hepatic glucose sensors appear to be necessary for expression of the sympathoadrenal response to hypoglycemia (Donovan et al., 1991) and are located close to or in the portal vein. Portal vein denervation blunts the adrenal catecholamine response to slowly-developing hypoglycemia (Hevener et al., 2000). These portal vein sensory afferents contain calcitonic gene-related peptide since they are capsaicin sensitive, but probably do not travel in the vagus (Fujita et al., 2007). The carotid body may also sense glucose (Pardal and Lopez-Barneo, 2002; Conde et al., 2007; Garcia-Fernandez et al., 2007) and contribute to the counterregulatory modulation of glucagon secretion (Koyama et al., 2000). However, its chemosensitivity to CO2 and O2 hampers the interpretation of glucose-sensing afferent signals. In man, hyperoxia attenuates the counterregulatory hormonal responses to insulin-induced hypoglycemia (Wehrwein et al., 2010). Nevertheless, the glucose-sensing locus seems to shift from the portal-mesenteric vein to a different site (e.g., central nervous system) during fast developing hypoglycemia (Saberi et al., 2008).


[image: image]

FIGURE 1. Afferent inputs from the periphery to brain neurons involved in glucose homeostasis. Glucose-sensing vagal and sympathetic afferents arise from the liver and gastrointestinal tract and convey information to the nucleus of the solitary tract (NTS). Unlike their sympathetic sensory counter-parts arising near the portal vein, vagal glucose sensors probably do not contribute the counter-regulatory response. Carotid body glucose sensors may also contribute to the counter-regulatory response. Information is relayed from NTS to the dorsal motor nucleus of the vagus (DMV) which provides parasympathetic drive to the pancreatic islets and via the parabrachial nucleus (PBN) top supramedullary structures. C1 adrenergic neurons with projections ascending to hypothalamic sub-regions such as the arcuate (ARC), lateral (LH), and ventromedial hypothalamic (VMH) nuclei, are involved in the feeding response to insulin-induced hypoglycemia.



GLUCOSE SENSING IN THE BRAIN

In the central nervous system glucose levels are necessarily maintained at ~0.4–2.5 mM, in which glucose-sensing involves the interplay of neurons and astrocytes (Marty et al., 2005). Their machinery involves the activity of glucokinase, adenosine triphosphate-sensitive K+ (KATP) channels, AMP-activated protein kinase (AMPK), odium-glucose co-transporters, and glucose transporter type 2 (Glut2). The membrane potential of glucosensing neurons changes according to their intracellular metabolism (Oomura et al., 1974; Rowe et al., 1996) and to potentials produced by the interaction of glucose with glucose transporters (O'Malley et al., 2006; Williams et al., 2008). Signaling in glucose-sensing neurons and astrocytes involves glucose uptake by Glut2. Following glycolysis in astrocytes, lactate is produced and released into the extracellular space. Extracellular glucose and lactate from astrocytes are internalized by neurons. Lactate is internalized via monocarboxylate transporter 2 whereas glucose is phosphorylated by glucokinase (Levin et al., 2004) and converted to pyruvate (Lam et al., 2005; Marty et al., 2007).

In glucose excited (GE) neurons (Oomura et al., 1964, 1974), oxidative phosphorylation of glucose and the internalization of lactate by monocarboxylate transporters increases the intracellular ATP/ADP ratio resulting in closure of KATP channels (Lee et al., 1999; Miki et al., 2001). Subsequent membrane depolarization leads to action potential generation resulting in activation of voltage-gated calcium channels and neurotransmitter release (Amoroso et al., 1990; Moriyama et al., 2004). Glucose inhibited (GI) cells (Oomura et al., 1964, 1974) have a glucose-sensing mechanism that involves glucokinase in part. It has been speculated, however, that a rise in the intracellular ATP/ADP ratio results in augmented activity of the Na+/K+ ATPase pump (Oomura et al., 1974; Song and Routh, 2005). Alternatively, a reduction in extracellular glucose increases intracellular AMP raising the activity of AMPK (Murphy et al., 2009). This mechanism is potentiated by augmented concentrations of guanylate cyclase driven by nitric oxide, which production is stimulated by AMPK. The increase in concentration of AMPK activates the cystic fibrosis transmembrane conductance regulator, increasing chloride conductance and hyperpolarizing the cell (Murphy et al., 2009).

Nonetheless, the presence of the aforementioned transporters, channels, and kinases does not define a glucose sensing neuron. For instance, in the ventromedial hypothalamic nucleus (VMH) ~65% of GE and 45% of GI neurons have their responses gated by glucokinase (Kang et al., 2004). In addition, KATP channels are ubiquitous and contribute to diverse physiological functions. Finally, these mechanisms also fail to explain why neurons in the VMH do not express Fos in response to systemic glucoprivation or hypoglycemia (Briski and Sylvester, 2001; Cai et al., 2001). Hence, electrophysiological characterization is the most effective method for identification of glucosensing neurons.

The role of the hindbrain in glucose sensing and control of the counterregulatory response has been reviewed recently by Ritter et al. (2011). It was proposed that the hindbrain contains all of the elements necessary for orchestration of the counterregulatory response. Glucose counterregulatory responses to neuroglucoprivation remained following decerebration, or obstruction of the cerebral aqueduct in rat (DiRocco and Grill, 1979; Ritter et al., 1981). The evidence for this notion is convincing and it is possible that hypothalamic and hindbrain systems operate cooperatively as redundant or “fail-safe” mechanisms. Glucose-sensing neurons have been identified in the dorsal motor nucleus of the vagus (DMV) and the solitary tract nucleus (NTS) (Adachi et al., 1995). However, these sites do not clearly overlap with sites identified using localized glucoprivation (Andrew et al., 2007). Perhaps this is because the relatively large injection volumes that were used in these studies do not allow fine discrimination of the regions that are sensitive to localized neuroglucoprivation. Early studies that support an important role for the hindbrain (DiRocco and Grill, 1979; Ritter et al., 1981) did not unequivocally identify the participation of the sympathoadrenal system. Nevertheless, immunotoxic destruction of the rostral C1 medullospinal neurons in the RVLM eliminates the hyperglycemia, adrenaline secretion and adrenal medullary Fos expression in response to the glucoprivic agent 2-deoxy-D-glucose (2DG) (Ritter et al., 2001; Madden et al., 2006). This is in agreement with our report that the rostral ventrolateral medulla (RVLM) contains medullospinal neurons that are activated by 2DG and that stimulation of these neurons results in hyperglycemia that is markedly reduced by prior adrenalectomy (Verberne and Sartor, 2010). In the studies that used the immunotoxin it is somewhat surprising that a rise in glucagon secretion did not compensate for the loss of adrenaline secretion in response to 2-DG (Karlsson and Ahren, 1991).

In the forebrain, glucose-sensing occurs primarily in the hypothalamus. A strong case has been made for the importance of the VMH in orchestration of the counterregulatory response to hypoglycemia (Borg et al., 1994, 1995, 1997, 1999; Tong et al., 2007). Glucose-sensing neurons have been identified in the VMH, PeH, and the ARC (Oomura et al., 1974; Burdakov et al., 2005a,b; Routh, 2010). It is likely that these different groups of glucose-sensing neurons subserve different physiological roles that may include the counterregulatory response, energy balance and sensations of hunger.

NEURAL CIRCUITRY INVOLVED IN THE GLUCOSE COUNTERREGULATORY RESPONSE

GLUCOSE CONTROL BY HYPOTHALAMIC NEURONS

The involvement of hypothalamic neurons in blood glucose control has been determined by neuroanatomy, neurochemistry, electrophysiology, and neuropharmacology. Hypoglycemia (Moriguchi et al., 1999; Cai et al., 2001) or systemic glucoprivation (Briski and Sylvester, 2001) excites neurons in the ARC, the paraventricular nucleus (PVN), dorsomedial hypothalamic nucleus (DMH), VMH, and lateral hypothalamus (LH; including the perifornical area), as determined by Fos expression in these neurons. Additionally, some of those neurons were characterized according to their electrophysiological properties in response to changes in glucose levels and glucoprivation (Oomura et al., 1964, 1969, 1974; Burdakov et al., 2005a, 2006; Gonzalez et al., 2008). The majority of the GE neurons are positioned laterally in the hypothalamus, whereas GI neurons are located ventromedially.

Studies using neurotropic viruses have shown that in the perifornical hypothalamus only orexin- and MCH-containing neurons project to adrenal sympathetic premotor neurons in the RVLM (Kerman et al., 2007). In addition, insulin-induced hypoglycemia or neuroglucoprivation induces Fos expression in orexin neurons of the PeH suggesting a possible role in glucose sensing (Moriguchi et al., 1999; Briski and Sylvester, 2001; Cai et al., 2001; Paranjape et al., 2006; Tkacs et al., 2007). On the other hand, an in vitro study has shown that GI orexin neurons respond in an identical fashion to both glucose and 2DG through a K+ channel-mediated mechanism. In addition, these studies showed that this glucose-sensing mechanism is direct and operates independently of glucose metabolism (Gonzalez et al., 2008). This suggests that the orexin neurons are not the principal glucose-sensors involved in the counterregulatory response. This discrepancy may be explained if the site of action of 2DG may not be directly at the PeH orexin neurons but at some other synaptically connected location. In addition, the complexity of hypothalamic interconnections limit the precision with which we can identify glucose-sensing neurons that modulate the counterregulatory response.

HYPOTHALAMIC DESCENDING PATHWAYS

Hypothalamic responses to hypoglycemia occur via connections with sympathetic and parasympathetic efferent neurons in the brainstem and spinal cord (Figure 2). Anterograde and retrograde transport studies show that neurons in the PVN and LH project directly to sympathetic preganglionic motor neurons (SPN) in the spinal cord (Saper et al., 1976; Luiten et al., 1985), and catecholaminergic sympathetic premotor neurons (C1) (Ter Horst et al., 1984; Luiten et al., 1985; Allen and Cechetto, 1992; Shafton et al., 1998) in the RVLM. Furthermore, orexinergic and MCH neurons in the LH project to both sympathetic groups (Bittencourt et al., 1992; Peyron et al., 1998; Kerman et al., 2007). However, the evidence for differential sympathetic control of adrenaline and glucagon release is scarce. Although neurotropic viral transport studies (Strack et al., 1989a,b; Kerman et al., 2007) confirm that these pathways are involved in the control of the chromaffin cells, they coincide with the sympathetic pathways that control the pancreas (Jansen et al., 1997). Additionally, the synergism between the PVN and LH extends outside their communication through neural pathways. For example, an increase in circulating adrenaline stimulates corticotropin-releasing factor (CRF) secretion by pituitary corticotrophic cells (Mezey et al., 1984).
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FIGURE 2. Descending connections and intrahypothalamic pathways involved in glucose homeostasis. Neurons in the paraventricular nucleus of the hypothalamus (PVN) and the perifornical region of the hypothalamus (PeH) have connections with important premotor sympathetic and parasympathetic neuronal groups located in the rostral ventrolateral medulla (RVLM) and the dorsal motor nucleus of the vagus (DMV) as well as to the major sensory relay structure the nucleus of the solitary tract (NTS) and sympathetic preganglionic neurons (SPNs) located in the intermediolateral cell column (IML) of the spinal cord. Glucose-sensing neurons are found in the ARC, the ventromedial hypothalamic nucleus (VMH) and the perifornical region (PeH) of the lateral hypothalamic (LH) area. Parasympathetic efferents to the pancreatic islets can activate insulin and glucagon secretion while C1 neurons in the RVLM provide drive to adrenal SPNs. Parasagittal section at the top of the figure indicates rostrocaudal locations of coronal sections (A–E).



Apart from the LH and PVN, medullary sympathetic premotor neurons contribute to glucose homeostasis by driving SPNs that control adrenaline release (Verberne and Sartor, 2010). Studies by Ritter and colleagues have identified the importance of catecholaminergic medullary neurons in mediation of the counterregulatory responses to glucoprivation (Ritter et al., 1998, 2001, 2006; Li et al., 2006, 2009). Systemic glucoprivation increases the firing rate of slow-conducting (<1 m/s) RVLM adrenal premotor medullospinal neurons (Verberne and Sartor, 2010), implying that they are C1 catecholaminergic cells (Schreihofer and Guyenet, 1997). Glucoprivation also elicits phosphorylation (Damanhuri et al., 2012), and expression of Fos (Ritter et al., 1998) and dopamine β-hydroxylase mRNA (Ritter et al., 2006) in RVLM C1 neurons. By contrast, neurotoxic ablation of C1 neurons eliminates the glucose response to the glucoprivic agent 2DG (Ritter et al., 2001; Madden et al., 2006). Interestingly, medullary orexinergic terminals (De Lecea et al., 1998; Peyron et al., 1998) make close appositions with RVLM C1 neurons (Puskas et al., 2010). Presumably, these close appositions arise from the orexin neurons labeled after injection of a neurotropic virus into the adrenal gland (Kerman et al., 2007). A subpopulation of these catecholaminergic neurons also expresses NPY (Li and Ritter, 2004). These neurons are located at the C1/A1 level and project rostrally to the hypothalamus (Verberne et al., 1999; Li and Ritter, 2004; Li et al., 2009) and are probably involved in the feeding response to neuroglucoprivation (Ritter et al., 2001; Li and Ritter, 2004). Finally, RVLM sympathetic premotor neurons make monosynaptic (McAllen et al., 1994; Zagon and Bacon, 1991; Oshima et al., 2008), glutamatergic (Morrison et al., 1989a; Morrison and Cao, 2000) connections with adrenal SPN (Morrison and Cao, 2000) to form a sympathoexcitatory pathway.

Studies using neuronal tracers have also identified direct projections from the PVN (Luiten et al., 1985) and the LH (Ter Horst et al., 1984; Allen and Cechetto, 1992) to parasympathetic motor neurons (Fox and Powley, 1986), particularly in the NTS/DMV area (Loewy et al., 1994). Furthermore, orexinergic terminals are found in the DMV (Date et al., 1999) and direct injection of orexin increases gastric motility (Krowicki et al., 2002) presumably mediated by an increase in parasympathetic nerve activity. An orexinergic input to the DMV has also been implicated in the increase in pancreatic parasympathetic nerve discharge produced by insulin-induced hypoglycemia (Wu et al., 2004). These findings suggest that the PVN and LH act as the major hypothalamic gateways for descending pathways that modulate glucose homeostasis (Luiten et al., 1985; Ter Horst and Luiten, 1987; Sim and Joseph, 1991).

The ARC/VMH and DMH neurons project to the DMV in the dorsal medulla, but they do not communicate with sympathetic premotor neurons in the ventral medulla. In fact, direct projections from the ARC/VMH and DMH to DMV motor neurons have been confirmed by anterograde (Ter Horst and Luiten, 1986; Sim and Joseph, 1991; Canteras et al., 1994) and retrograde (Ter Horst et al., 1984) tracer studies. However, there is no evidence for projections from ARC/VMH and DMH neurons to RVLM sympathetic premotor neurons. Although the studies by Borg and colleagues suggest that glucoprivation of VMH neurons induces glucagon, adrenaline and noradrenaline release, the microdialysis technique used in their studies is likely to have allowed diffusion of the glucoprivic agent throughout several hypothalamic regions, confounding the interpretation of these findings (Borg et al., 1995, 1997). Therefore, it is conceivable that additional inputs from ARC-VMH-DMH neurons to DMV neurons drive glucagon release, whereas adrenaline release is modulated in parallel by neurons in the LH (Yardley and Hilton, 1987) and PVN (Blair et al., 1996). Nevertheless, Chan and colleagues have clearly demonstrated that suppression of GABAergic drive in the VMH enhances the secretion of glucagon and adrenaline but not corticosterone in response to insulin-induced hypoglycemia (Chan et al., 2006). In STZ diabetic rats, blockade of VMH GABA receptors restores the glucagon response to hypoglycemia more effectively than the adrenaline response (Chan et al., 2011). Furthermore, these investigators have shown an inverse relationship between counterregulatory hormone release and VMH extracellular GABA (Zhu et al., 2010). On the other hand, Elmquist and colleagues have shown that reduction of VMH glutamatergic drive during hypoglycemia reduces the glucagon response to a greater extent than the adrenaline response (Tong et al., 2007).

INTRAMEDULLARY PROJECTIONS—EVIDENCE FOR INDEPENDENT GLUCOSE CONTROL IN THE BRAINSTEM

Several pieces of evidence suggest that the glucose counterregulatory network is confined to the brainstem, rather than involving the hypothalamus. Following decerebration (DiRocco and Grill, 1979) or obstruction of the cerebral aqueduct (Ritter et al., 1981), systemic glucoprivation with 2DG or injection of 5-thio-D-glucose (5TG) into the fourth ventricle elicits hyperglycemia, supposedly resulting from adrenaline release. However, these early studies assumed the involvement of adrenaline secretion based on glucose measurements alone, a role that could be fairly attributed to glucagon, as previously discussed in this review. Vagal afferent fibers conveying signals from the portal vein terminate onto the NTS and DMV neurons (Adachi et al., 1984; Berthoud et al., 1992).

Neurons in the DMV/NTS-A2 express Fos in response to hypoglycemia or glucoprivation (Ritter et al., 1998; Cai et al., 2001; Damanhuri et al., 2012) and a small proportion (21%) are glucose-sensing as based on electrophysiological characterization. This finding is supported by the presence of KATP channels and glucokinase in DMV (Balfour et al., 2006) and NTS (Briski et al., 2009) neurons. Nevertheless, activation of adrenal premotor neurons by an intrinsic drive from brainstem neurons cannot be disregarded. For instance, C1 sympathetic premotor neurons receive excitatory inputs from other brainstem nuclei including the NTS (Aicher et al., 1996), a structure which provides a high proportion of asymmetric synapses onto C1 neurons. By contrast, although sympathetic premotor neurons in the ventral medulla are activated by glucoprivation, evidence supporting the notion that they are intrinsically glucose-sensitive is poor.

Based on the evidence discussed here, it can be inferred that a rudimentary brainstem circuit is sufficient to counteract hypoglycemia and maintain life (DiRocco and Grill, 1979). It seems that NTS and DMV neurons constitute the first line of defense against hypoglycemia by mediating the release of glucagon. A proportion of these cells is intrinsically glucose sensitive, and receives input signals from vagal afferent neurons. However, whether the excitatory drive to adrenal premotor neurons following hypoglycemia or glucoprivation directly originates from brainstem neurons, or derives from descending hypothalamic projections is unknown. Moreover, if the former assumption is proven true, the question arises as to what is the role of the aforementioned hypothalamic circuitry. On the other hand, it can be speculated that the brainstem neurons that mediate the autonomic apparatus for glucose homeostasis, whereas hypothalamic neurons integrate complex behaviors such as feeding and arousal. This hierarchical structure of the neuroaxis adds a new dimension to the counterregulatory response to hypoglycemia. During the execution of these behaviors, it seems that the hypothalamic neurons can override the activity of brainstem neurons in order to adjust the autonomic outputs to a new metabolic demand. For instance, selective pharmacogenetic activation of ARC- AGRP neurons and optogenetic activation of orexinergic neurons elicit feeding (Krashes et al., 2011) and arousal (Adamantidis et al., 2007), respectively; behaviors that work in conjunction to increase glycemia.

EFFERENT PATHWAYS FOR COUPLING TO AUTONOMIC EFFECTORS

The nervous system activates counterregulatory mechanisms to hypoglycemia in order to restore the blood glucose to normal levels. These mechanisms respond at different glycaemic levels (Cryer, 1997). In clinical studies the thresholds are: ~4.5 mM at which the pancreatic β-cell responds with a decrease in insulin secretion. At ~3.6–3.8 mM release of counterregulatory hormones (glucagon, adrenaline, GH, and cortisol) occurs. Furthermore, distinct subsets of neurons within the nervous system seem to selectively regulate these responses. In this section, we review the descending neural pathways and mechanisms controlling glucose counterregulatory hormones via sympathetic and parasympathetic motor neurons which originate in the hypothalamus and brainstem where the premotor neurons are found (Figure 3). Therefore, we first provide an insight of the neural mechanisms, at the motor level, that control insulin and glucagon secretion. Secondly, we discuss the neural control of adrenaline release, and finally, the modulation of GH and cortisol release.
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FIGURE 3. Hypothalamic projections to the adenohypophysis and to parasympathetic motorneurons that innervate the pancreas (left panel) and to sympathetic premotor neurons that supply the adrenal gland (right panel). Neurons in the paraventricular nucleus of the hypothalamus (PVN) control the release of adrenocorticotropin (ACTH) into the circulation via corticotropin releasing factor (CRF) to promote secretion of cortisol from the adrenal cortex while arcuate (ARC) neurons control release of growth hormone (GH) via the release of growth hormone releasing factor (GRF). Preganglionic parasympathetic neurons of the dorsal motor nucleus of the vagus (DMV) receive inputs from neurons in the ARC and the lateral hypothalamus (LH). PVN and LH neurons send direct projections to the nucleus of the solitary tract (NTS) and to sympathetic preganglionic neurons in the intermediolateral cell column (IML). Adrenal catecholamine release is controlled by inputs from LH to C1 neurons in the rostral ventrolateral medulla (RVLM) that drive the adrenal sympathetic outflow.



NEURAL CONTROL OF PANCREATIC α- AND β-CELLS

Insulin secreting β-cells and glucagon secreting α-cells are innervated by sympathetic and parasympathetic neurons (Gerich et al., 1976). The branches of the subdiaphragmatic vagus and of the splanchnic nerves form a mixed nerve connecting to the pancreas (Woods and Porte, 1974; Gerich et al., 1976). Electron microscopy has shown that both adrenergic and cholinergic terminals make contact with pancreatic islets (Madden and Sarras, 1989). These nerve terminals consist of both myelinated (Lever, 1964; Esterhuizen et al., 1968) and unmyelinated (Watari, 1968) fibers, which can be found in the periphery and within the center of the islets (Morgan and Lobl, 1968), in addition to ganglion cells (Honjin, 1956; Kobayashi and Fujita, 1969). In the nerve terminals found in the islets, electron microscopy reveals two major types of vesicles: cholinergic agranular vesicles and adrenergic granular cores (Richardson, 1964).

The pancreas receives parasympathetic cholinergic fibers in the vagus nerve, which originate in the DMV. In vitro and in vivo administration of acetylcholine induces insulin and glucagon secretion (Malaisse et al., 1967; Iversen, 1973a). These responses are mediated by activation of muscarinic receptors. Atropine reduces basal levels of insulin (Bloom et al., 1974a) and glucagon (Bloom et al., 1974b) induced by hypoglycemia and intravenous injection of arginine, respectively. In vitro, atropine also blocks the release of insulin and glucagon in response to acetylcholine (Malaisse et al., 1967; Iversen, 1973a). Stimulation of the vagus nerve elicits insulin and glucagon secretion in different species (Daniel and Henderson, 1967; Frohman et al., 1967; Kaneto et al., 1967, 1974), although bilateral section of the vagus fails to produce a sustained change in resting levels of insulin and glucagon (Hakanson et al., 1971; Bloom et al., 1974b). On the other hand, in humans, vagal section increases the periodicity of insulin secretion (Matthews et al., 1983). The cell bodies of vagal preganglionic neurons that regulate insulin and glucagon secretion are found in the DMV (Kalia, 1981). DMV neurons are located bilaterally ventral and medial to the nucleus of the solitary tract (NTS) in the dorsal surface of the caudal medulla, and are identified by choline acetyltransferase (ChAT) immunoreactivity (Takanaga et al., 2003; Llewellyn-Smith et al., 2013; Zheng et al., 2013). Injections of neurotropic pseudorabies virus into the pancreas retrogradely labels cell bodies of cholinergic neurons in the DMV (Jansen et al., 1997). Excitation of DMV neurons augments plasma insulin levels, whereas inhibition of these neurons reduces plasma insulin levels (Ionescu et al., 1983; Siaud et al., 1991).

Activation of sympathetic drive to the pancreas reduces insulin secretion and increases the secretion of glucagon. In experimental conditions, noradrenaline or adrenaline mimic the pancreatic response to sympathoexcitation, reducing insulin release and eliciting glucagon release (Coore and Randle, 1964; Karam et al., 1966; Porte and Williams, 1966; Iversen, 1973b). Similar results are observed following electrical stimulation of the splanchnic or the pancreatic mixed nerve, in the presence of atropine (Marliss et al., 1973; Bloom and Edwards, 1978). Anatomical findings further support this mechanism. The sympathetic projections to the pancreas originate in the celiac and superior mesenteric plexi, and converge at the greater and middle splanchnic nerves (Baron et al., 1985, 1988). Immunohistochemical studies show that the terminals of these nerves contain catecholamines (Miller, 1981). Thus, it is likely that these terminals belong to sympathetic postganglionic neurons, whose cell bodies are located in the sympathetic chain ganglia. The afferent inputs to these neurons are cholinergic (Feldberg, 1943; Feldberg et al., 1951; Oesch and Thoenen, 1973) and originate from SPN located in both the intermediolateral column (lamina VII) and the central autonomic area (lamina X) of the thoracolumbar spinal cord (Torigoe et al., 1985; Bacon and Smith, 1988; Pyner and Coote, 1994).

Apart from the noradrenergic and cholinergic inputs, neuropeptides also contribute to the innervation of the pancreatic islets. Neuropeptides released by the pancreatic nerve terminals probably also control islet function by modulating the release of insulin and glucagon (Ahren et al., 1986). Immunohistochemical studies have identified a variety of peptides in nerve terminals projecting to the pancreas. These include vasoactive intestinal polypeptide (VIP) (Bishop et al., 1980), cholecystokinin (CCK) (Rehfeld et al., 1980), gastrin releasing polypeptide (GRP) (Moghimzadeh et al., 1983), galanin (Dunning et al., 1986), NPY (Pettersson et al., 1987), calcitonin gene-related peptide (CGRP) (Pettersson et al., 1986), substance P and enkephalin (Larsson, 1979). In functional studies, VIP, CCK, and GRP appear to be excitatory while the inhibitory peptides are galanin, NPY, and CGRP and substance P and enkephalin produce diverse responses (Larsson, 1979).

ADRENAL SYMPATHETIC OUTFLOW

Adrenaline counters hypoglycemia by acting in the liver and pancreas. In the pancreas, adrenaline inhibits insulin release (Coore and Randle, 1964; Karam et al., 1966; Malaisse et al., 1967) and stimulates glucagon release (Iversen, 1973b; Gerich et al., 1974) whereas, in the liver, adrenaline activates gluconeogenesis and glycogenolysis (Exton, 1985; Pilkis et al., 1988; Kraus-Friedmann and Feng, 1996; Fabbri et al., 1998). In addition, adrenaline acts on skeletal muscle to reduce glucose uptake and also promotes lipolysis via an action at β2-adrenoceptors. Adrenaline is released by chromaffin cells in the adrenal medulla, under the control of SPN. Sympathetic projections to the adrenal gland are comprised of sympathetic pre- and post-ganglionic fibers (Carlsson et al., 1992). The preganglionic fibers to the adrenal gland are axons from a subset of SPNs, located in the T4–T13 segments of the spinal cord; the postganglionic fibers projecting to the adrenal gland originate from neurons in the sympathetic chain ganglion, and receive inputs from SPNs (Baron et al., 1988; Strack et al., 1988, 1989b). Neuroglucoprivation induces Fos expression in the adrenal medulla and in the intermediolateral cell column, primarily at spinal cord segments T7–T10, where adrenomedullary preganglionic neurons are found (Ritter et al., 1995). Neuroglucoprivation also activates the adrenal sympathetic outflow but not the renal sympathetic outflow (Niijima, 1975).

Systemic glucoprivation produces increases in levels of adrenaline and blood glucose, suggesting increase in the sympathoexcitatory drive to the adrenal gland (Ritter et al., 1995; Elman et al., 2004).

Adrenal-projecting SPNs can be functionally segregated according to electrophysiological properties and neurochemical phenotype. At least two subpopulations of SPN have been electrophysiologically differentiated: one group is involved in control of adrenaline secretion, while the other is related to the control of noradrenaline release (Morrison and Cao, 2000). The former subset of neurons is responsive to systemic glucoprivation, whereas the latter is exclusively inhibited by increases in blood pressure. The SPN clusters can be alternatively differentiated according to their neurochemical content. For instance, SPN that participate in cardiovascular regulation are immunoreactive for cocaine and amphetamine-regulated transcript peptide (CART); and in the adrenal, CART positive terminals selectively target noradrenergic chromaffin cells (Gonsalvez et al., 2010). On the other hand, enkephalin is likely to be a selective marker for adrenal-projecting SPN that control adrenaline release (Kumar et al., 2010). In fact, neuroglucoprivation produces c-Fos expression in prepro-enkephalin mRNA positive neurons, but fails to activate prepro-CART mRNA positive neurons (Parker et al., 2013). Although enkephalin is an inhibitory peptide used as a neurochemical marker, it does not imply that it inhibits chromaffin cells. Enkephalin produces variable responses in pancreatic islets (Green et al., 1983). Patients with type 1 or severe type 2 diabetes are at high risk of life-threatening hypoglycemia, due to a combination of intensive insulin treatment and impaired glucagon secretion (Halimi, 2010). Hypoglycemia usually occurs as a result of a mismatch between insulin dose, the amount of food consumed, and energy expended. Due to the destruction of pancreatic α-cells, in these patients adrenaline is the major glucose counterregulatory hormone secreted in response to hypoglycemia. Although slow-acting counterregulatory hormones contribute to rescue glucose levels (see below), the importance of adrenaline lies on the fact that it is the only remaining fast-acting counterregulatory hormone.

SLOW-ACTING GLUCOSE COUNTERREGULATORY HORMONES

The slow-acting hormones, GH, and cortisol, contribute to glucose counterregulation by shifting metabolism of non-neural tissues away from glucose utilization (Schwartz et al., 1987). Cortisol activates fatty acid oxidation, gluconeogenesis and ketogenesis (Gerich et al., 1980). On the other hand, GH increases lipolysis, fatty acid oxidation and induces the insulin resistance noted in pregnancy (Barbour et al., 2002). Cortisol secretion is activated by adrenocorticotropic hormone (ACTH) release, which is modulated by CRF. Insulin-induced hypoglycemia is a stressor that produces large increases in plasma CRF (Engler et al., 1989) and ACTH (Pacak et al., 1995). CRF is synthetized by parvocellular neuroendocrine cells in the PVN of the hypothalamus and is released into the hypothalamo-hypophyseal portal system and transported to the anterior pituitary (adenohypophysis) where it stimulates corticotropes to secrete ACTH into the circulation. At the adrenal cortex, ACTH stimulates the synthesis of cortisol, glucocorticoids, mineralocorticoids, and dehydroepiandrosterone. Alternatively, hypoglycemia can also trigger the release of GH (Roth et al., 1963). This hormone is directly released by the adenohypophysis, and is primarily stimulated by the growth hormone-releasing factor (GRF) (Barinaga et al., 1985) produced in the ARC (Sawchenko et al., 1985). Nonetheless, growth hormone-secretagogues (Howard et al., 1996) and somatostatin (Plotsky and Vale, 1985), respectively, can stimulate and inhibit GH release.

CONCLUSION

The preceding discussion provides a brief overview of the neural circuitry involved in the control of glucose homeostasis. However, in order to define how the neural pathways interplay to control glucose homeostasis, more detailed knowledge of the important neurons and their connections is still required. In contrast to brainstem neurons, we believe that further neuropharmacological and neurochemical characterization of hypothalamic neurons is necessary to understand their role in glucose control. Most of the current evidence relies on direct injections of drugs and neuronal tracers which, due to short projections within the hypothalamus, hamper the interpretation of the findings. Fortunately, new techniques are arising to overcome this issue. For instance, new pharmaco- and opto-genetic tools will help to determine the links between the neurochemical, pharmacological, and electrophysiological properties of hypothalamic neurons.

Two important questions about the role of hypothalamic neurons in the control of glucose homeostasis remain to be answered. The first is to define the hypothalamic gateway for downstream information, with an emphasis on the communication between the motor and premotor outputs and the glucose-sensing brainstem circuitry. Identification of neurons that control the release of adrenaline, glucagon, ACTH and GH will allow us to understand how these are controlled differentially and to determine the respective roles of the hypothalamic and brainstem nuclei. Secondly, a better knowledge of the hypothalamic circuitry involved in the control of blood glucose has yet to be elucidated. It will allow us to determine the structures and mechanisms underlying complex behaviors in response to hypoglycemia, which are related but distinct from autonomic and endocrine glucose homeostasis. For example, it can be speculated that brainstem neurons provide the essential output for autonomic responses while the hypothalamus integrates feeding, arousal and “fight or flight” behaviors associated with these responses. By answering these questions we may delineate the multi-layered neural apparatus that underpins glucose control and determine how it tunes different body systems to the brain's energy demand in mammals, a condition simply necessary for life.
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Alterations in blood glucose and plasma glucagon concentrations during deep brain stimulation in the shell region of the nucleus accumbens in rats
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Deep brain stimulation (DBS) of the nucleus accumbens (NAc) is an effective therapy for obsessive compulsive disorder (OCD) and is currently under investigation as a treatment for eating disorders. DBS of this area is associated with altered food intake and pharmacological treatment of OCD is associated with the risk of developing type 2 diabetes. Therefore we examined if DBS of the NAc-shell (sNAc) influences glucose metabolism. Male Wistar rats were subjected to DBS, or sham stimulation, for a period of 1 h. To assess the effects of stimulation on blood glucose and glucoregulatory hormones, blood samples were drawn before, during and after stimulation. Subsequently, all animals were used for quantitative assessment of Fos immunoreactivity in the lateral hypothalamic area (LHA) using computerized image analysis. DBS of the sNAc rapidly increased plasma concentrations of glucagon and glucose while sham stimulation and DBS outside the sNAc were ineffective. In addition, the increase in glucose was dependent on DBS intensity. In contrast, the DBS-induced increase in plasma corticosterone concentrations was independent of intensity and region, indicating that the observed DBS-induced metabolic changes were not due to corticosterone release. Stimulation of the sNAc with 200 μA increased Fos immunoreactivity in the LHA compared to sham or 100 μA stimulated animals. These data show that DBS of the sNAc alters glucose metabolism in a region- and intensity- dependent manner in association with neuronal activation in the LHA. Moreover, these data illustrate the need to monitor changes in glucose metabolism during DBS-treatment of OCD patients.
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INTRODUCTION

Deep brain stimulation (DBS) of the nucleus accumbens (NAc) is used to treat obsessive compulsive disorder (OCD), depression and addiction (Denys et al., 2010; Bewernick et al., 2012; Muller et al., 2013) and is currently under investigation for the treatment of eating-disorders (eg., Halpern et al., 2008). Although the precise mechanisms through which DBS exerts its effects remain to be elucidated, recent data from human and animal studies suggest that DBS directly affects neuronal network activity (McCracken and Grace, 2007; Vandehey et al., 2010; Tan et al., 2011; Figee et al., 2013) and alters neurotransmitter release (van Dijk et al., 2012; Halpern et al., 2013).

Effective pharmacological treatment of OCD, such as anti-depressants and serotonin reuptake inhibitors target the dopaminergic- and serotoninergic system. This suggests that modulation of these neurotransmitter systems could well be involved in the effects of DBS. Unfortunately, drugs targeting these neurotransmitter systems increase the risk to develop type 2 diabetes, through direct modulation of glucose metabolism, independent of alterations in body weight. In addition, DBS of the NAc has been associated with changes in food intake (van der Plasse et al., 2012; Halpern et al., 2013). In light of these findings, and the current interest in DBS as a treatment for eating-disorders (Benabid and Torres, 2012), it is imperative to determine whether DBS might influence glucose metabolism and thus induce side effects.

Central control of glucose metabolism is mediated by multiple brain areas and neurotransmitter systems that include serotonergic neurons in the raphe nucleus, noradrenergic neurons in the locus coeruleus, and hypothalamic nuclei that project, directly and indirectly to brainstem nuclei that regulate autonomic outflow (Lechin and van der Dijs, 2006; Marino et al., 2011). Of these, hypothalamic nuclei are ideally situated to sense and integrate peripheral metabolic signals and regulate autonomic tone to maintain a positive energy balance. With respect to possible NAc DBS-induced alterations in glucose metabolism and food intake, early viral tracing experiments in rats revealed a neural connection between the NAc (part of the ventral striatum) and pancreas (Buijs et al., 2001). Specifically, the shell region of the NAc (sNAc) projects to the lateral hypothalamic area (LHA), directly as well as via the ventral pallidum (Zahm and Brog, 1992). The LHA, in turn, projects to the dorsal motor nucleus of the vagus, the ventral lateral medulla and preganglionic spinal cord neurons, all of which project to the pancreas to regulate endocrine pancreatic functions, but also project to the liver and thus may alter glucose metabolism (Buijs et al., 2001; Berthoud, 2004; Wu et al., 2004; Yi et al., 2010).

It is well documented that the projection between the sNAc and the LHA plays a role in food directed behavior (Kelley and Swanson, 1997; Stratford and Kelley, 1999). Recently, van der Plasse et al. (2012) showed that DBS of the sNAc in free-fed rats with access to normal chow elicits feeding behavior. However, to date, a role for this neuroanatomical connection in the regulation of glucose metabolism has not been investigated. We hypothesized that the neural connection between the sNAc and pancreas (and liver) is functional in glucose metabolism. To investigate this hypothesis, we implanted stimulation electrodes in the sNAc of rats and studied the effects of local stimulation on blood glucose and glucoregulatory hormones. In addition, to test if the LHA is involved in the effects of sNAc stimulation we measured the Fos response in the LHA following DBS of the sNAc, as a marker for neuronal activity. We subjected rats to 1h stimulation at two different intensities. Prior to-, during-, and after cessation of stimulation, blood samples were drawn and concentrations of blood glucose and plasma glucoregulatory hormones were measured. Subsequently, brain sections were stained and Fos activation in the LHA was quantified. This study shows for the first time the effects of electrical stimulation in the sNAc on neural activity in the LHA and on glucose metabolism.

METHODS

ANIMALS

Twenty five male Wistar rats (250–280 g; Harlan, Horst, the Netherlands) were individually housed in Plexiglas cages in a temperature (20 ± 2°C), humidity (60 ± 2%) and light controlled room with a 12/12 h light-dark schedule (lights on at 7:00 h AM). All animals had ad libitum access to laboratory chow (Teklad Global 18% Protein Rodent Diet, Harlan, Horst, Netherlands) and tap water prior to testing.

Rats were adapted to handling in the period prior to surgery. The experiment was performed in the rat's home cage. The experiment was approved by the Committee for Animal Experimentation of the Academic Medical Center of the University of Amsterdam, Netherlands.

SURGERY

Rats were anaesthetized with an i.p. injection of 80 mg/kg Ketamine (Eurovet Animal Health, Bladel, Netherlands), 8 mg/kg Rompun® (xylazine, Bayer Health Care, Mijdrecht, Netherlands) and 0.1 mg/kg Atropine (Pharmachemie B. V., Haarlem, Netherlands), after which an intra-atrial silicone catheter was implanted in the jugular vein, according to the method of Steffens (1969). After catheter implantation, rats were bilaterally implanted with bipolar electrodes (dual stainless steel electrodes, 300 μm length, 125 μm diameter, distance between poles was 100 μm, 325 μm of the end of the electrodes was stripped; PlasticOne) aimed at the sNAc (A + 1.44 mm, L + 3 mm, V −7.3 mm, angle 17°), using a stereotaxic apparatus (Kopf). Catheters and electrodes were fixed on the skull with dental cement. Rats received a recovery period of 7 days.

STIMULATION

Four hours prior to stimulation food was removed (i.e., at 8:00h AM). Animals were connected to the blood-sampling catheter and electrode implants were attached to stimulation cables which were, via an electrically-shielded dual channel swivel (Med Associates, St Albans, VT, USA), connected to stimulation equipment. The sampling catheter and cables were kept out of reach by means of a counterbalanced beam. This allowed the animals to move freely during the experiment and allowed all manipulations to be performed outside the cages without handling the animals.

On experimental days a total of 25 rats were subjected to 60 min of either 100 μA (n = 12) or 200 μA (n = 13) or sham (all animals) stimulation. Each animal served as its own control and was, controlled for body weight, randomly assigned to an experimental group. Each experimental day all three stimulation conditions were applied. Rats received 7 days of recovery before being switched in experimental condition.

Stimulations were performed with a digital stimulator (DS8000, World Precision Instruments, Sarasota, USA) and stimulus isolator (DLS100, World Precision Instruments, Sarasota, USA). Stimulation parameters were as follows; biphasic square pulses, 60 μ s duration, 200 μ s ’zero' time, frequency 130 Hz. Blood samples were drawn prior (t = −1 min, baseline) during (t = 5, t = 10, t = 15, t = 30, t = 60 min) and following cessation of stimulation (t = 90 and t = 120 min).

ANALYTICAL METHODS

Blood glucose concentrations were measured directly during the experiment, using a custom glucose meter (Freestyle Freedom Lite, Abbot, Hoofddorp, Netherlands). Blood samples were immediately chilled on ice in Eppendorf tubes with 5 μ L heparin: saline (10x) solution and centrifuged at 4°C (15 min, 3000 rpm). Plasma samples were stored at −20°C until further analysis. Plasma insulin, glucagon and corticosterone concentrations were measured using radioimmunoassay kits (Millipore, St Charles, MO, USA and Biochemicals, Costa Mesa, CA, respectively). The amount of sample-, standards-, label-, antibody and precipitating reagent, described in the manufacture's protocol, were divided by four. The variation-coefficient of the immunoassays was < 10%.

HISTOLOGY AND IMMUNOCYTOCHEMISTRY

At the end of the experiment (t = 120), animals were anaesthetized with a CO2/O2 mixture (6:4) followed by 100% CO2 and killed by decapitation. Brains were then rapidly removed, frozen on dry ice and stored at −80°. Brain tissue was cut on a cryostat in 35 μm sections. Sections were collected on gelatin coated slides and fixed for 10 min in 4% paraformaldehyde at room temperature. For verification of electrode placement, slides were Nissl-stained after fixation and examined with a microscope to determine precise location of the electrodes. Given the functional specificity of the sNAc in the (para) sympathetic projection to the pancreas and liver, electrode placement was considered misplaced when electrode tips were observed outside the sNAc according to the delineation of Paxinos and Watson (1998).

For immunohistochemical staining, sections were incubated with 10% methanol, 3% H2O2 in Tris-buffered saline (TBS, 0.06 M Tris, 0.2 M NaCl, pH 7.6) for 10 min. Slides were then rinsed in TBS (3 times, 10 min) and incubated overnight at 4°C with goat anti-Fos IgG (1:1500; Santa Cruz Biotechnology, Inc., California) diluted in supermix (SUMI, 0.25% gelatin, 0.5% Triton X-100 in TBS (pH 7.6)). Following incubation, slides were rinsed in TBS (3 times, 10 min), incubated for 1 h in biotinylated horse anti-goat IgG (1:400 in SUMI; Vector Laboratories Inc., Burlingame, CA), rinsed in TBS (3 times, 10 min), and incubated for 1 h in avidin-biotin complex (ABC in SUMI, Vector Laboratories Inc., Burlingame, CA). Following incubation, slides were rinsed in TBS (3 times, 10 min). The reaction product was visualized by incubation in 1% diaminobenzidine (DAB) (0.05% nickel ammonium sulphate was added to the DAB solution to darken the reaction product) with 0.01% H2O2 for 7 min. After incubation, slides were rinsed with water. Finally, slides were run through ethanol and xylene and covered for observation by light microscopy.

ANALYSIS OF FOS IMMUNOREACTIVITY

Fos immunoreactivity in the LHA was identified and displayed with a computerized image analysis system consisting of a Zeiss Axioskop and a Media Cybermetrics evolution 9801 video camera (Media Cybernetics, Silver Spring, MD, USA). The LHA was manually outlined in every captured image. The Fos-postive nuclear profiles were manually counted using locally programmed software developed at the Netherlands Institute for Neuroscience. Quantification of Fos was performed by an experimenter who was blind to the experimental conditions. For each rat, one section was measured every 1.80 mm (from bregma −1.20 to −4.56 mm). Subsequently, the mean number of Fos-positive cells in these sections was calculated.

STATISTICS

All data are presented as means ± SEM. Statistical analysis was performed using a repeated-measure analysis of variance (rmANOVA) (SPSS Inc, Chicago, USA) to test for effects of time, stimulation and time * stimulation interaction. When a treatment or interaction effect was detected, a paired-samples t-test test was used to test for group differences. Data were tested on outliers with the Grubbs'outlier test (GraphPad Sofware, Inc, La Jolla, USA). Fos immunoreactivity was statistically analyzed using the non-parametric Kruskall Wallis test. A difference was considered significant when p < 0.05 and as a trend when p < 0.10.

RESULTS

HISTOLOGY

Figure 1 shows electrode placement of all animals that were bilaterally stimulated in the target area and were included in the analysis. Verification of electrode placement revealed correct placement of the electrodes in the sNAc in 6 out of 12 and 5 out of 13 animals in the 100 and 200 μA groups, respectively. Data of animals with misplaced electrodes were analyzed per condition (100 μA: n = 3, 200 μA: n = 5) and used to assess the topographical specificity of sNAc stimulation. In four animals (n = 2 for both stimulation conditions), electrode placement could not be verified due to absence of traces in brain tissue. Two animals could not be used for analysis due to incomplete data sets.
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FIGURE 1. Localization of electrode tips in 100 μA (black circles) and 200 μA (white circles) stimulated animals. Adapted from (Paxinos and Watson, 1998).



CONCENTRATIONS OF BLOOD GLUCOSE AND PLASMA GLUCOREGULATORY HORMONES

Baseline concentrations of blood glucose and plasma concentrations of glucagon, insulin and corticosterone were not significantly different between the 100 μA, 200 μA or sham condition (Table 1).

Table 1. Basal concentrations of blood glucose, plasma glucagon, corticosterone and insulin in the 100 (n = 6) and 200 μA (n = 5) stimulated animals and their sham condition.

[image: image]

Although blood glucose concentrations changed over time, there were no differences between rats stimulated with 100 μA compared to controls (Figure 2A). In contrast, blood glucose concentrations showed a significant increase during bilateral sNAc stimulation with 200 μA, which was significant at t = 5 and t = 30 compared to the sham condition while a trend was detected for t = 10 (Figure 2B, see figure legends for statistics).
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FIGURE 2. Blood glucose concentrations (A,B), and plasma- glucagon (C,D), corticosterone (E,F) and insulin (G,H) concentrations during and following stimulation. Effects of 100 μA stimulation (n = 6) are shown in the left column, black squares = sham stimulation, white squares = 100 μA stimulation (A,C,E,G), the right column (B,D,F,H) shows stimulation at 200 μA (n = 5), black circles = sham stimulation, white circles = 200 μA stimulation. All data are presented as mean ± SEM. *p < 0.05, #p < 0.10. (A–B) Blood glucose concentrations were significantly elevated following stimulation at 200 μA compared with sham stimulation. (A) An overall time effect (p < 0.001), but no stimulation or interaction effect. (B) rmANOVA indicated an effect of stimulation (p = 0.03), post-hoc testing showed that glucose concentrations were significant higher at t = 5, and t = 30 (both p = 0.04), a trend was detected for t = 10 (p = 0.06). (C,D) Plasma glucagon concentrations significantly increased following stimulation at 200 μA compared with sham. (C) An effect of time (p < 0.001) and a trend for time * stimulation (p = 0.09). (D) rmANOVA revealed a significant effect of time (p = 0.05) and time * stimulation (p = 0.03). A trend for higher glucagon elevations was detected at t = 5 (p = 0.07). (E,F) Stimulation at both intensities increased plasma corticosterone concentrations. (E) rmANOVA revealed a time (p < 0.001) and an interaction effect between time and stimulation (p < 0.001). Post-hoc analysis revealed a trend for t = 30 (p = 0.09). (F) rmANOVA revealed a trend for time (p = 0.10), a significant effect of time * stimulation (p < 0.001) and a trend for stimulation (p = 0.07). Corticosterone elevation was significant at t = 10 (p = 0.05) and a trend was detected for t = 15, t = 30, t = 90 (p = 0.07, p = 0.06 and p = 0.08 respectively). (G,H) Plasma insulin concentrations were not significant different between the stimulation and sham condition of either 100 or 200 μA stimulated animals.



Bilateral sNAc stimulation with 200 μA increased plasma glucagon concentrations compared to the sham condition with the highest glucagon concentrations measured at 5 min after DBS onset (Figure 2D). After cessation of stimulation, plasma glucagon concentrations returned to pre-stimulation concentrations and were comparable to plasma concentrations of the sham condition. Statistical analysis showed a significant effect of time, and a trend toward a significant effect of bilateral sNAc stimulation with 100 μA (Figure 2C).

Plasma corticosterone concentrations significantly increased during 100 μA and showed a trend for an increase during 200 μA stimulation when compared to their own sham condition (Figures 2E,F). Post-hoc analysis revealed that plasma corticosterone concentrations with 100 μA stimulation showed an increase compared to the sham condition at t = 30, although this did not reach significance (Figure 2E).

There were no significant differences in plasma insulin concentrations in animals stimulated with 100 μA or 200 μA compared to their non-stimulation condition (Figures 2G,H).

Statistical analysis of blood glucose and plasma glucoregulatory hormones in the animals with misplaced electrodes revealed a significant increase in plasma corticosterone concentrations during both 100 μA and 200 μA stimulation while concentrations of blood glucose and plasma concentrations of glucagon and insulin were not significantly changed.

NEURAL ACTIVATION IN THE LATERAL HYPOTHALAMIC AREA

The results of Fos immunoreactivity quantification, and a representative histological section showing Fos-positive cells for each stimulation condition are presented in Figure 3. Quantification of neuronal activity revealed that stimulation of the sNAc with 200 μA increased Fos expression in the LHA compared to no stimulation (sham) or stimulation with 100 μA. One animal in the 100 μA stimulation group had to be excluded after being identified as an outlier (p < 0.05).
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FIGURE 3. Representative histological section of a sham (A), 100 μA (B) and 200 μA (C) stimulated rat showing Fos-positive cells in the lateral hypothalamic area (LHA). Arrows indicate Fos-positive nuclei. f, fornix, mt, mammillothalamic tract. (D) Number of Fos positive cells in the LHA of sham, 100 μA and 200 μA stimulated animals (n = 3–5). Fos staining was significantly increased in 200 μA stimulated animals compared to sham stimulated animals (*p = 0.035).



DISCUSSION

We here show that DBS of the sNAc affects systemic concentrations of glucose and glucagon in a region- and intensity- dependent manner. These data thus suggest a role for the sNAc in glucose metabolism through controlling pancreatic and/or hepatic output. Importantly, these data indicate that DBS stimulation used for treating OCD and, which may in future be used for treating eating disorders, may induce metabolic changes.

Following onset of stimulation, concentrations of both blood glucose and plasma glucagon acutely increased and, in the case of glucose, lasted for the duration of the stimulation. These increases were stimulation intensity dependent as DBS at 100 μA did not yield these effects. DBS did not affect plasma insulin concentrations at either intensity tested, but it did increase plasma corticosterone concentrations at both stimulation intensities (100 and 200 μA). Especially the latter result is of interest as it indicates that DBS of the sNAc can induce a physiological stress-like response, although behavioral experiments in rodents show no increased anxiety or altered locomotor activity after acute sNAc stimulation (van Dijk et al., 2013).

The increase in plasma corticosterone concentrations at both stimulation intensities (100 and 200 μA), observed in our study, indicates that the higher glucose concentrations are not driven by a DBS-induced increase in general arousal/stress, as only 200 μA increased plasma glucose concentrations. This is further supported by the finding that also in animals with misplaced electrodes plasma corticosterone concentrations increased but blood glucose or plasma glucagon concentrations did not. Importantly, the latter observation suggests that the increased concentrations of glucagon and glucose are specific to DBS of the sNAc as stimulation just outside this area did not evoke a response.

With respect to the neural network that might mediate these effects, it is interesting that the sNAc is anatomically connected to the pancreas, via projections to the LHA and brainstem (Buijs et al., 2001). Indeed, we observed specific activation of the LHA following stimulation, whereas no activation was observed in other areas within the hypothalamus (data not shown). Future experiments are needed to elucidate whether brainstem nuclei are also activated. Interestingly, the Fos expression in the LHA appeared intensity dependent, showing increased expression only at the higher stimulation intensity. This suggests that the higher intensity affects projection areas of the sNAc, whereas the stimulation at 100μA does not, which is also in line with the finding that glucose and glucagon levels were only affected with high intensity stimulation. It is however, unclear at this point which subsets of neurons are activated in the LHA. Several neuropeptides are expressed in the LHA that are known to be involved in energy metabolism. Of special interest are the orexin neurons, which have been shown to receive input from the NAc (Zheng et al., 2003) and are involved in the regulation of glucose metabolism (Yi et al., 2009).

We hypothesize that the increase in blood glucose concentrations is driven by the DBS-stimulated release of glucagon from pancreatic alpha cells. Although the rise in glucagon is small, it has been shown that, in isolated perfused rat livers, small glucagon peaks of 0.4 ug/l induce glycogenolysis and increase glucose concentrations (Sokal et al., 1964). The rise in blood glucose might, however, also result from a direct effect of DBS on the muscle or liver via neural innervation. Sudo et al. (1991), for example, showed that peripheral glucose uptake is under hypothalamic control. Furthermore, we previously showed that the LHA is neurally connected to the liver, and that a GABA antagonist administered to the LHA increased plasma glucose concentrations, which could be prevented by a sympathetic liver denervation (Yi et al., 2009). Administering a GABA antagonist in the LHA did not, however, affect plasma glucagon concentrations making it unlikely that this projection to the liver, if involved, is also underlying the effects of DBS on plasma glucagon concentrations.

The increase in glucagon secretion from pancreatic alpha cells might be achieved via direct stimulation of sympathetic efferents or via sympathetic stimulation of adrenal-norepinephrine (NA) release [eg., Zsombok and Smith (2009); Taborsky and Mundinger (2012)]. As such, it is possible that DBS-induced activation of the HPA-axis contributed to the increase in glucagon via increased NA release. For a more detailed description of these alternative pathways we recommend a recent review by Taborsky and Mundinger (2012). As glucagon secretion is under para- as well as sympathetic control, we cannot distinguish from our data which nervous system is involved. Future experiments could shed light on the relative role of each of these pathways in the regulation of glucose metabolism during DBS and the relative contribution of sympathetic versus parasympathetic activity by combining DBS with the inclusion of independent measures of sympathetic/parasympathetic activity, such as heart rate variation.

In contrast to the effects of DBS on glucagon and glucose, we observed no changes in plasma insulin concentrations, suggesting that DBS of the sNAc does not directly act on pancreatic beta cells. This concept is supported by observations reported by others that electrical stimulation of the ventrolateral hypothalamic area (Helman et al., 1980) and LHA (Helman et al., 1983), induces a rise in glucagon without a rise in insulin. It could be surprising that the glucose increase we observed after DBS did not affect insulin concentrations as ex vivo experiments with perfused pancreatic islets from Wistar rats, showed that glucose oscillations with amplitudes between ~0.5 and ~1.5 mmol/L induces insulin secretory oscillations (Chou and Ipp, 1990). However, in vivo measurements support our findings by showing that higher glucose oscillations (≥q1 mmol/L) were not accompanied by plasma insulin elevations (Yi et al., 2009). This may suggest that the increase in glucose, observed in animals stimulated with 200 μA, was not sufficient to induce an elevation in plasma insulin concentrations.

To date, the role of the sNAc in the regulation of glucose metabolism has received little attention whereas its role in food-motivated behavior is well established (Diepenbroek et al., 2013). The effects of DBS, we present here, point toward a role for this nucleus in the response to hypoglycaemia. Glucose-sensitive and, to a lesser extent, glucose-receptor cells are present in the sNAc (Papp et al., 2007). In addition, the sNAc is responsive to 2-deoxy-D-glucose (2DG), a glucose analog that inhibits glycolysis (Dodd et al., 2010). Hypoglycaemia could be sensed in the sNAc, and glucose homeostasis would be restored by the secretion of glucagon and stimulation of food consumption. The latter is supported by the study of (Dodd et al., 2010) that showed that the sNAc, as well as the orbitofrontal cortex and ventral pallidum are responsive to 2DG. Together, these regions form a corticostriatal connection with the hypothalamus via which processes of reward can influence the hypothalamic control of feeding behavior (Swanson, 2000; Fulton, 2010) and probably also glucose metabolism.

Apart from showing a functional role of the sNAc in glucose metabolism, these data are of great importance for the clinical use of DBS. These data show that stimulation of the sNAc with DBS for the treatment of psychiatric- and eating disorders may directly affect normal energy homeostasis and induce unwanted side-effects. Although interesting and potentially useful in employing DBS for eating-disorders, these data point out that the effects of DBS are not limited to the brain but also affect peripheral functions which should be taken into consideration when applying DBS.

In summary, we demonstrated that DBS of the sNAc in rats increased blood glucose concentrations and plasma glucagon concentrations in a region and intensity- dependent manner. These data are the first to show a direct relation between the use of DBS in the sNAc and changes in systemic concentrations of glucose and glucagon.
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Glucose sensing within autonomic neurocircuits is critical for the effective integration and regulation of a variety of physiological homeostatic functions including the co-ordination of vagally-mediated reflexes regulating gastrointestinal (GI) functions. Glucose regulates GI functions via actions at multiple sites of action, from modulating the activity of enteric neurons, endocrine cells, and glucose transporters within the intestine, to regulating the activity and responsiveness of the peripheral terminals, cell bodies and central terminals of vagal sensory neurons, to modifying both the activity and synaptic responsiveness of central brainstem neurons. Unsurprisingly, significant impairment in GI functions occurs in pathophysiological states where glucose levels are dysregulated, such as diabetes. A substantial obstacle to the development of new therapies to modify the disease, rather than treat the symptoms, are the gaps in our understanding of the mechanisms by which glucose modulates GI functions, particularly vagally-mediated responses and a more complete understanding of disease-related plasticity within these neurocircuits may open new avenues and targets for research.
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VAGAL REFLEX CONTROL OF GASTROINTESTINAL FUNCTIONS

Autonomic neurocircuits are vitally important in the integration of homeostatic functions including the co-ordination of vago-vagal reflexes regulating gastric motility and emptying, nutrient absorption and satiety signaling. Data from several laboratories, including our own, have demonstrated that a wide variety of gastrointestinal (GI) neurohormones, and neurotransmitters act both centrally and peripherally to modulate vagal neurocircuits regulating GI functions (Dockray, 2004, 2009; Travagli et al., 2006).

Sensory information (mechanical, chemical, osmotic) from the GI tract is transduced and transmitted centrally via the afferent vagus nerve, the cell bodies of which lie in the paired nodose ganglia. While there does not appear to be strict somatotopic organization of neurons within the nodose ganglia there is a trend toward a rostro-caudal viscerotopy where neurons innervating the esophagus are located rostrally while neurons innervating the stomach are located more caudally (Zhuo et al., 1997). The central terminals of these sensory neurons enter the brainstem via the tractus solitarius (TS) and terminate on neurons of the nucleus of the tractus solitarius (NTS) using predominantly glutamate as a neurotransmitter (Andresen and Yang, 1990; Andresen and Kunze, 1994; Baptista et al., 2005). Unlike the nodose ganglion, neurons within the NTS are organized in a viscerotopic manner; activation of gastric vagal afferents, for example, activates neurons within the subnucleus gelatinosus of the NTS, while the subnucleus centralis receives information relating to the sensory control of swallowing (Altschuler et al., 1989, 1991; Barraco et al., 1992; Broussard and Altschuler, 2000). NTS neurons are heterogeneous with respect to their biophysical, neurochemical, and pharmacological properties (Bailey et al., 2002, 2006; Baptista et al., 2005; Browning et al., 2011) which contribute to their integration of this vast volume of sensory afferent information with metabolic and hormonal signals as well as neural inputs from brainstem and other CNS nuclei involved the regulation of autonomic functions. Once assimilated and integrated, NTS neurons relay this information to the adjacent dorsal motor nucleus of the vagus (DMV) which contains the preganglionic parasympathetic motoneurons which provide the output response back to the upper GI tract via the efferent vagus nerve.

In contrast to neurons within the NTS, DMV neurons are not organized viscerotopically but rather in columns or spindles that span the entire rostro-caudal extent of the nucleus related to each of the five subdiaphragmatic vagal branches that innervate the viscera (Shapiro and Miselis, 1985; Jarvinen and Powley, 1999; Travagli et al., 2006). While DMV neurons are also heterogeneous with respect to their biophysical, neurochemical and pharmacological properties (Fox and Powley, 1992; Browning et al., 1999, 2005; Jarvinen and Powley, 1999; Martinez de la Pena y Valenzuela et al., 2004; Babic et al., 2011), as preganglionic parasympathetic neurons they are all a priori cholinergic and activate postganglionic neurons within the target organ of interest via release of acetylcholine to activate nicotinic receptors. Postganglionic neurons within the upper GI tract form two distinct pathways to control gastric functions; an excitatory pathway that increases gastric tone, motility, and secretion via activation of muscarinic cholinergic receptors, and an inhibitory pathway that decreases gastric functions via release of non-adrenergic non-cholinergic (NANC) neurotransmitters, principally nitric oxide and vasoactive intestinal polypeptide. Gastric relaxation, therefore, can be achieved by either inhibiting the tonically active cholinergic pathway or by activating the inhibitory NANC pathway (Travagli et al., 2006).

EFFECTS OF GLUCOSE ON GASTROINTESTINAL FUNCTIONS

Effective glucose sensing is critical for the efficient integration and regulation of a wide variety of physiological functions including the optimal regulation of glycemic levels. One of the most dramatic variations in physiological conditions occurs in response to meal ingestion when blood glucose levels increase dramatically. Glucose exerts profound vagally-mediated effects upon gastric motility and emptying, in part to stabilize excessive fluctuations in blood glucose levels following meal ingestion (MacGregor et al., 1976; Horowitz and Fraser, 1994; Ferreira et al., 2001; Rayner et al., 2001; Ishiguchi et al., 2002; Shi et al., 2003; Zhou et al., 2008). An increase in gastric motility in response to hypoglycemia accelerates nutrient delivery to the intestine allowing increased absorption and re-establishes plasma glucose levels whereas a hyperglycemia-induced decrease in gastric motility delays gastric emptying and reduces further glucose absorption preventing potentially prolonged, and damaging, elevations in glycemic levels.

Glucose is known to directly alter the activity of enteric nervous system neurons; intraintestinal infusions of glucose not only activates predominantly sensory neurons in the myenteric and submucosal plexuses of the upper small intestine (Liu et al., 1999; Sayegh et al., 2004; Vincent et al., 2011), it also appears to modulate the response of enteric neurons to other GI neurohormones such as cholecystokinin and serotonin (Roosen et al., 2012). Glucose appears to decrease gastric motility and delays gastric emptying primarily via indirect (paracrine) mechanisms of action, however. Glucose within the lumen of the intestine induces the release of neurohormones from enteroendocrine cells including releasing 5-HT from enterochromaffin cells within the proximal intestine as well as GLP-1 from L-cells in the distal intestine. These released neurohormones activate receptors (5-HT3 and GLP-1 receptors, respectively) on peripheral GI vagal afferent fiber terminals and the resulting excitatory signals are relayed centrally (Raybould, 1998, 1999, 2002; Glatzle et al., 2002; Raybould et al., 2003; Vincent et al., 2011). These sensory signals activate second order neurons within the NTS and, following integration, the subsequent vagal motor response induces gastric relaxation and delayed emptying (Zittel et al., 1994; Ferreira et al., 2001; Raybould et al., 2003; Zhou et al., 2008; Hayes et al., 2010; Vincent et al., 2011).

The vagal efferent pathway responsible for this glucose-induced gastric inhibition is somewhat controversial, however. Studies in rats have demonstrated that, within the brainstem, increasing extracellular glucose levels decreases gastric motility via inhibition of the excitatory cholinergic pathway rather than activation of the inhibitory NANC pathway (Ferreira et al., 2001; Shi et al., 2005) whereas other studies have suggested that the gastric relaxation induced following peripheral hyperglycemia was abolished by nitric oxide and VIP antagonists, suggesting that activation of the inhibitory NANC pathway was involved (Zhou et al., 2008). While differences in experimental protocols may account for some of these differences, it is unlikely to explain fully such divergent results. It is possible that different vagal efferent pathways are engaged by peripheral vs. central glucose, although this remains to be elucidated.

EFFECTS OF GLUCOSE ON VAGAL AFFERENT NEURONS

Once absorbed, however, glucose enters the bloodstream from where it continues to exert profound effects upon vagal neurocircuits controlling GI functions. While glucose increases the firing rate of vagal afferent fibers innervating the GI tract (Mei, 1978, 1985), it has also been known for some time that the responses of vagal afferents to intra-intestinal glucose is modulated by intravenous glucose (Mei, 1978) suggesting that circulating glucose may also modulate the activity and responsiveness of vagal sensory neurons.

Despite being contained within the relatively tough capsule of the nodose ganglion, vagal sensory neurons appear to be accessible to circulating factors (Lacolley et al., 2006a,b). While glucose is a universal fuel for neurons, some neurons possess the additional ability of using variations in extracellular glucose levels as a means of altering their excitability (Adachi et al., 1995; Levin et al., 2001; Kang et al., 2006). A subpopulation of vagal sensory neurons appears to display this sensitivity and are either excited or inhibited by elevations in glucose levels (Grabauskas et al., 2010). Further, the response to glucose appears to be related to the visceral organ that the vagal sensory neurons innervate; afferent neurons projecting to the stomach are more likely to exhibit excitatory responses to elevations in glucose levels while those that innervate the portal vein were more likely to be inhibitory in response to an increase in glucose, suggesting that the effects of glucose on vagal sensory transmission are specialized relative to the visceral information they transmit (Grabauskas et al., 2010). As with other neurons excited by elevations in glucose levels, this activation appears to involve the closure of an ATP-sensitive potassium channel (Dunn-Meynell et al., 1998; Ferreira et al., 2001; Raupach and Ballanyi, 2004; Balfour and Trapp, 2007; Grabauskas et al., 2010) while inhibition of vagal sensory neurons by glucose appears to involve an ATP-insensitive potassium channel although the ionic current involved remains to be elucidated (Grabauskas et al., 2010).

In addition to direct actions upon vagal afferent neurons, glucose also exerts indirect actions via modulation of neurotransmitter receptor density on the neuronal surface. In particular, we have demonstrated recently that glucose induces trafficking of 5-HT3 receptors in GI vagal afferent neurons; following an increase in glucose levels, 5-HT3 receptors are trafficked to the neuronal membrane (Babic et al., 2012). In contrast, a decrease in glucose levels results in receptor internalization (Babic et al., 2012). The functional consequence of this glucose-induced receptor trafficking is an increase or decrease in the inward current induced by 5-HT in response to an elevation or reduction of extracellular glucose level (Babic et al., 2012). Importantly, this glucose-induced modulation of 5-HT3 receptor function occurs rapidly (within minutes) suggesting that, in addition to inducing the release of 5-HT from enterochromaffin cells, glucose may also increase the ability of GI vagal afferent neurons to respond to released 5-HT. In this regard, it is also notable that, following the glucose-induced release of GI neurohormones and their activation of vagal afferent terminals within the intestine, these neurohormones also enter the circulation and gain access to vagal afferent neurons; circulating levels of platelet free 5-HT increase approximately 3-fold after meal ingestion (Houghton et al., 2003). Thus, the glucose-induced modulation of 5-HT3 receptor density and function on vagal afferent neurons appears to be a means by which sensory signaling from the GI tract can be amplified or prolonged.

EFFECTS OF GLUCOSE ON CENTRAL VAGAL NEUROCIRCUITS

In addition to modulating the activity and functions of vagal sensory neurons and peripheral terminals, glucose also modulates the release of neurotransmitter from the central terminals of vagal sensory neurons; increasing the extracellular glucose concentration increased action potential-dependent and -independent glutamate release onto second order NTS neurons, while decreasing extracellular glucose levels inhibited glutamate release (Wan and Browning, 2008a). Further studies demonstrated that, as with vagal sensory somata, glucose induces the trafficking of 5-HT3 receptors to the membrane of vagal sensory nerve terminals, the activation of which increases glutamate release (Wan and Browning, 2008b). 5-HT3 receptors on vagal afferent terminals appear to be activated tonically; in fact, the 5-HT3 receptor antagonist, ondansetron, decreases action potential dependent and independent synaptic transmission to second order NTS neurons implying an ongoing activation of these receptors (Wan and Browning, 2008b). The NTS receives a dense serotonergic input from other brainstem nuclei, most prominently the medullary raphe nuclei (Steinbusch, 1981; Steinbusch and Nieuwenhuys, 1981; Thor and Helke, 1989) although vagal afferent neurons themselves contain 5-HT (Nosjean et al., 1990; Sykes et al., 1994).

Early studies using extracellular recording techniques showed that glucose is able to modulate the activity of subpopulations of neurons within the brainstem. Hepatic vagal afferent fibers that showed a decrease in activity in response to increased glucose exposure, for example, innervate NTS neurons that are also inhibited by local application of glucose (Adachi et al., 1984). Other NTS neurons, in contrast, increased their activity in response to elevated glucose levels (Adachi et al., 1995; Yettefti et al., 1995, 1997; Dallaporta et al., 2000); as described earlier for vagal sensory neurons, as well as for other glucose-sensitive central neurons (Dunn-Meynell et al., 1998; Levin et al., 2001), this increase in neuronal activity in response to increased extracellular glucose levels appear to involve ATP-sensitive potassium channels (Dallaporta et al., 2000; Balfour et al., 2006; Balfour and Trapp, 2007). The mechanism responsible for glucose-induced neuronal inhibition awaits further study, although modulation of chloride conductances may be involved (Balfour and Trapp, 2007).

The ability of glucose to modulate the activity of DMV neurons is more controversial, however. An earlier study using extracellular recording techniques suggested that a small subpopulation of DMV neurons that project via the ventral, or anterior, gastric branch increased or decreased their activity in response to topical glucose administration (Kobashi and Adachi, 1994; Adachi et al., 1995). Other studies using whole cell patch clamp recording techniques confirmed the presence of ATP-sensitive potassium channels on DMV neurons (Trapp et al., 1994; Karschin et al., 1998; Ferreira et al., 2001; Kulik et al., 2002; Raupach and Ballanyi, 2004; Balfour et al., 2006; Balfour and Trapp, 2007; Blake and Smith, 2012) suggesting their activity may be modulated by extracellular glucose levels. In contrast, later studies failed to observe any direct effects of glucose on DMV neuronal activity but, rather, demonstrated indirect effects via modulation of synaptic inputs presumably from NTS neurons (Ferreira et al., 2001). In part, these studies highlight the potential difficulties in separating direct from indirect effects when recording from neurons in brain slice preparations and the additional care required when examining ATP-sensitive potassium channels in neurons (to prevent unintentional channel closure via ATP supplied in the intracellular patch pipette solution).

One important caveat to the studies investigating the role of glucose within the brainstem is the concentration or dose of extracellular glucose used in most studies, which almost certainly exceeds physiological levels. Extracellular glucose levels in most CNS regions are assumed to be 15–20% of peripheral levels; hypothalamic glucose levels certainly vary in concert with blood glucose levels, but they do so within a very narrow range (~0.25–1.0 mM; Dunn-Meynell et al., 2009) although other studies have measured cortical glucose levels between 0.2 and 4.5 mM (Silver and Erecinska, 1994). It should be borne in mind, however, that brainstem vagal neurons may be exposed to higher glucose levels than many other central nuclei since they are essentially circumventricular organs with a leaky blood-brain barrier and fenestrated capillaries (Cottrell and Ferguson, 2004). Regardless, our laboratory has demonstrated recently that, even at similarly low (0.5–5 mM, presumably more physiological) levels, glucose modulates glutamate release from the central terminals of vagal afferent neurons onto second order NTS neurons (Figure 1; Browning, unpublished data). This would suggest that the central terminals of some GI vagal sensory neurons may function as glucose sensors, in the sense that extracellular glucose levels regulate neurotransmitter release in a linear fashion across both physiological and pathophysiological ranges (Wan and Browning, 2008a).
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FIGURE 1. Physiological extracellular glucose levels modulate glutamate release from the central terminals of vagal afferent neurons, an effect that is lost in diabetes. (A) Previously, we demonstrated that glucose acted presynaptically to increase the release of glutamate from the central terminals of vagal afferents (Wan and Browning, 2008b). To determine whether the release of glutamate is modulated by more physiological levels of glucose, whole cell patch clamp recordings were made from 27 neurons of the NTS subnucleus centralis (cNTS); neurons were voltage clamped at −60 mV and the effects of exposure to different physiological concentrations of extracellular glucose on spontaneous excitatory postsynaptic currents (sEPSCs) were recorded. A neuron was considered responsive if glucose altered either frequency or amplitude of sEPSCs by at least 20%. The proportion of neurons responding to a decrease in extracellular glucose concentration with a decrease in sEPSC frequency were as follows: from 2.5 to 0.5 mM, 4/6 neurons responded; from 0.5 to 0.75 mM, 6/7 neurons responded; from 2.5 to 1 mM, 5/6 neurons responded; from 2.5 to 1.25 mM, 4/6 neurons responded. In contrast, increasing extracellular glucose concentration from 2.5 to 5 mM increased sEPSC frequency in 6/7 neurons tested. Even within this narrow, presumably more physiological, range of glucose concentrations (0.5–5 mM), the frequency, but not amplitude, of sEPSCs was modulated by extracellular glucose concentration. (B) Summary graphics illustrating the relationship between extracellular glucose level and frequency of sEPSCs in cNTS neurons in rats. When expressed both as absolute frequency (pulse per second; p.p.ps; left) and as a percentage of sEPSC frequency at control glucose level (2.5 mM; right), the frequency of sEPSCs was dependent upon extracellular glucose concentration in a linear manner. *P < 0.05 vs. 2.5 mM glucose. These results suggest that the ability of glucose to modulate glutamate release from the central terminals of vagal afferents occurs across a wide range of conditions both physiological, as well as pathophysiological. The rapid alteration in glutamate transmission in response to extracellular glucose levels further suggests that glucose may set a background “tone” or ongoing level of transmission from the central terminals of gastrointestinal vagal afferents that can be up- or down-regulated in an ongoing, and rapidly reversible, manner. (C) To determine whether the sensitivity of vagal afferent terminals to glucose (Wan and Browning, 2008b) is (a) also present in the mouse and (b) altered during pathophysiological conditions such as diabetes, whole cell patch clamp recordings were made from NTS subnucleus centralis (cNTS) neurons (n = 9) in control (C57/Bl6) mice as well as from neurons (n = 8) in a mouse model of spontaneously developing Type 1 diabetes (Ins2Akita mice). As in the rat, the frequency of sEPSCs in cNTS neurons was dependent upon the extracellular glucose level in C57/Bl6 mice (left). In detail, in 5/6 neurons tested, decreasing the extracellular glucose concentration from 5 to 2.5 mM decreased sEPSC frequency; in contrast, in 6/7 neurons tested, increasing the extracellular glucose concentration from 5 to 10 mM increased sEPSC frequency. In no instance was any effect on sEPCS amplitude observed (113 ± 10% of control amplitude in 2.5 mM glucose and 100 ± 6% of control amplitude in 10 mM glucose; P > 0.05 in each case). In contrast, the ability of glucose to modulate the frequency of sEPSCs was lost in neurons from Ins2Akita mice (right). In detail, 4/5 neurons tested, decreasing the extracellular glucose concentration from 5 to 2.5 mM had no effect on sEPSC frequency while increasing extracellular glucose concentration from 5 to 10 mM had no effect on sEPSC frequency in any of the 5 neurons tested. (D) Computer generated graphics from the same control C57/Bl6 neuron as above showing that glucose increases the frequency (left) but not amplitude (right) of sEPSCs suggesting that, as in the rat, glucose acts at presynaptic sites to modulate glutamate release. (E) Summary graphic illustrating the relationship between extracellular glucose level and frequency of sEPSCs in cNTS neurons from control C57/Bl6 and diabetic Ins2Akita mice. When expressed a percentage of frequency at control glucose level (5 mM glucose), the ability of glucose to modulate the frequency of sEPSCs was lost in diabetes. *P < 0.05 vs. control frequency. These results suggest that the ability of glucose to modulate glutamatergic transmission from the central terminals of vagal afferents may be a more generalized phenomenon that occurs across species. The results further suggest that the glucose-dependent modulation of central vagal neurocircuits is compromised by chronic hyperglycemia. The timing of this loss in responsiveness, as well as its cause-or-effect response to the development of diabetes, may provide valuable insights into the effects of acute vs. chronic hyperglycemia on autonomic neurocircuitry and the consequence effects on gastrointestinal homeostatic regulation including the gastric dysmotility and delayed gastric emptying observed during hyperglycemia/diabetes.



ALTERATIONS IN ACTIONS OF GLUCOSE ON VAGALLY-MEDIATED GASTROINTESTINAL REFLEXES DURING PATHOPHYSIOLOGICAL STATES

As described earlier, GI functions including gastric motility and emptying are modulated by physiological alterations in blood glucose levels (Rayner et al., 2001). It is hardly surprising, therefore, that pathophysiological alterations in glucose levels result in profound disruption of GI functions. Although gastric hyperactivity has been observed in some rodent models of hyperglycemia and is experienced by some patients with diabetes, a significant proportion of animal models as well as patients exhibit diabetic gastroparesis, defined as delayed gastric emptying accompanied by other upper GI symptoms such as early satiety, fullness, abdominal pain, bloating, and nausea (Horowitz et al., 2002; Chaikomin et al., 2006). The severity of diabetic gastroparesis can vary widely from symptoms of mild discomfort up to impaired glycemic control, electrolyte imbalance, and malnutrition (Horowitz et al., 2002; Chaikomin et al., 2006). Despite the considerable healthcare and social costs associated with this disease, the pathophysiology of diabetic gastroparesis remains to be elucidated fully. That both Type 1 and Type 2 diabetic patients experience gastroparesis symptoms suggests that hyperglycemia, or dysregulated glycemic control per se, may play an important role in symptom development, although insulin itself certainly modulates the activity of central vagal motoneurons (Blake and Smith, 2012) and induces vagally-mediated increases in gastric motility (Krowicki et al., 1998).

The GI dysfunctions induced by either Type 1 or Type 2 diabetes may occur through actions at multiple sites (Figure 2). A loss of enteric neurons neurons, particularly inhibitory neurons (nitric oxide synthase-, vasoactive intestinal peptide-, neuropeptide Y- and galanin-immunoreactive) has been reported in rodent models of both Type 1 and Type 2 diabetes during the early stages of the disease [reviewed in Chandrasekharan and Srinivasan (2007)] which may contribute to the observed disordered motility patterns and decreased NANC-dependent muscle relaxations (Jenkinson and Reid, 2000; Yoneda et al., 2001; Demedts et al., 2013). Loss of Inhibitory Cells of Cajal (ICC) has also been reported in both Type 1 and Type 2 diabetes (Ordog et al., 2000; He et al., 2001; Iwasaki et al., 2006; Forrest et al., 2008; Wang et al., 2009; Grover et al., 2011) suggesting this may be another important means by which persistant hyperglycemia dysregulates GI motility although reduced levels of insulin and insulin signaling, rather than hyperglycemia per se, has also been shown to be involved in ICC depletion (Horvath et al., 2005).
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FIGURE 2. Schematic representation of the effects of glucose on vago-vagal reflex control of the stomach. Glucose within the intestine induces the release of serotonin from enteroendocrine (EC) cells (Zhu et al., 2001; Freeman et al., 2006). The released 5-HT acts upon 5-HT3 receptors present on the peripheral terminals of vagal afferent neurons to cause their excitation (Hillsley et al., 1998; Raybould et al., 2003; Grundy, 2006); this peripheral signal is relayed centrally via the afferent vagus nerve. Once absorbed into the circulation, glucose is also able to act directly upon vagal afferent neurons within the nodose ganglion. Glucose induces neuronal excitation via actions upon ATP-sensitive potassium channels (KATP channels; Grabauskas et al., 2010) as well as causing neuronal inhibition via an as yet unidentified mechanism (Grabauskas et al., 2010). Glucose also rapidly and reversibly traffics 5-HT3 receptors to and from the membrane of gastrointestinal vagal afferent neurons (Babic et al., 2012). Since circulating platelet-free 5-HT levels increase following ingestion of a meal (Houghton et al., 2003), this provides a means by which glucose is able to modulate its own “perception” and amplify or prolong vagal afferent signaling. The central terminals of vagal afferent neurons enter the brainstem via the tractus solitarius and terminate on NTS neurons using predominantly glutamate as a neurotransmitter (Andresen and Yang, 1990; Andresen and Kunze, 1994). Glucose is also able to modulate the release of glutamate from the central terminals of vagal afferents by actions that involve 5-HT3 receptors (Wan and Browning, 2008a,b). Glucose can also activate NTS neurons via actions on KATP channels and increase synaptic transmission to gastric-projecting DMV neurons (Adachi et al., 1984, 1995; Ferreira et al., 2001). Glucose can also modulate the activity of DMV neurons directly (Trapp et al., 1994; Karschin et al., 1998; Balfour et al., 2006; Balfour and Trapp, 2007). The result of these central and peripheral actions of glucose is gastric relaxation and delayed gastric emptying (Schvarcz et al., 1997; Raymer et al., 2000; Rayner et al., 2001). The vagal efferent pathway involved in this gastric relaxation and delayed gastric emptying is still controversial. Peripheral actions of glucose appear to involve activation of a non-adrenergic, non-cholinergic pathway (Zhou et al., 2008) whereas central glucose appears to involve inhibition of the tonically active cholinergic pathway (Ferreira et al., 2001; Shi et al., 2003, 2005).



Glucose sensing within enteroendocrine cells is also disrupted in diabetes (Lee et al., 2012) as are both the basal expression and function of intestinal sodium-glucose transporters (Bihler and Freund, 1975; Morton and Hanson, 1984; Dyer et al., 2002; Bhutta et al., 2013) suggesting that the increased absorption of glucose further amplifies the disrupted and dysregulated responses of GI neurocircuits to glucose. It is hardly surprising, therefore, that altered vagal sensory and motor fiber functions have been reported in both humans (Tougas et al., 1992) and rodent models of diabetes (Yagihashi and Sima, 1986; Lee et al., 2001, 2012; Regalia et al., 2002). While frank autonomic neuropathy almost certainly contributes to the altered vagal sensory and motor functions observed in chronic diabetes, the actions of acute hyperglycemia to modulate vagal afferent and efferent functions (MacGregor et al., 1976; Shi et al., 2003; Takahashi et al., 2003; Zhou et al., 2008) suggests that poor glycemic control per se also negatively impacts vagal reflex functions.

While diabetes is most often considered a peripheral metabolic disease, an increasing body of evidence indicates a significant involvement of the central nervous system, including vagal neurocircuits within the hindbrain, in its development and functional outcomes. In a mouse model of spontaneously developing Type 1 diabetes, the Ins2(Akita) mouse, the ability of glucose to modulate synaptic transmission to second order NTS neurons is lost (see Figures 1C,D; Browning, unpublished data) suggesting an impairment of glucose sensitivity within vagal sensory neurocircuits. Recent studies have demonstrated that even short time periods of glycemic dysregulation result in significant modulation of synaptic transmission within vagal neurocircuits (Zsombok et al., 2011). This would suggest that the vagal control of GI functions may by disrupted even in the early stages of glycemic dysregulation, rather than as a consequence of autonomic neuropathy. In this regard, preliminary evidence that even short periods of exposure to a high fat diet disrupts the glucose-induced trafficking of 5-HT3 receptors on GI vagal sensory neurons, well in advance of the development of obesity or hyperglycemia (Troy and Browning, 2013), raises the possibility that altered glucose signaling within vagal neurocircuits may precede, and even contribute to, disease development.

FUTURE DIRECTIONS

Glucose sensing within autonomic neurocircuits is critical for the effective integration and regulation of a variety of physiological homeostatic functions involved in the optimal regulation of blood glucose levels, including the co-ordination of vagally-mediated reflexes regulating GI functions (e.g., gastric motility and emptying, nutrient absorption and satiety signaling). Glucose regulates GI functions via actions at multiple sites of action, from modulating the activity of enteric neurons, endocrine cells and glucose transporters within the intestine, to regulating the activity and responsiveness of the peripheral terminals, cell bodies and central terminals of vagal sensory neurons, to modifying both the activity and synaptic responsiveness of NTS and DMV neurons. Unsurprisingly, significant impairment in GI functions results occurs in pathophysiological states where glucose levels are dysregulated, such as diabetes. A substantial obstacle to the development of new therapies to modify the disease, rather than treat the symptoms, are the gaps in our understanding of the mechanisms by which glucose modulates GI functions, particularly vagally-mediated responses. Vagal afferent and efferent fibers represent a much more readily available target for new therapies and a more complete understanding of disease-related plasticity within these neurocircuits may open new avenues and targets for research.

It will be of particular interest to elucidate the reversibility of hyperglycemia- and diabetes-induced vagal dysregulation—is there a period of exposure to hyperglycemia beyond which vagal neural damage is irreversible or is the neurocircuitry sufficiently plastic to recover with subsequent tight glycemic control? In this regard, the recent demonstration that the diet-induced obesity associated decrease in excitability and responsiveness of vagal motoneurons is reversed completely by Roux-en-Y gastric bypass surgery (Browning et al., 2013) suggests that vagal neurocircuits remain open to adaptation and that long-term dysregulation of their activity does not necessarily result in permanent and irrecoverable damage. The rapid remission of Type 2 diabetes following bariatric surgery, far in advance of weight loss, raises questions as to its mechanism of action and the degree to which recovery of glycemic regulation is related to the recovery of vagal afferent and efferent homeostatic control.
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Astrocytes in the nucleus of the solitary tract are activated by low glucose or glucoprivation: evidence for glial involvement in glucose homeostasis
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Glucose homeostasis is maintained through interplay between central and peripheral control mechanisms which are aimed at storing excess glucose following meals and mobilizing these same stores during periods of fasting. The nucleus of the solitary tract (NST) in the dorsal medulla has long been associated with the central detection of glucose availability and the control of glucose homeostasis. Recent evidence has emerged which supports the involvement of astrocytes in glucose homeostasis. The aim of the present study was to investigate whether NST-astrocytes respond to physiologically relevant decreases in glucose availability, in vitro, as well as to the presence of the glucoprivic compound 2-deoxy-D-Glucose. This report demonstrates that some NST-astrocytes are capable of responding to low glucose or glucoprivation by increasing cytoplasmic calcium; a change that reverses with restoration of normal glucose availability. While some NST-neurons also demonstrate an increase in calcium signaling during low glucose availability, this effect is smaller and somewhat delayed compared to those observed in adjacent astrocytes. TTX did not abolish these hypoglycemia mediated responses of astrocytes, suggesting that NST-astrocytes may be directly sensing low glucose levels as opposed to responding to neuronal detection of hypoglycemia. Thus, chemodetection of low glucose by NST-astrocytes may play an important role in the autonomic regulation of glucose homeostasis.
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INTRODUCTION

Glucose is the primary energy source for cellular metabolism. Therefore, the maintenance of appropriate serum glucose levels is critical for organismal survival. Glucose homeostasis is maintained through interplay between central and peripheral control mechanisms which are aimed at storing excess glucose following meals and mobilizing these same stores during periods of fasting. Central control of glucose homeostasis is accomplished by a distributed system of glucosensing elements, integrative neural networks which process signals from these elements, and pre-autonomic nuclei which control motor outflow and are modulated through inputs from these neural integrators (Watts and Donovan, 2010).

A principal site for neural integration of glucose availability is the nucleus of the solitary tract (NST), located in the dorsal medulla. Cells within NST have unique access to serum glucose levels due to the large numbers of fenestrated capillaries present in the nucleus (Gross et al., 1990) as well as its close apposition to the area postrema, a circumventricular organ (Cottrell and Ferguson, 2004). A subset of NST neurons have been shown to respond to physiologically relevant changes in extracellular glucose availability both in vivo (Yettefti et al., 1995, 1997) and in vitro (Mizuno and Oomura, 1984; Himmi et al., 1996; Dallaporta et al., 1999). In addition to containing these glucoresponsive cells, NST also receives input regarding peripheral glucose levels by way of glucosensors located in hepatic portal/mesenteric vein, which innervate NST via the hepatic branch of the vagus nerve (Niijima, 1984; Adachi et al., 1995; Grabauskas et al., 2010). Furthermore, NST also receives descending inputs from hypothalamic nuclei such as the lateral and paraventricular nuclei that are associated with glucose homeostasis (Marty et al., 2007; Geerling et al., 2010; Biag et al., 2012). Due to this confluence of signals regarding glucose availability as well as its inputs to pre-autonomic nuclei, the NST plays a predominate role in central control of glucose homeostasis (Adachi et al., 1995; Grill and Hayes, 2012).

The NST is also commonly associated with the physiological response to hypoglycemia. These autonomic counter-measures, often referred to collectively as the counter-regulatory response (CRR) include increases in serum levels of glucagon and stress hormones, increased food intake, and an overall increase in sympathetic tone. Systemic administration of the glucoprivic compound 2-deoxy-glucose (2-DG; a glucose analog commonly used to invoke the CRR) results in increased c-Fos expression in the NST (Ritter et al., 1998; Briski and Marshall, 2000; Sanders and Ritter, 2000; Dodd et al., 2010). Focal administration of a similar glucoprivic agent, 5-thio-D-glucose, directly into the NST of rats also drives CRRs such as increased food intake (Ritter et al., 2000) and increases in serum glucagon and stress hormone levels (Andrew et al., 2007).

In addition to its role in glucose homeostasis and hypoglycemic counter-regulation, the NST plays a critical role in a number of other autonomic functions such as regulation of cardiovascular, respiratory, and gastrointestinal reflexes (Blessing, 1997). There is increasing evidence that chemodetection by brainstem astrocytes can drive changes in these autonomic reflexes (Hermann and Rogers, 2009; Hermann et al., 2009; Gourine et al., 2010; Kasymov et al., 2013). Interestingly there is also strong evidence for astrocytic involvement in the autonomic response to hypoglycemia. Systemic administration of the selective glial toxin, methionine sulfoximine, blocks 2-DG induced c-Fos expression in NST (Young et al., 2000). In addition, transgenic mice which only express the type II glucose transporter (GLUT2) in pancreatic beta cells (i.e., expression of GLUT2 was knocked out centrally), demonstrate defects in the CRR (Burcelin and Thorens, 2001). However, these defects are rescued by the selective CNS re-expression of GLUT2 in astrocytes, but not neurons (Marty et al., 2005). Therefore, the aim of the present study was to investigate whether NST-astrocytes respond to physiologically relevant decreases in glucose availability, in vitro, as well as to the presence of the glucoprivic compound 2-DG.

METHODS

ANIMALS

All experimental procedures were conducted under the approval of the Pennington Biomedical Research Center's Institutional Animal Care and Use Committee. Long Evans rats of either sex (body weight between 150 and 250 g) were used in these studies. All animals were housed in a temperature controlled room under 12 h light/dark cycle and provided water and food ad libitum. All experimental protocols were performed according to the guidelines set forth by the National Institutes of Health.

IN VIVO PRE-LABELING OF NST AND HARVEST OF HINDBRAIN SLICES

Animals (N = 22) were deeply anesthetized with urethane (1.5 g/kg, ip; ethyl carbamate, Sigma) and placed in a stereotaxic frame. Using aseptic technique, the occipital plate of the skull was removed to expose the medullary brainstem. A micropipette 30 micron tip diameter; filled with 0.2% Calcium Green 1 AM (CAG; Life Technologies), 0.3% sulforhodamine 101 (SR101; Sigma Chemical) and 20% pluronic-DMSO (F-127, in pH 7.2 tris-PBS buffer) was directed toward the medial solitary nucleus using a stereotaxic carrier. Four injections (40 nL each) of the CAG-SR101 solution were made unilaterally into the NST at the level of calamus and 0.2, 0.4, and 0.6mm anterior to calamus; all at a depth of 300 microns below the surface. This injection pattern labeled the entire ipsilateral medial NST (Hermann et al., 2009). CAG, a calcium reporter dye, is taken up by both neurons and glia while SR101 labels only astrocytes (Nimmerjahn et al., 2004; McDougal et al., 2011). SR101 does not interfere with CAG fluorescence (Hermann and Rogers, 2009). Thus, despite the similarity in size of NST neuronal and astrocytic cell bodies, this method made it possible to easily discriminate between these two cell types in the slice preparation (Figure 1). After a 30 min interval to allow for dye uptake, the anesthetized rat was decapitated and the brainstem was quickly harvested. The caudal brainstem was glued to an aluminum block and placed in cold (~4°C) carboxygenated (95% O2; 5% CO2) cutting solution (recipe below). Coronal sections (300 micron thick) were cut through the medulla using a Leica VT1200 tissue slicer equipped with a sapphire knife (Delaware Diamond Knives). The NST is easily identified in these slices due to its lack of myelin; 4–5 slices containing NST were collected from each animal and placed in normal Krebs' solution (recipe below) which was bubbled with 95% O2/5% CO2 and maintained at a constant temperature of 29°C. Slices were allowed to equilibrate to these conditions for an hour prior to imaging.
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FIGURE 1. Live cell calcium imaging of NST astrocytes in response to glucoprivic challenge. In vivo co-injection of the calcium indicator dye, Calcium Green 1-AM (CAG; green) and the glial vital stain sulforhodamine 101 (SR101; red) allows for simple discrimination of astrocytes and neurons in the in situ brain stem slice preparation. Following a dual exposure utilizing the 488 nm and 561 nm laser lines, a composite image is obtained in which astrocytes are clearly labeled yellow, i.e., positive for both CAG and SR101, while neurons remain green (A). Time-lapse imaging with only the 488 nm laser line can then be used to follow changes in intracellular calcium concentrations, indicated by a proportional change in the intensity of the CAG signal, before, during, and after the application of glucoprivic or low glucose challenges. Regions of interest (ROI) were drawn around an individual neuron (blue circle) and astrocyte (red circle) in (A) for analysis of their time-lapse responses to 2-DG challenge (B). Exposure time to 2-DG is represented by bar over graph.



IN VITRO DRUGS AND SOLUTIONS

All solutions were freshly prepared on the day of the experiment. The cutting solution contained 110mM choline chloride, 25mM NaHCO3, 2.5mM KCl, 7mM MgSO4–7H2O, 1.25mM NaH2PO4, 10mM glucose, and 0.5mM CaCl2–2H2O. The normal Krebs' solution contained 124mM NaCl, 25mM NaHCO3, 3.0mM KCl, 1mM MgSO4–7H2O, 1.5mM NaH2PO4, 5mM glucose, and 1.5mM CaCl2–2H2O. Composition of the “low glucose challenge” solutions was identical to the normal Krebs' solution except that the concentration of glucose was decreased from 5 to 2.5mM, 1mM, or 0.5mM. Given that extracellular brain glucose levels are ~30% that of plasma glucose (Silver and Erecinska, 1994), the range of normal extracellular brain glucose levels runs between 0.5 and 2.5mM (Song et al., 2001). However, brain areas such as the arcuate nucleus of the hypothalamus or the NST, which border circumventricular organs, are predicted to be exposed to glucose levels normally seen in the CSF (3.4mM) or serum (5.5mM) (Levin et al., 2004). Therefore, we include 5mM glucose as our “normal” glucose concentration for comparisons.

The “glucoprivic challenge” solution consisted of 5mM 2-deoxy-D-glucose (2-DG; Sigma-Aldrich, St. Louis, MO) dissolved in normal 5mM glucose Krebs' solution. The osmolarity of the normal Krebs', low glucose challenge, and glucoprivic challenge solutions were adjusted to 300 ± 3 mOsm with sucrose. Tetrodotoxin (1 μM TTX; Sigma-Aldrich, St Louis, MO) was included in some low glucose challenge solutions. Bath application of TTX has been shown to block approximately 95% of the direct neuronal activation of NST astrocytes (McDougal et al., 2011).

LIVE CELL CALCIUM IMAGING

Slices were transferred to a custom imaging chamber (Rogers and Hermann, 2012b); perfused at a rate of 2.5 mL/min with normal Krebs' maintained at a temperature of 32°C. Slices were imaged with a Nikon F1 fixed stage upright microscope equipped with a Nikon Fast Scan laser confocal head and a Luca EMCCD camera (Andor Technology, South Windsor, CT). Co-injection of CAG and SR101 allows for discrimination of astrocytes and neurons at the cellular level by comparing images captured using the 488 and 561 nm laser lines (McDougal et al., 2011). That is, at 488 nm, both astrocytes and neurons pre-labeled with CAG will appear green; at 561 nm, all astrocytes will also appear red. A single, dual exposure image was collected just prior to and following each experimental trial in order to confirm the cell types being recorded (Figure 1).

Changes in intracellular calcium concentrations within CAG pre-labeled NST-astrocytes and NST-neurons in response to different stimuli were recorded using the 488 nm laser line to excite the CAG. Increases in intracellular calcium concentrations are reflected as an increase in fluorescence and is indicative of increased cellular activity. During experimental trials, time-lapsed images of mixed fields of NST-astrocytes and neurons were monitored for their responses to low glucose or glucoprivic conditions.

EXPERIMENTAL DESIGN

Each slice was exposed to a single “experimental trial” which consisted of three perfusion conditions of equal duration (i.e., 10 min for each condition). Slices were perfused with normal Krebs' containing 5mM glucose during the initial and final blocks of time. The intervening block was the experimental condition [e.g., “time control” consisting of continued perfusion with 5mM glucose Krebs', low glucose (i.e., 0.5, 1.0, or 2.5mM) or glucoprivic challenge (i.e., 5mM 2-DG with 5mM glucose Krebs')]. Thus, each cell functioned as its own control and transitional differences in activity due to changes in available glucose (i.e., decreasing or increasing) could also be monitored.

In order to rule out the possibility that neuronal synaptic input to glia was responsible for the astrocytic responses to low-glucose conditions, tetrodotoxin (TTX) was used to block action potential-mediated communication between neurons and astrocytes (McDougal et al., 2011). For this study, we specifically chose the 1mM glucose challenge, to ensure that the neurons would not be compromised by very low glucose. In these experiments, TTX (1 μM) was present during all three perfusion periods [i.e., normal (5mM), low glucose challenge (1mM), and normal (5mM) glucose]. The responses of cells during the low glucose challenge plus TTX were then compared to responses of cells exposed to an identical experimental trial that did not use TTX, i.e., identical blocks of 0.5, 1 and 5mM profusion conditions without TTX.

Time-lapse images were analyzed using Nikon NIS-Elements software. Each cell in a field was delineated as a region of interest (ROI) and the average intensity of all pixels within each ROI was calculated for each time point (Figure 1). These data were exported to Microsoft Excel for analysis offline.

Relative changes in intracellular calcium in response to all stimulation paradigms were quantified as percent changes in fluorescence: (Δ F/F)%, where F is the baseline fluorescence intensity within an area of interest (e.g., the outline of an SR101-labeled astrocyte) before stimulation, and Δ F is the change from this value resulting from stimulus-induced cellular activity (Helmchen, 2000). Background fluorescence (i.e., non-responsive areas in same field) was subtracted from both F and Δ F. An individual cell was considered to have responded to a given stimulus if the stimulus induced a peak change in (Δ F/F)% > 5% (O'Malley et al., 2006; Rogers et al., 2006a,b; Hermann et al., 2009; McDougal et al., 2011).

Parameters including average baseline fluorescence intensity, peak intensity, as well as the onset of the response to the low glucose or glucoprivic challenge were determined for each ROI. These values were used to calculate: (a) latency to onset of response, (b) peak response magnitude (percent increase in intensity from baseline), (c) response offset (time at which the response magnitude decayed to 1/e of the peak value; ~37%), and (d) response magnitude (area under the curve from response onset to response offset) for each ROI. In order to verify the macro-defined values, each was displayed graphically on a line plot of intensity vs. time and visually inspected for accuracy.

The criteria of low-glucose (or 2DG) responder types:

• Positive: Peak response > 5% and AUC > 175 (ΔF/F)% minute and ΔF/F values returned to 1/e of peak (~37%) before the end of the trial.

• Negative: Peak response < –5% and AUC< −175 (ΔF/F)% minute

• Sustained activation: Peak response > 5% and ΔF/F values failed to return to 1/e of peak (~37%) before the end of the trial. AUC is undefined in these cells because there is no “stop time” which is defined as the time at which ΔF/F values returned to 1/e of peak (~37%).

• Non-responders: Any cell which did not meet the above criteria.

DATA ANALYSIS

The cell type (i.e., astrocyte or neuron) represented by each ROI was determined by the presence or absence of SR101 staining. The average values of three separate response parameters (peak, latency, and response magnitude) were determined for each cell type in each experimental condition, and then compared statistically. Astrocytic response parameters across the three concentrations of glucose were compared to neuronal response parameters using two-way analysis of variance (i.e., cell type vs. concentration of glucose). Separate analyses were made of the average response parameters of astrocytes vs. neurons to a glucoprivic condition (i.e., 5mM glucose plus 5mM 2-DG) using unpaired t-tests.

Studies using TTX to determine if astrocytic responses were secondary to neuronal activation used unpaired t-tests to evaluate cellular response parameters of astrocytes or neurons during the 1mM glucose challenge with vs. without TTX in the perfusion solution. All statistical analyses were performed using GraphPad Prism software (GraphPad Software, La Jolla, CA); p-values < 0.05 were considered statistically significant.

RESULTS

A SUBSET OF NST-ASTROCYTES AND NEURONS RESPOND TO LOW GLUCOSE CHALLENGE

Brainstem slices challenged by conditions of low glucose availability (i.e., bath application of Krebs' solution containing 0.5, 1.0, or 2.5mM glucose) showed fluxes in intracellular calcium levels in both NST-astrocytes and neurons. The cellular responses were measured by changes in the fluorescent intensity of CAG relative to individual baseline levels. The relative changes in cytoplasmic calcium were expressed as percent changes in fluorescence [(ΔF/F)%] of the CAG reporter dye, where F is the intensity of the baseline fluorescence signal before stimulation, and ΔF is the difference between the peak fluorescence intensity and the baseline signal (Figures 2, 4, 5).


[image: image]

FIGURE 2. Example of response patterns of low glucose-positive astrocytes and neurons in the hindbrain slice preparation to low glucose challenge. As seen in Figure 1, mixed fields of NST-astrocytes and neurons were recorded using confocal live cell calcium imaging. Changes in intracellular calcium levels were reflected as changes in intensity of the fluorescent calcium indicator dye, Calcium Green 1-AM. Both low glucose-positive (A) astrocytes and (B) neurons were activated in response to a change in the extracellular glucose concentration from 5 to 0.5mM; this activation returned toward baseline levels following return to 5mM glucose. [Traces in (A,B) are the average response of five representative low glucose positive astrocytes and neurons, respectively]. Two-Way ANOVA: (C) Peak response and (D) response magnitude demonstrated significant main effects attributed to the cell type (p < 0.05) as well as significant main effects attributed to the concentration of glucose (p < 0.05) (see also Figure 3). These main effects are qualified due to the significant interactions between cell types and glucose concentrations. Thus, NST-astrocytes were more responsive than NST-neurons to low glucose conditions particularly at the 0.5mM concentration. (E) Latency to onset of response to low glucose also demonstrated a significant main effect attributed to cell type (p < 0.05); astrocytes responded at 1.7 ± 0.2 min (mean ± s.e.m.) compared to neurons at 2.6 ± 0.2 min. * P < 0.05.



Both NST-astrocytes and neurons displayed one of four distinct response patterns as a result of exposure to each low glucose challenge (Table 1). The most prevalent response pattern was the “non-responder” which showed no response to conditions of low glucose availability (47% of astrocytes; 51% of neurons). The second largest category encountered was a “low glucose positive” response pattern where cells showed an increase in intracellular calcium concentrations when exposed to low glucose and baseline levels of intracellular calcium concentrations returned following the return to 5mM glucose Krebs' solution (39% of astrocytes; 37% of neurons) (Figures 2A,B; Table 1). The remaining cells responded either with a decrease in intracellular calcium levels and were characterized as “low glucose negative” (13% of astrocytes; 11% of neurons) or displayed an increase in intracellular calcium signaling which failed to return to baseline levels following the return to 5mM glucose levels. This last group is referred to as “sustained activation” (1% of astrocytes; 1% of neurons; Table 1).

Table 1. Classification of cellular response patterns to low glucose (top) or glucoprivic (bottom) challenges.
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RESPONSE TO LOW GLUCOSE CHALLENGE DIFFERED BASED ON CELL TYPE AND GLUCOSE CONCENTRATION

Three response parameters were measured in “low glucose positive” astrocytes and neurons following exposure to each low glucose challenge condition (0.5, 1.0, or 2.5mM); see Figure 3 and Table 2. These parameters included: (1) response latency (time between onset of challenge and response onset), (2) response magnitude (area under the curve from response onset to response offset), and (3) peak response (percent increase in CAG intensity from baseline). Two-Way ANOVA revealed that latency to onset of response demonstrated a significant main effect attributed to cell type [F(1, 111) = 6.38, p < 0.05]. Latency to onset of response to low glucose for astrocytes was 1.7 ± 0.2 min (mean ± SEM) compared to neurons at 2.6 ± 0.2 min. Peak response and response magnitude also demonstrated significant main effects attributed to the cell type [F(1, 159) = 8.36 and 12.57, respectively; p < 0.05] as well as significant main effects attributed to the concentration of glucose [F(2, 159) = 8.40 and 18.57; respectively; p < 0.05]. These main effects are qualified due to the significant interactions between cell types and glucose concentrations [F(2, 159) = 5.24 and 4.99, respectively; p < 0.05]. Thus, astrocytes were more responsive than neurons to low glucose conditions particularly at the 0.5mM concentration (Figure 3).
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FIGURE 3. Comparison of response parameters of NST-astrocytes and -neurons to low glucose conditions. Subsets of both astrocytes and neurons responded with increased activation, as seen by their change in fluorescence, when exposed to lower glucose concentrations in the perfusion solution. Two-Way ANOVA of the peak and magnitude of astrocytic and neuronal responses to low glucose conditions revealed that astrocytes were more responsive than neurons in (A) peak response and (B) response magnitude, i.e., area under the curve [significant main effect of cell type; F(1, 159) = 8.36 and 12.57, respectively; p < 0.05]. There were significant main effects attributed to the concentration of glucose [F(2, 159) = 8.40 and 18.57; respectively; p < 0.05]. These main effects are qualified due to the significant interactions between cell types and glucose concentrations [F(2, 159) = 5.24 and 4.99, respectively; p < 0.05]. Bonferroni post-hoc t-tests demonstrated that astrocytes and neurons differ significantly in these response parameters when 0.5mM glucose was in the perfusion bath; #p < 0.05. In astrocytes, these response parameters at the 0.5mM glucose level where significantly different from those at the 1.0 and 2.5mM glucose levels; *p < 0.05.



Table 2. Response parameters of NST astrocytes and neurons responsive to low-glucose or 2DG conditions.
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Bonferroni post-hoc t-tests showed that astrocytes and neurons differ in these response parameters to 0.5mM glucose in the perfusion bath (Figure 2). Additionally, astrocytes demonstrated significantly larger peak responses and response magnitudes to 0.5mM glucose compared to either 1.0 or 2.5mM glucose challenges (Figure 3).

A SUBSET OF NST-ASTROCYTES AND NEURONS RESPOND TO GLUCOPRIVIC CHALLENGE

NST-astrocytes and neurons showed similar response patterns during glucoprivic challenge where 5mM 2-DG was included in the 5mM glucose-Krebs' solution (Figure 4). Most astrocytes (47%) and neurons (52%) were “non-responders” (Table 1). The next largest class was “2-DG positive” which displayed an increase in intracellular calcium signaling during exposure to this glucoprivic condition that returned to baseline following washout (42% of astrocytes; 26% of neurons). The remainder of cells could be characterized as either “2-DG negative” (8% of astrocytes; 16% of neurons) or “sustained activation” (3% of astrocytes; 6% of neurons). Unpaired t-test comparisons revealed that astrocytes had significantly shorter latencies to response onset compared to neurons [1.4 ± 0.1 min vs. 2.2 ± 0.2 min; t(73) = 3.00; p = 0.0037]. There were no differences in peak response (15.5 ± 1.1% vs. 14.0 ± 1.0%; astrocytes vs. neurons) or response magnitude (2329 ± 228 vs. 2093 ± 229) between astrocytes and neurons during glucoprivic challenge (Table 2).
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FIGURE 4. Activated response patterns of astrocytes and neurons in the hindbrain slice preparation to glucoprivic challenge (i.e., 2-DG-positive). Approximately 40% of NST-astrocytes and 25% of NST-neurons responded to a glucoprivic solution consisting of 5mM 2-Deoxy-D-glucose (2-DG) dissolved in media containing normal (5mM) glucose concentrations with an increase in activity (Tables 1, 2). Examples of 2-DG-positive astrocytes and neurons activated in response to the glucoprivic challenge are shown [Traces in (A,B) are the average response of five representative 2-DG-positive astrocytes and neurons, respectively]. The peak responses (C) and response magnitudes (D) were similar in both astrocytes and neurons. However, these two cell types differed in time to onset of response (E). NST-astrocytes averaged 1.4 ± 0.1 min compared to the onset of NST-neuronal response at 2.2 ± 0.2 min (*p < 0.05).



LOW GLUCOSE SIGNALING IN NST-ASTROCYTES IS INDEPENDENT OF NEURONAL SIGNALING

In order to rule out the possibility that neuronal synaptic input to glia was responsible for the astrocytic responses to low-glucose conditions, TTX was used to block action potential-mediated communication between neurons and astrocytes (Figure 5). Astrocytic peak responsiveness to a 1mM low glucose challenge was unaffected by TTX (15.3 ± 0.9% vs. 17.5 ± 1.7%), although response magnitude was somewhat lower than control levels (991 ± 102 vs. 763 ± 116; Figures 5A,C,D). The slight reduction in the size of the astrocytic responses in the presence of TTX likely represents a loss of tonic neuronal activation of NST-astrocytes independent of glucose availability, possibly mediated by glutamate release from vagal afferents (McDougal et al., 2011).
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FIGURE 5. Astrocytic glucodetection is independent of neuronal glucodetection. Mixed fields of NST-astrocytes and neurons were exposed to 1mM glucose concentrations with and without the presence of TTX in the perfusion bath. (A) The response of NST-astrocytes to a low glucose challenge is shown by black trace. The presence of 1 μM TTX did not effectively alter the astrocytic response (red trace). In contrast, (B) the response of NST-neurons to a 1mM low glucose challenge was nearly abolished in the presence of bath TTX (black trace = control condition; red trace = TTX condition). Specifically, TTX did not produce any statistically significant changes in astrocytic (C) response magnitude or (D) peak response to low glucose conditions. In contrast, TTX caused a statistically significant reduction in both neuronal response magnitude (E) and peak responsiveness (F) when compared to control neuronal responses to low glucose. These results suggest that activation of NST-astrocytes by low glucose challenge is independent of neuronal gluco-sensation. NST neuronal calcium signaling in response to low glucose challenge, on the other hand, may be dependent on other neuronal inputs or on modulation of the voltage-dependent sodium conductance. [*p < 0.05; unpaired t-test comparing response parameters in control vs. TTX condition. Traces in (A,B) are the average response of five representative low glucose positive astrocytes and neurons, respectively.]



In contrast, neuronal peak response and response magnitude during the same low glucose challenge were significantly reduced by TTX [peak response: 9.0 + 1.0% vs. 6.2 + 0.6%; t(17) = 2.422, p = 0.013; magnitude: 652 ± 135 vs. 156 ± 37; t(17) = 3.043, p = 0.004 (Figures 5B,E,F)]. NST neuronal calcium signaling in response to low glucose challenge may be dependent on other neuronal inputs or on modulation of the voltage-dependent sodium conductance.

DISCUSSION

The dorsal medulla and NST have long been associated with the central detection of the glucose availability and the control of the glycemic state (Bernard, 1855; Marty et al., 2007; Grill and Hayes, 2012). Recent evidence is emerging in support of astrocytic involvement in glucose homeostasis (Young et al., 2000; Guillod-Maximin et al., 2004; Marty et al., 2005). Our present report provides evidence that astrocytes in the NST respond to changes in glucose availability. Following exposure to conditions of low glucose, a subset of NST-astrocytes and neurons exhibit an increase in intracellular calcium signaling, this is reversed following restoration of normal glucose availability. Both the peak and magnitude of the astrocytic response varied across different levels of low glucose availability. The size of the neuronal response across the different glucose concentrations did not vary significantly. In comparison to adjacent neurons, astrocytes displayed larger peak responses and response magnitudes, with a reduced latency to respond, following exposure to 0.5mM glucose concentrations. Note that the activation of astrocytes by reduced glucose was not a smooth linear function; increased activation occurred abruptly at 0.5mM glucose. This behavior may be a reflection of the operation of an emergency low threshold detection mechanism of the sort driving counter-regulation in response to hypoglycemia (Song et al., 2001; Marty et al., 2007). Furthermore, this astrocytic response to low glucose challenge was independent of neuronal activation, as it was preserved during bath application of TTX. Note that bath application of TTX nearly eliminated the neuronal response to the same low glucose challenge. This suggests that low glucose-mediated increases in neuronal cytoplasmic calcium are produced as a consequence of action potential discharge (Gobel and Helmchen, 2007). In addition, a subset of NST-astrocytes and neurons exhibited an increase in intracellular calcium signaling in response to bath application of the glucoprivic compound 2-DG (5mM). The onset of this response to glucoprivation was more rapid in astrocytes as compared to adjacent neurons. However, the latencies we observed for astrocytes and neurons are similar to those reported previously for glucose sensitive cells in the hypothalamus or hindbrain (Song et al., 2001; Kang et al., 2004; Balfour et al., 2006). These observations suggest that NST-astrocytes are important sensors of low glucose levels, and that the chemodetection of glucose availability by NST-astrocytes may play an important role in the autonomic regulation of glucose homeostasis.

Astrocyte chemodetection is emerging as an important means by which the brain mediates autonomic homeostasis. Astrocytes in the ventral medulla increase cytoplasmic calcium in response to elevated pCO2. This increase in glial calcium triggers a gliotransmission mechanism that, in this instance, causes the release of ATP onto adjacent respiratory rhythmogenic neurons (Gourine et al., 2010; Marina et al., 2013). Our own work has shown that astrocytes in the NST are activated by proteinase activated receptor (PAR) agonists and, in turn, release glutamate onto adjacent NST neurons (Hermann et al., 2009). In addition to glucoregulatory functions, the NST also suppresses gastric motility through vago-vagal reflex connections with parasympathetic motor neurons (Rogers and Hermann, 2012a). This mechanism may explain in part why bleeding trauma and burn injuries (both conditions generate large amounts of PAR-activating thrombin) are associated with profound gastrointestinal stasis (Hermann et al., 2009). It remains to be determined whether similar glial-neural interactions are present between glucosensitive astrocytes and NST neurons.

In addition, the mechanism by which a reduction in glucose availability signals an increase in cytoplasmic calcium in the NST-astrocyte also remains indeterminate. While astrocytic expression of GLUT2 appears necessary for proper glucose counter-regulation (Marty et al., 2005), the transduction mechanisms often coupled to GLUT2 produce changes in calcium that run in the opposite direction to that observed for astrocytes. For example, pancreatic beta cells respond with an increase in intracellular calcium levels in response to increasing extracellular glucose. Here, glucose is transported through the GLUT2 transporter and metabolized via glycolysis and the tricarboxcylic acid cycle to CO2, producing ATP. Increased cellular ATP energy charge acts to phosphorylate and inactivate KATP channels, leading to depolarization, activation of voltage gated calcium channels and ending in excitation—secretion coupling (Schuit et al., 2001; Holsbeeks et al., 2004; Levin et al., 2004).

However, others have also reported that glucose restriction in cultured astrocytes causes an increase in astrocytic cytoplasmic calcium signals (Arnold, 2005). Similar to our present observations, this increase in cytoplasmic calcium is reversed with the restoration of normal levels of glucose in the perfusion bath. There is evidence suggesting that astrocytes are highly dependent on glycolysis for ATP production; removal of glucose or blocking glucose utilization may rapidly starve astrocytes of glucose for ATP production (Kahlert and Reiser, 2000). With impaired glycolysis and subsequent low ATP following low extracellular glucose availability, the calcium-ATPase pump in the endoplasmic reticulum (ER) of astrocytes fails and ER calcium is released to the cytoplasm (Kahlert and Reiser, 2000; Arnold, 2005). While these results are consistent with our observations in the slice preparation, it is not clear if this mechanism is actually responsible for the cytoplasmic calcium signal seen by our laboratory in in situ NST-astrocytes. For example, the response time for astrocytes in our NST slice preparation is about five-fold faster than that reported for cultured hippocampal astrocytes.

One possibility for the acceleration of this mechanism relative to cultured astrocytes would be the expression of GLUT2 and glucokinase (GK) by glucosensitive NST-astrocytes. Glial expression of both GLUT2 and GK has been reported previously (Garcia et al., 2003; Arluison et al., 2004; Young and McKenzie, 2004; Millan et al., 2010), as well as the specific expression of GLUT2 by a subset of NST-astrocytes (Leloup et al., 1994). Co-expression of these proteins would permit cytoplasmic glucose to flow backward through the GLUT2 transporter following a reduction in extracellular glucose below intracellular glucose concentrations, thus speeding the elimination of fuel for glycolysis, and therefore accelerating ER calcium release. Further studies utilizing single cell qPCR could be employed to directly investigate whether GLUT2 or GK is preferentially expressed by glucosensitive NST-astrocytes as compared to non-glucoresponsive NST astrocytes.

Another possibility which could account for the more rapid astrocytic cytoplasmic calcium signals in our preparation is that NST-astrocytes may contain a much more active low-glucose detection mechanism via direct signaling of low glucose availability by GLUT2. GLUT2 is the only mammalian glucose transporter known to act as a “transceptor,” i.e., a protein which functions as both a transporter and receptor. The receptor function of mammalian GLUT2 is mediated by the large intracellular loop between the 6th and 7th transmembrane domains (Guillemain et al., 2000). Transgenic mice generated to knock down a GLUT2-intracellular loop domain yielded animals that demonstrated an inability to detect glucose but left the GLUT2-dependent glucose transport unaffected (Stolarczyk et al., 2007, 2010). Depression of glucose detection in these animals resulted in increased daily food intake due to increased meal sizes.

The transporter function of GLUT2 has also been linked to the activation of hepatic transcription factor, a carbohydrate response-element binding protein (Uyeda and Repa, 2006). However, it seems unlikely that similar GLUT2-mediated transcriptional regulation in NST-astrocytes could bring about the large and rapid changes in intracellular calcium signaling we observed in response to low glucose availability. Instead, it seems more likely that there may be a direct interaction between the intracellular loop domain of GLUT2 and signaling pathways present in NST-astrocytes; although, at present, there is no information available as to how it might function.
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Neurons in the dorsal motor nucleus of the vagus (DMV) play a critical role in the regulation of autonomic functions. Previous studies indicated that central activation of sirtuin 1 (SIRT1) has beneficial effects on homeostasis, most likely via modulation of the autonomic output. Sirtuins are NAD+-dependent deacetylases and have been associated with longevity. SIRT1 is one of the best-characterized sirtuins expressed in mammals, and may be involved in the regulation of metabolism. Resveratrol, a SIRT1 activator reduced hyperglycemia likely through activation of vagal output; however, the cellular mechanisms of action have not been determined. In this study, whole-cell patch-clamp electrophysiology on acute brainstem slices was used to test the hypothesis that activation of SIRT1 with resveratrol enhances neurotransmission in DMV neurons. Application of resveratrol increased the frequency of spontaneous excitatory postsynaptic currents (sEPSC). This effect was KATP channel-dependent and was prevented with pre-application of SIRT1 inhibitor, EX527. Resveratrol also increased miniature EPSC (mEPSC) frequency without change in amplitude. Furthermore, our data demonstrated that resveratrol regulates excitatory neurotransmission in a PI3 kinase-dependent manner, since wortmannin, a PI3K inhibitor prevented the increase of mEPSC frequency caused by resveratrol. In conclusion, our data demonstrate that resveratrol via SIRT1 increases excitatory neurotransmission to DMV neurons. These observations suggest that activation of SIRT1 may regulate the function of subdiaphragmatic organs through controlling the activity of parasympathetic DMV neurons.
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INTRODUCTION

Neurons within the dorsal motor nucleus of the vagus (DMV) are parasympathetic motor neurons as they project to the periphery and regulate the tone to most of the subdiaphragmatic organs and thus, regulate feeding, digestion, energy, and glucose homeostasis (Laughton and Powley, 1987; Berthoud, 2008). The activity of DMV neurons is largely controlled by local circuits and by inputs from other brain regions including the hypothalamus (Saper et al., 1976; Swanson and Sawchenko, 1980; Zsombok and Smith, 2009). Hormones, metabolic signals, gastrointestinal signals, or pharmacological agents have the potential to alter the activity of DMV neurons and thereby modulate the parasympathetic outflow to the organs. Therefore, there is a continuous search to identify potential therapeutic agents that alter synaptic activity and thus, influence the function of the visceral organs.

Sirtuins are NAD+-dependent histone deacetylases that are highly conserved throughout the evolution (Imai et al., 2000; Michan and Sinclair, 2007). Sirtuins play protective roles promoting the survival of the organism and it has been suggested that they may serve as the molecular link between calorie restriction and prolonged lifespan following dietary restrictions (Cohen et al., 2004; Michan and Sinclair, 2007; Haigis and Sinclair, 2010; Satoh et al., 2010; Coppari, 2012). Sirtuin 1 (SIRT1) is one of the best characterized sirtuins and plays a pivotal role in adaptive responses to high-energy states and hypercaloric diets (Haigis and Sinclair, 2010). Liver-specific deletion of SIRT1 impairs lipid metabolism and reduces glucose production (Erion et al., 2009; Purushotham et al., 2009). In pancreatic beta cells, SIRT1 increases insulin secretion through reduction of uncoupling protein 2 (UCP2) (Moynihan et al., 2005). In addition to its peripheral action, activation of SIRT1 in the brain improves diet-induced diabetes (Ramadori et al., 2009). Central administration of resveratrol, a SIRT1 activator can normalize diet-induced hyperglycemia and mediate anti-diabetic actions (Ramadori et al., 2009). On the other hand, fasting increases SIRT1 levels in the hypothalamus, and blockade of SIRT1 in the hypothalamus decreases food intake and body weight (Ramadori et al., 2008; Cakir et al., 2009). Resveratrol administration into the hypothalamus also improved insulin sensitivity and hepatic vagotomy significantly attenuated this effect (Knight et al., 2011). Despite that the expression of SIRT1 has been shown in brain areas involved in energy and glucose homeostasis, including the hypothalamus and the dorsal vagal complex of the brainstem (Ramadori et al., 2008) and the in vivo studies suggested its beneficial effects, the synaptic mechanism underlying the actions of resveratrol in the brain remained to be determined.

In this study, we used whole-cell patch-clamp electrophysiology from DMV neurons to test the hypothesis that activation of SIRT1 with resveratrol enhances neurotransmission in DMV neurons. Our data demonstrate that resveratrol increased spontaneous and miniature excitatory neurotransmission through modulation of ATP-sensitive K+ channels (KATP) in a PI3-kinase-dependent manner.

METHODS

ANIMALS

Male CD1 mice (6–8 weeks; Harlan Laboratories, Indianapolis, IN) were used for these experiments. Animals were housed in a vivarium under 12-h light, 12-h dark cycle with food and water available ad libitum. Experiments were performed under the guideline of National Institute of Health Guide for the Care and Use of Laboratory Animals and approved by Tulane University's Institutional Animal Care and Use Committee.

BRAIN SLICES PREPARATION

Acute brainstem slices containing the DMV were prepared as previously described (Williams et al., 2007; Zsombok et al., 2011). Under deep anesthesia, mice were decapitated and the brain was removed and immersed in ice-cold oxygenated artificial cerebrospinal fluid (aCSF) containing the following (in mM): 124 NaCl, 26 NaHCO3, 1.4 NaH2PO4, 11 glucose, 3 KCl, 1.3 MgCl2, 1.5 CaCl2, pH 7.3–7.4. Transverse brainstem slices (300 μm) were cut with a vibratome (Leica), and then the slices were transferred to a holding chamber containing aCSF (34–36°C, ~1 h) before being transferred to a recording chamber mounted on a fixed stage under an upright microscope (Nikon FN1).

WHOLE-CELL PATCH-CLAMP RECORDINGS

Whole-cell patch-clamp recordings were performed at 34–36°C. Neurons were identified under 40x water-immersion objective (N.A = 0.8) using infrared illumination and differential interference contrast optics (IR-DIC). For whole-cell patch-clamp recordings, electrodes (2–5 MΩ) were filled with a solution containing the following (in mM): 130 K+ gluconate, 10 HEPES, 5 EGTA, 1 NaCl, 1 MgCl2, 1 CaCl2, 3 KOH, 2–3 Mg-ATP, pH 7.3–7.4. Excitatory postsynaptic currents (EPSCs) were examined at a holding potential of −60 mV. Electrophysiological signals were recorded using an Axoclamp 700B amplifier (Molecular Devices) and acquired by pClamp 10 (Molecular Devices). Synaptic currents were analyzed offline using pClamp 10 and MiniAnalysis (Synaptosoft).

DRUG APPLICATION

Tetrodotoxin (TTX, 1 μ M, Tocris Bioscience) was used in the bath solution in specific experiments to block action potential and monitor miniature EPSCs (mEPSCs). The SIRT1 activator resveratrol (1–500 μ M, Tocris Bioscience) and the selective SIRT1 inhibitor EX527 (500 nM, Tocris Bioscience) were dissolved in ethanol and diluted in aCSF (final concentration of ethanol <0.1% by volume). The ATP-sensitive K+ channel blocker glibenclamide (1 μ M, Tocris Bioscience), and a PI3-kinase inhibitor wortmannin (1 μ M, Tocris Bioscience) were dissolved in DMSO and diluted in aCSF (final DMSO concentration <0.01%).

STATISTICAL ANALYSIS

Continuous recordings of EPSCs have been conducted before and after application of the drugs and the data were analyzed in 2 min epochs. We observed the maximum effect of resveratrol ~6–8 min following bath application and we have used this time point in bar-graphs. The effect of activators and inhibitors on spontaneous and mEPSC frequency and amplitude were analyzed within individual cells using the Kolmogorov-Smirnov test by comparing 2 min epochs before and 6–8 min after drug application. The effects of drug applications across the neuron groups were analyzed using a paired two-tailed Student's t-test. For all analysis, probability values over the 95% confidence level (p < 0.05) were considered significant. Numbers were reported as mean ± standard error (SEM).

RESULTS

RESVERATROL INCREASED SPONTANEOUS EXCITATORY NEUROTRANSMISSION

Previous in vivo findings revealed that the beneficial effect of central administration of resveratrol is modulated by the autonomic nervous system. Hepatic vagotomy attenuated this effect (Knight et al., 2011) suggesting the involvement of synaptic mechanisms at the level of DMV. Here, we have assessed the excitatory control of DMV neurons following SIRT1 activation with resveratrol. Recordings of spontaneous EPSC (sEPSCs) were conducted at −60 mV. The average frequency of sEPSCs was 3.5 ± 0.7 Hz (range from 0.7 to 6.5 Hz, n = 8). After bath application of 100 μM resveratrol the frequency of sEPSCs significantly increased to 4.2 ± 0.8 Hz (range from 0.8 to 8.2 Hz, n = 8, p < 0.05) (Figures 1A–C). The average amplitude of sEPSCs was 13.2 ± 1.4 pA (range from 7.5 to 19.2 pA) before and 10.3 ± 0.6 pA (range from 8.0 to 13.7 pA) after application of resveratrol (n = 8, p < 0.05).
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FIGURE 1. Resveratrol increased spontaneous excitatory neurotransmission through SIRT1 activation in neurons of the dorsal motor nucleus of the vagus (DMV). (A) Continuous whole-cell patch-clamp recordings of spontaneous EPSCs (sEPSCs) at holding potential of −60 mV before (upper trace) and after (lower trace) resveratrol application. (B) Combined data showing increased frequency of sEPSCs following resveratrol application. *Significance (p < 0.05). (C) Cumulative event probability plot of inter-event interval distribution in the recording shown in (A). (D) Mean group data showing that in the presence of a selective SIRT1 inhibitor EX527 resveratrol failed to increase sEPSC frequency in DMV neurons. (E) Combined data showing no significant change in amplitude of sEPSCs following resveratrol application in the presence of EX527.



To verify that the increased sEPSC frequency is due to SIRT1 activation we pre-incubated the slices with a selective SIRT1 inhibitor, EX527 (500 nM). The average frequency of sEPSCs was 5.9 ± 1.3 Hz (range from 1.1 to 10.1 Hz, n = 7) before and 5.8 ± 1.3 Hz (range from 0.6 to 11.9 Hz) after application of EX527 indicating no change in sEPSC frequency in the presence of EX527 (p > 0.05). Furthermore, application of resveratrol (100 μM) in the presence of EX527 did not increase sEPSC frequency (5.1 ± 1.0 Hz, range from 0.5 to 8.5 Hz, n = 7, p > 0.05) (Figure 1D). The amplitude of sEPSCs was 15.6 ± 1.7 pA in aCSF, 12.6 ± 1.8 pA in the presence of EX527 and 11.9 ± 2.7 pA after resveratrol application (n = 7, p > 0.05) (Figure 1E). Together, our data indicate that resveratrol through SIRT1 activation significantly increased spontaneous excitatory neurotransmission in DMV neurons.

RESVERATROL INCREASED MINIATURE EXCITATORY SYNAPTIC NEUROTRANSMISSION

Recordings of miniature EPSCs were conducted in the presence of TTX (1 μM) to block action potential dependent neurotransmitter release. The average frequency of mEPSCs was 2.1 ± 0.5 Hz (range from 0.4 to 3.5 Hz, n = 6). Bath application of resveratrol (100 μM) significantly increased the frequency of mEPSCs to 2.7 ± 0.6 Hz (range from 0.6 to 4.6 Hz, n = 6, p < 0.05) without altering the amplitude (10.3 ± 1.7 vs. 9.4 ± 2.0 pA, n = 6, p > 0.05) (Figure 2). These data demonstrate that resveratrol via SIRT1 activation increased mEPSC frequency and suggest presynaptic site of action.
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FIGURE 2. Resveratrol enhanced miniature excitatory neurotransmission in DMV neurons. (A) Voltage-clamp recordings of mEPSCs from a DMV neuron before (upper trace) and after (lower trace) resveratrol application. (Vm = −60 mV). (B) Combined data demonstrating that resveratrol increased mEPSC frequency. *Significance (p < 0.05). (C) Cumulative event probability plot of inter-event interval distribution in the recording shown in (A). (D) Mean group data showing that resveratrol did not alter the amplitude of mEPSCs. (E) Histogram showing the concentration dependence of the response to resveratrol in DMV neurons. Number of replicates indicated at each concentration in parentheses.



Previous studies used resveratrol in a variety of concentrations suggesting that resveratrol may alter synaptic transmission in dose-dependent manner. Therefore, we conducted additional experiments using resveratrol from 1 to 500 μM. Our data demonstrated that resveratrol did not alter the frequency of mEPSCs at concentration of 1 and 10 μM in the recorded DMV neurons (p > 0.05) (Figure 2E). Application of 30 μM resveratrol increased the frequency of mEPSCs from 4.0 ± 0.4 (range from 3.3 to 4.5 Hz) to 4.8 ± 0.3 Hz (range from 4.1 to 5.3 Hz, n = 4, p < 0.05) (Figure 2E). Application of 500 μM of resveratrol increased mEPSC frequency from 2.4 ± 0.8 (range from 0.9 to 3.8 Hz) to 3.3 ± 0.6 Hz (range from 2.2 to 4.4 Hz, n = 4) (Figure 2E).

MECHANISM OF EFFECT ON SYNAPTIC TRANSMISSION

Previous in vivo and cell culture studies suggested that resveratrol may alter ATP-sensitive K+ channels (Chen et al., 2007; Knight et al., 2011). To investigate whether KATP channels are involved in the regulation of excitatory neurotransmission following resveratrol administration we have used a KATP channel blocker glibenclamide and investigated its effect on the resveratrol induced increase of EPSC frequency. Slices were incubated in aCSF containing glibenclamide (1 μM) for 30 min to block KATP channels, and then recordings were conducted. The average frequency of spontaneous EPSCs in the presence of glibenclamide (1 μM) was 3.7 ± 0.7 Hz (range from 1.1 to 7.9 Hz, n = 9). Application of resveratrol (100 μM) in the presence of glibenclamide did not increase sEPSC frequency (3.9 ± 0.7 Hz, n = 9, p > 0.05; not shown). The average frequency of mEPSCs in the presence of glibenclamide was 2.6 ± 0.6 Hz (range from 0.9 to 4.4 Hz, n = 6). In the presence of glibenclamide application of resveratrol failed to increase mEPSC frequency (2.6 ± 0.6 Hz, range from 0.9 to 4.9 Hz, n = 6, p > 0.05) (Figures 3A,C). Resveratrol did not have effect on the amplitude of mEPSCs (10.6 ± 2.2 vs. 9.3 ± 2.0 pA, p > 0.05) (Figure 3D). Our data suggest that resveratrol acts to increase synaptic transmission through KATP channels. In addition, we have conducted experiments to determine the effect of glibenclamide alone on mEPSC frequency. The average frequency of mEPSCs was 3.9 ± 0.5 Hz (range from 2.0 to 6.2 Hz) before and 4.8 ± 0.7 Hz (range from 2.9 to 7.2 Hz; n = 6; p < 0.05) after application of glibenclamide. These data demonstrate the modulation of excitatory neurotransmission by KATP channel.
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FIGURE 3. Resveratrol increased excitatory neurotransmission through PI3-kinase activated KATP channels. (A) Continuous whole-cell patch-clamp recordings of mEPSCs before (upper trace) and after (lower trace) resveratrol (100 μM) application in the presence of glibenclamide (1 μM). (B) Voltage-clamp recordings showing mEPSCs recordings before (upper trace) and after (lower trace) resveratrol application in the presence of wortmannin (1 μM). (C) Combined data demonstrating that resveratrol failed to increase mEPSC frequency in the presence of glibenclamide. (D) Combined data indicating no change in amplitude of mEPSCs after resveratrol application in the presence of glibenclamide. (E) Combined data showing that resveratrol failed to increase mEPSC frequency in the presence of wortmannin. (F) Cumulative event probability plot of inter-event interval distribution in the recording shown in (B).



Next, DMV neurons were exposed to wortmannin, a PI3-kinase inhibitor for 30 min to determine whether the resveratrol induced increase of excitatory neurotransmission is PI3-kinase dependent. Slices were perfused with wortmannin (1 μM) and mEPSCs were recorded. The average frequency of mEPSCs in the presence of wortmannin was 4.0 ± 0.8 Hz (range from 1.9 to 7.8 Hz, n = 8) while 4.1 ± 1.0 Hz (range from 1.2 to 8.7 Hz) after resveratrol application (p > 0.05) (Figures 3B,E,F). These findings demonstrate that the PI3-kinase pathway is involved in the resveratrol induced increase of EPSC frequency. The average amplitude of mEPSCs was 15.9 ± 3.3 (range from 7.2 to 29.5 pA, n = 8) and 11.7 ± 2.2 pA (range from 5.5 to 21.2 pA, p < 0.05) after resveratrol administration.

RESVERATROL DID NOT ALTER THE MEMBRANE POTENTIAL OR INPUT RESISTANCE OF DMV NEURONS

Since resveratrol altered synaptic neurotransmission through KATP channels we determined the effect of resveratrol on membrane potential and input resistance. The resting membrane potential of recorded DMV neurons was −45.9 ± 1.7 mV (range from −39.7 to −50.4 mV, n = 6). Application of resveratrol did not result in a significant change of membrane potential (−46.2 ± 1.1 mV, range from −42.3 to −49.5 mV, n = 6, p > 0.05). The input resistance of DMV neurons was not different before and after resveratrol application (0.9 ± 0.09 vs. 1.1 ± 0.1 GΩ). These data suggest that despite resveratrol effects on KATP channels, it does not alter membrane potential or input resistance of the recorded DMV neurons, further indicating presynaptic mechanisms.

DISCUSSION

In this study we present novel evidence for synaptic regulation of DMV neurons by resveratrol. The following major findings have emerged from this investigation: (1) resveratrol increases spontaneous and mEPSC frequency via SIRT1 activation; (2) resveratrol modulates excitatory neurotransmission through PI3-kinase activated KATP channels; and (3) resveratrol did not alter membrane potential and input resistance, implying presynaptic mechanism of action.

The increasing prevalence of diabetes, obesity and metabolic syndrome results in a need to identify potential therapeutic targets for the management of these devastating diseases. SIRT1 has been considered as a potential therapeutic target for a variety of diseases including metabolic disorders (Haigis and Sinclair, 2010). Resveratrol, a natural compound found in grapes and red wine has been shown as an effective SIRT1 activator (Howitz et al., 2003). Numerous studies conducted on animals demonstrated that resveratrol improves glucose metabolism (Baur and Sinclair, 2006; Baur et al., 2006; Barger et al., 2008; Andersen et al., 2011; Kang et al., 2012; Marchal et al., 2012), reduces inflammation (Rivera et al., 2009), reverses non-alcoholic fatty liver disease (Bujanda et al., 2008) and prevents obesity (Dal-Pan et al., 2010). On the other hand the results of clinical studies using resveratrol are controversial. It has been reported that oral administration of resveratrol improves mean hemoglobin A1C, systolic blood pressure, total cholesterol, and protein in type 2 diabetic patients (Bhatt et al., 2012). In contrast, a more recent study using high-dose resveratrol supplementation in obese men reported no effect on endogenous glucose production, blood pressure, energy expenditure, fat mass or inflammatory and metabolic biomarkers (Poulsen et al., 2013) raising debates about the effectiveness of resveratrol as a dietary supplement in humans; however, additional studies with more subjects would be necessary to make conclusion.

In addition to the overall effect of resveratrol, the question regarding peripheral or central mechanisms of resveratrol also has been investigated. SIRT1 protein expression has been detected with Western blot analysis in the rat hypothalamus markedly in the arcuate, ventromedial, dorsomedial hypothalamus, and paraventricular nucleus (Knight et al., 2011). This is consistent with in situ hybridization and immunohistochemical studies performed on mice that showed marked expression of SIRT1 mRNA and protein in metabolically relevant brain areas including the above mentioned sites (Ramadori et al., 2008; Sasaki et al., 2010). The Ramadori et al. study also demonstrated high expression in the brainstem including the area postrema and the nucleus of the solitary tract (NTS) suggesting SIRT1 expression throughout the neuroaxis involved in energy and glucose homeostasis (Ramadori et al., 2008). Administration of resveratrol into the brain improved insulin sensitivity and normalized hyperglycemia (Ramadori et al., 2009; Knight et al., 2011); however, the underlying synaptic mechanisms are not fully understood. Our study demonstrated that resveratrol, a SIRT1 activator increased excitatory neurotransmission to parasympathetic DMV neurons. Our findings also revealed that the resveratrol effect requires the involvement of KATP channel and the PI3-kinase pathway.

Glutamate, the main excitatory neurotransmitter is released in the DMV from inputs arriving from many different brain areas including the hypothalamus and the NTS (Travagli et al., 1991; Jiang et al., 2003; Davis et al., 2004). In vitro application of resveratrol increased the frequency of both spontaneous and mEPSCs in the DMV indicating a presynaptic action of resveratrol. Our observations also revealed that resveratrol alters EPSC frequency of DMV neurons in dose-dependent manner. The resveratrol induced frequency increase of EPSCs was prevented in the presence of a SIRT1 inhibitor EX527. EX527 is a selective inhibitor of SIRT1 that does not inhibit other sirtuins or histone deacethylase, therefore, our data verified that resveratrol exerts its effect through SIRT1 activation.

Previous studies established that resveratrol alters ion channels by various mechanisms depending on the cell types. Resveratrol activates BK channels in endothelial cells (Li et al., 2000), inhibits IK channels in cultured rat hippocampal neurons (Gao et al., 2006; Dong et al., 2013) and inhibits TRP channels in HEK and dorsal root ganglia cells (Yu et al., 2013). The involvement of KATP channels also has been demonstrated (Chen et al., 2007). This study by Chen revealed that resveratrol significantly inhibits KATP channels and voltage-gated K+ currents in order to depolarize the membrane and increase insulin secretion from pancreatic beta cells. Similarly, the in vivo work of Knight and co-workers indicated that the effect of resveratrol was inhibited in the presence of a KATP channel blocker, glibenclamide (Knight et al., 2011). Our data also suggest that resveratrol increases excitatory neurotransmission in the DMV through KATP channels (Figure 4). Pre-incubation of the brainstem slices with glibenclamide prevented the resveratrol-dependent increase of mEPSC frequency, suggesting the involvement of KATP channels. Furthermore, application of glibenclamide alone resulted in an increase of mEPSC frequency, indicating that blocking KATP channels modulates pre-synaptic neurotransmitter release. KATP channels have been shown to modulate synaptic neurotransmission in the brainstem (Ferreira et al., 2001; Williams and Smith, 2006; Williams et al., 2007). Previous electrophysiological studies demonstrated that tolbutamide, another KATP channel blocker depolarizes NTS neurons, suggesting the presence of KATP channels in brainstem NTS neurons (Williams and Smith, 2006). Depolarization of NTS neurons could lead to increased neurotransmitter release to DMV neurons. Furthermore, the effect of KATP channel opener diazoxide alone has been shown to reduce mEPSC frequency in DMV neurons, demonstrating that KATP channels are able to modulate glutamate release at the presynaptic terminals (Williams et al., 2007). Another cellular observation demonstrated that glibenclamide mimics the actions of elevated glucose levels on the amplitude of evoked PSCs in DMV neurons, while diazoxide, a KATP opener had opposite effect (Ferreira et al., 2001). These experiments also suggest a presynaptic site of action and indicate modulation of neurotransmission by KATP channels.


[image: image]

FIGURE 4. Schematic illustration of resveratrol action on presynaptic terminals. SIRT1 activation with resveratrol results in increased glutamate release from presynaptic terminals. This mechanism depends on PI3-kinase dependent closure of KATP channels leading to depolarization and increased neurotransmitter release.



The involvement of PI3K in KATP-dependent mechanisms is known. Furthermore, it also has been demonstrated that PI3K is involved in SIRT1 activation (Frojdo et al., 2011). Therefore, we also pre-incubated the slices with wortmannin then applied resveratrol and found that wortmannin blunted the resveratrol-dependent increase of EPSC frequency. Previous electrophysiological studies used wortmannin from 10 nM to 3 μM concentration (Williams et al., 2007; Gao et al., 2012). In our experiments we used 1 μM of wortmannin for 30 min, which diminished the effect of resveratrol. It has been shown that this concentration of wortmannin inhibits the mammalian target of rapamycin (mTOR) (Brunn et al., 1996), therefore, there is a possibility that in addition to PI3K, the mTOR signaling is modulated by resveratrol. However, this scenario is unlikely, because a recent study demonstrated that less than 72 h treatment with rapamycin, a specific inhibitor of mTOR did not alter the electrophysiological properties of neurons (Weston et al., 2012). It also has been demonstrated that 3-week long inhibition of mTOR with rapamycin increases the excitability of hypothalamic neurons via KATP channel (Yang et al., 2012), suggesting that changing the electrophysiological properties of neurons via the mTOR signaling requires longer duration. In our experiments resveratrol increased EPSC frequency within 10 min, therefore, it is unlikely that the observed electrophysiological response involves the mTOR signaling; however, additional studies would be necessary to make conclusion regarding the interaction between resveratrol and mTOR signaling. It has been observed in hypothalamic cells that the presence of PI3K inhibitor per se reduced the phosphorylation of protein kinase B (PKB) and glycogen synthase kinase 3 (GSK3) levels, indicating that PI3K is active to a limited degree in neurons of the arcuate nucleus, and it also prevented the leptin and insulin induced phosphorylation of PKB and GSK3 (Mirshamsi et al., 2004). Furthermore, inhibiting PI3K has been shown to decrease insulin-stimulated phosphorylation of MAPK (Mirshamsi et al., 2004), and blocking PI3K can also inhibit insulin induced increase of MAPK activity in adipose tissue (Sajan et al., 1999). It also has been described that inhibition of PI3K reduced the effect of leptin or insulin on KATP channels (Mirshamsi et al., 2004). Moreover, inhibition of PI3K prevented the leptin caused increase of phosphatidylinositol 3,4,5-triphosphate. PtdIns activates KATP channels, probably not through direct binding (Harvey et al., 2000; Mirshamsi et al., 2004), but actin remodeling. Furthermore, direct interplay between SIRT1 and insulin signaling pathway including PI3K has been demonstrated in muscle (Frojdo et al., 2011). Downregulation of SIRT1 expression levels diminished insulin-stimulated PKB phosphorylation and overexpression increased insulin-stimulated PKB phosphorylation. SIRT1 positively modulated the activity of upstream components of insulin pathway and SIRT1 interacted with tyrosin phosphorylated proteins and with the PI3K-p85alpha (Frojdo et al., 2011). In addition, it has been shown that resveratrol also could directly modulate the sulfonylurea receptor 1 (SUR1) of KATP channels (Hambrock et al., 2007), indicating a possible direct link between resveratrol and binding to SUR1. In summary, the evaluation of interactions among the above mentioned intracellular pathways remains to be determined and could be the subject of future studies.

Together, these data indicate that pre-application of glibenclamide or wortmannin prevented the resveratrol induced increase of EPSC frequency that might imply a PI3-kinase activated KATP channel in response. Previous data demonstrated that the resveratrol effect depends on KATP channels and hepatic vagotomy significantly attenuated this effect (Knight et al., 2011), indicating the involvement of the parasympathetic nervous system. Our data confirmed that resveratrol is able to modulate neurotransmission to DMV neurons. The synaptic effects of resveratrol appear to be due to increased glutamate release, likely via closing KATP channels, from synaptic terminals contacting DMV neurons (Figure 4). Based on the high expression of SIRT1 mRNA detected in the NTS, one possible origin of the synaptic terminals is the NTS. Another possibility is the hypothalamus (Ramadori et al., 2008; Sasaki et al., 2010). Both brain areas are known to send projections to the DMV (Swanson and Sawchenko, 1980; Travagli et al., 1991) and thereby involved in the modulation of parasympathetic output to the subdiaphragmatic organs.

Our findings identified a potential cellular mechanism underlying the effect of resveratrol administration into the brain. Considering the described anti-diabetic effects of central resveratrol administration and that vagotomy attenuated this effect (Ramadori et al., 2009; Knight et al., 2011) we can speculate that modulating the synaptic activity of DMV neurons underlies the effect of resveratrol on the autonomic nervous system.
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Cranial visceral afferents contained within the solitary tract (ST) contact second-order neurons in the nucleus of the solitary tract (NTS) and release the excitatory amino acid glutamate via three distinct exocytosis pathways; synchronous, asynchronous, and spontaneous release. The presence of TRPV1 in the central terminals of a majority of ST afferents conveys activity-dependent asynchronous glutamate release and provides a temperature sensitive calcium conductance which largely determines the rate of spontaneous vesicle fusion. TRPV1 is present in unmyelinated C-fiber afferents and these facilitated forms of glutamate release may underlie the relative strength of C-fibers in activating autonomic reflex pathways. However, pharmacological blockade of TRPV1 signaling eliminates only ~50% of the asynchronous profile and attenuates the temperature sensitivity of spontaneous release indicating additional thermosensitive calcium influx pathways may exist which mediate these forms of vesicle release. In the present study we isolate the contribution of TRPV1 independent forms of glutamate release at ST-NTS synapses. We found ST afferent innervation at NTS neurons and synchronous vesicle release from TRPV1 KO mice was not different to control animals; however, only half of TRPV1 KO ST afferents completely lacked asynchronous glutamate release. Further, temperature driven spontaneous rates of vesicle release were not different from 33 to 37°C between control and TRPV1 KO afferents. These findings suggest additional temperature dependent mechanisms controlling asynchronous and thermosensitive spontaneous release at physiological temperatures, possibly mediated by additional thermosensitive TRP channels in primary afferent terminals.
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INTRODUCTION

Primary vagal afferent neurons provide a direct neural pathway through which the ongoing status of visceral organ systems (including the heart, lungs, and gastrointestinal tract) is conveyed to the brain (Loewy, 1990). Vagal afferents contact neurons within the nucleus of the solitary tract (NTS) to initiate homeostatic reflex pathways and inform the relevant forebrain projecting neurocircuitry on the ongoing peripheral status (Saper, 2002). The range of information types, time-frames, and relative physiological urgencies conveyed by vagal afferents is remarkable. As a result information transfer must be at one time reliable and precise while maintaining plasticity to match autonomic function to the physiological state. Vagal afferents release the fast excitatory neurotransmitter glutamate via three distinct pathways: synchronous, asynchronous, and spontaneous (Andresen et al., 2012b). Synchronous glutamate release is a tightly regulated process by which an action potential evokes a coordinated release of multiple glutamate vesicles into the synaptic cleft to ensure high-fidelity signaling between neurons. In contrast, asynchronous glutamate release is a loosely timed process by which an action potential evokes a release of glutamate that is delayed in response to the action potential. Equally significant is spontaneous glutamate release, by which neurotransmitter is released independent of action potential depolarization of the terminal. We predict that the interplay between multiple complementary vesicle release pathways allows for robust/precise information transfer which is also adaptable and plastic to changing physiological states.

Centrally, vagal afferent neurons merge with the facial (VII) and glossopharyngeal (IX) nerves to form the solitary tract (ST) bundle and innervate second-order NTS neurons (Loewy, 1990). ST-NTS synapses are a strong high probability of release (Pr) synapse where action potential invasion of the central terminals leads to the coordinated synchronous release of multiple vesicles (Bailey et al., 2006b; Peters et al., 2008). Synchronous vesicle release provides a large excitatory drive from the afferent to the postsynaptic neuron and ensures high fidelity synaptic throughput (Bailey et al., 2006a). While synchronous release is large initially, during trains of action-potentials at physiological frequencies it rapidly falls off due to vesicle release outpacing vesicle mobilization to the membrane; a process called frequency dependent depression (FDD) (Chen et al., 1999; Doyle and Andresen, 2001). The presence of the transient receptor potential vanilloid type 1 (TRPV1) ion channel in the central terminals of most ST afferents conveys activity-dependent asynchronous glutamate release prolonging the period of action potential driven release (from milliseconds to seconds) and extending the postsynaptic excitatory period despite FDD of synchronous release (Peters et al., 2010). TRPV1 also provides a temperature sensitive calcium conductance which largely determines the rate of spontaneous vesicle fusion (Shoudai et al., 2010). Further, convergent vagal afferent innervation onto NTS neurons is segregated based on the presence or absence of TRPV1 and asynchronous vesicle release (Peters et al., 2011). Because TRPV1 is present in unmyelinated C-fiber afferents these facilitated forms of glutamate release may underlie the relative strength of C-fibers in activating autonomic reflex pathways (Peters et al., 2010; Andresen et al., 2012b).

The current experiments aim to further determine the contribution of TRPV1 in synaptic communication at ST-NTS synapses. As previously reported pharmacological blockade of TRPV1 signaling eliminates only ~50% of the asynchronous profile (Peters et al., 2010) and attenuates the temperature sensitivity of spontaneous release (Shoudai et al., 2010) indicating additional thermosensitive calcium influx pathways may exist to mediate these forms of vesicle release. In the present study we utilize mice genetically lacking the TRPV1 ion channel (TRPV1 KO) and characterize synchronous, asynchronous, and spontaneous vesicle release pathways as well as afferent innervation patterns independent of TRPV1. In addition we provide evidence that alternative thermo-TRP channels are functionally expressed in primary vagal afferent neurons.

METHODS

ANIMALS

Male Sprague Dawley rats (120–250 g, Simonsen Laboratories), male C57BL/6 mice (20–30 g), and male TRPV1−/− knockout mice (20–30 g) (B6.129X1-Trpv1tm1Jul/J, Jackson Laboratories) were used under procedures approved by the IACUC at Washington State University. The TRPV1 gene product was confirmed as present (wild type, WT) or lacking (TRPV1−/−) via PCR amplification of genomic DNA and with RT-PCR on collected nodose ganglia. Animals were housed under 12 h light/12 h dark conditions and fed standard pellet chow ad libitum.

MOLECULAR BIOLOGY

Wild-type and homozygous TRPV1 null mice were purchased from Jackson Laboratory and genotyped according to protocol for separated PCR. Genomic DNA was isolated from tail fragments using NaOH extraction. cDNA was obtained from RNA isolated from nodose ganglia mice. RNA (purified using the Qiagen RNEasy Kit and the QIACube robotic workstation) was converted into cDNA using the Ambion DNA-free Kit and QuantiTect Reverse Transcription Kit. Primers and cycling parameters used to detect WT TRPV1 fragments from genomic DNA and cDNA were obtained from the Jackson Laboratory website for genotyping using separated PCR: forward—CCT GCT CAA CAT GCT CAT TG; reverse—TCC TCA TGC ACT TCA GGA AA. Expected sizes for Wild-type TRPV1 fragments are 984 bp for genomic DNA and 134 bp for cDNA.

HORIZONTAL BRAINSTEM SLICE PREPARATION

Experiments utilizing brainstem slices were performed on WT and TRPV1−/− mice anesthetized with isoflurane as previously described (Doyle et al., 2004). The medulla was removed and placed in ice-cold artificial cerebral spinal fluid (aCSF) containing (mM): 125 NaCl, 3 KCl, 1.2 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 10 dextrose, and 2 CaCl2, bubbled with 95% O2–5% CO2. Once chilled, the tissue block was trimmed to remove the remaining cerebellum and a wedge was taken from the ventral surface. This ventral wedge cut, which was tangent to midline, causes the brainstem block to sit slightly to the right when horizontal and orients the ST axons with the NTS in a common plane for cutting. The tissue block was then mounted horizontally to a pedestal and submerged in cold aCSF on a vibrating microtome (VT1000S; Leica Microsystems Inc., Bannockburn, IL). Approximately 300 μm was removed from the dorsal surface and then a single 250 μm thick horizontal slice was collected that contained the ST together with the neuronal cell bodies of the medial NTS region. Slices were cut with a sapphire knife (Delaware Diamond Knives, Wilmington, DE). Slices were submerged in aCSF and secured with a fine polyethylene mesh in a perfusion chamber with continuous perfusion of aCSF bubbled with 95% O2–5% CO2 at 32–35°C and 300 mOsm.

WHOLE CELL PATCH-CLAMP RECORDINGS

Recorded neurons were located medial to the ST and within 200 μm rostral or caudal of obex. Recording electrodes (2.8–3.8 MΩ) were filled with an intracellular solution containing (mM): 6 NaCl, 4 NaOH, 130 K-gluconate, 11 EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES, 2 Na2ATP, and 0.2 Na2GTP. The intracellular solution was pH 7.4 and 296 mOsm. All neurons were studied under voltage clamp conditions with an Axopatch 200A or MultiClamp 700A amplifier (Molecular Devices, Union City, CA) and held at VH = −60 mV using pipettes in whole cell patch configuration. Signals were filtered at 3 kHz and sampled at 30 kHz using p-Clamp software (version 10, Molecular Devices). Liquid junction potentials were not corrected.

FUNCTIONAL IDENTIFICATION OF SECOND-ORDER NTS NEURONS

In order to selectively activate ST afferent fibers a concentric bipolar stimulating electrode (200 μm outer tip diameter; Frederick Haer Co., Bowdoinham, ME) was placed on distal portions of the visible ST rostral to the recording region. Current shocks to the ST occurred every 6 s (shock duration 60 μs) using a Master-8 isolated stimulator (A.M.P.I., Jerusalem, Israel). Suprathreshold shocks resulted in long latency excitatory postsynaptic currents (EPSCs) resulting from the synchronous release of multiple glutamate vesicles activating postsynaptic α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) glutamate receptors under these recording conditions. Latency was measured as the time between the ST shock artifact and the onset of the resulting synchronous EPSC. Synaptic “jitter” was calculated as the standard deviation of ST-EPSC latencies for 30–40 trials within each neuron. Jitters of <200 μs functionally identify monosynaptic afferent inputs onto the recorded NTS neuron (Doyle and Andresen, 2001). The TRPV1 selective agonist capsaicin (CAP) was applied to identify ST afferents as possessing TRPV1 or not. Specifically, CAP exposure dramatically increases the frequency of sEPSCs and decreases the evoked synchronous ST-EPSCs in brainstem slices (Peters et al., 2011). CAP exposure on dissociated nodose neurons produces a large increase in cytosolic calcium (Figure 8).

STATISTICAL ANALYSIS OF SYNAPTIC RESPONSES

Digitized waveforms of synaptic events were analyzed using an event detection and analysis program (MiniAnalysis, Synaptosoft, Decatur, GA) for all quantal synaptic currents and Clampfit 10 (Molecular Devices) for all ST-stimulated currents. All events >10 pA were counted for frequency values. Fitting of quantal EPSC amplitudes and decay kinetics (90–10%) was performed using a fitting protocol (MiniAnalysis) on >100 discrete events. To quantify the number of events released asynchronously following ST stimulation we summed the total number of quantal events for 4 s following the synchronous EPSCs from across 50 trials. In order to account for the ongoing spontaneous release we subtracted the number of quantal events for the same period of time during unstimulated conditions. For statistical comparisons T-tests, Mann Whitney Rank Sum test, and linear regression analysis were used when appropriate (Systat Software Inc., San Jose, CA). For group comparisons p < 0.05 was considered statistically significant.

NODOSE GANGLIA ISOLATIONS AND PRIMARY NEURONAL CULTURES

Nodose ganglia were isolated bilaterally from rats and mice under a deep plane of anesthesia (Ketamine, 25 mg/100 g; with Xylazine, 2.5 mg/100 g) using aseptic surgical conditions based on methods previously reported (Lancaster and Weinreich, 2001; Simasko et al., 2002). Following a midline incision in the neck the musculature was retracted and blunt dissection techniques were used to dissociate the vagal trunk from the common carotid artery. High-magnification optics (10–100x dissecting scope; Leica Microsystems, Buffalo Grove, IL) were utilized to help visualize the nodose ganglia and facilitate complete removal. Once isolated, nodose ganglia were digested in Ca2+/Mg2+free Hank's Balanced Salt Solution containing 1 mg/mL of both Dispase II (Hoffmann- La Roche) and Collagenase Type 1A (Sigma Aldrich) (120 min at 37°C in 95% air/5% CO2). Neurons were dispersed by gentle trituration through silicanized pipettes, and then washed in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Dispersed cells were plated onto poly-lysine coated coverslips and maintained in DMEM+10% FBS (37°C in 95% air/5% CO2). Measurements were made within 24 h of isolation.

RATIOMETRIC FLUORESCENT CALCIUM MEASUREMENTS

Intracellular calcium measurements were made with the fluorescent Ca2+ indicator Fura-2 AM (Molecular Probes, Eugene, OR). Manipulations were made at room temperature in a physiological saline bath (in mM: 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 6 glucose, 10 HEPES with pH adjusted to 7.4 with NaOH). High K+ bath (HiK) had 55 mM KCl with an equimolar reduction of NaCl to 90 mM. Neurons on coverslips were loaded with 1 μM Fura-2-AM for 1 h followed by a 15 min wash for de-esterification. Coverslips were mounted into an open chamber and constantly perfused with physiological bath. Neurons containing Fura-2 were alternatively excited with 340 and 380 nm light with fluorescence monitored at 510 nm. Data points were collected with MetaFluor software at 6 s time points. Ratios of fluorescence intensity were converted to Ca2+ concentrations with a standard curve.

STATISTICAL ANALYSIS FOR CALCIUM IMAGING EXPERIMENTS

For each experiment data were collected from 2 to 3 nodose ganglion cell cultures. Protocols were designed to be within subject and analyzed using repeated measures ANOVA followed by post-hoc comparisons against control. Parameters of dose-response relationships (EC50, slope, maximum) were determined by sigmoid fit of the data. For antagonist studies (ruthenium red) all neurons received each treatment and were compared using within subject t-tests. Data are expressed as the average ± s.e.m. Statistical analysis was performed using SigmaStat software (Systat Software Inc., San Jose, CA).

RESULTS

Action potential invasion of vagal afferent terminals produces synchronous release of multiple glutamate vesicles via opening of N-type voltage activated calcium channels (Mendelowitz et al., 1995). While TRPV1 activation increases terminal calcium and vesicle mobilization, it is not reported to contribute to synchronous vesicle release (Peters et al., 2010). As such we predict that genetic deletion of TRPV1 will leave evoked synchronous ST EPSCs intact. To confirm that TRPV1 gene expression was eliminated, we probed the gene product from genomic DNA and RNA expression within the nodose ganglia (Figure 1A). We also functionally confirmed the loss of TRPV1 by CAP induced increases in frequency of spontaneous EPSCs which were absent in TRPV1−/− synapses (Figure 1B). The horizontal brainstem slice permits selective activation of the ST bundle by placement of a concentric bipolar stimulating electrode distant (1–3 mm) from the recorded neurons (Doyle et al., 2004). Using graded stimulation intensities we are able to recruit single or multiple ST afferents discretely (McDougall et al., 2009; Peters et al., 2011). We found that the amplitude of solitary tract evoked EPSCs (ST-EPSCs) from single ST afferent contacts were not statistically different between control and TRPV1 KO animals (control: 150 ± 47 pA vs. TRPV1−/−: 158 ± 53 pA, N = 6 and 13 respectively, P = 0.93, T-test) (Figure 1). The latency to event onset is an approximate measure of conduction velocity and was also not different between groups (control: 3.58 ± 0.35 ms vs. TRPV1−/−: 3.82 ± 0.24 ms, N = 6 and 13 respectively, P = 0.56, T-test) (Figure 1B); indicating the afferent fibers activated have the same degree of myelination. The variability, or “jitter,” in latency is used as a verified functional determinate of connectivity with jitter measurements under 200 μs indicating direct monosynaptic ST afferent innervation of the recorded neurons (control: 101 ± 17 μs vs. TRPV1−/−: 108 ± 11 μ s, N = 6 and 13 respectively, P = 0.74, T-test) (Figure 1C).
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FIGURE 1. Confirmation of TRPV1 deletion and comparison of ST-evoked synchronous glutamate release between primary afferent contacts onto second-order NTS neurons from control and TRPV1 KO animals. (A) Gel electrophoresis showing the TRPV1 specific genomic DNA (predicted band at 984 bp) and nodose cDNA (predicted band at 134 bp) amplicon from control and TRPV1 KO mice. (B) Currents traces showing sEPSC frequency in control bath (upper panels) and following CAP (100 nM) exposure (lower panels) from TRPV1+ (left) and TRPV1 KO afferents. (C) Current traces comparing ST-evoked synchronous glutamate release from single ST afferent inputs confirmed to express TRPV1 (CAP sensitive) or from TRPV1 KO mice. Traces are of individual sweeps with the black arrow indicating the time of ST activation. The stimulus artifacts have been removed. There were no significant differences between control (n = 6) and TRPV1 KO (n = 13) ST afferent inputs with regards to the average latency to EPSC onset (D) or synaptic “jitter” (the dotted line indicates the threshold below which inputs are considered monosynaptic) (E) (P = 0.56 and P = 0.74 respectively, unpaired t-tests); demonstrating monosynaptic innervation from ST afferents likely expressing similar degrees of myelination. Further, neither the amplitude (F) nor coefficient of amplitude variation (Cv) (G) of single ST-EPSCs were significantly different (P = 0.93 and P = 0.95 respectively, unpaired t-tests); consistent with similar numbers of vesicle release sites (N) and release probability (Pr).



On average, ST-EPSC amplitude and variability (amplitude co-variance, Cv) were also not different between control and TRPV1 KO afferents (control: 5.58 ± 1.54% vs. TRPV1−/−: 6.34 ± 1.92%, N = 6 and 13 respectively, P = 0.96, T-test) (Figure 1E); suggesting similar numbers of synaptic release sites (N) and probability of vesicle release (Pr). To compare potential differences in synaptic performance between these two groups we delivered trains of ST stimulations (5 shocks at 50 Hz) and compared the initial paired-pulse ratio (PPR) and frequency dependent depression (FDD) (Figure 2). The PPR between control and TRPV1 KO was not different, consistent with similar initial Pr (control: 0.53 ± 0.06 vs. TRPV1−/−: 0.44 ± 0.04, N = 6 and 13 respectively, P = 0.08, T-test) (Figure 2B). Initial FDD reflects depletion of the readily releasable pool of vesicles followed by the steady-state equilibrium between vesicle mobilization and release (Figure 2C). Loss of TRPV1 did not significantly alter either of these parameters (P = 0.93, ANOVA).
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FIGURE 2. Conserved synaptic performance during trains of ST shocks between control and TRPV1 KO afferents. (A) Representative current trace showing decreasing ST-evoked EPSCs during a train of ST shocks (5 shocks at 50 Hz). Traces are of individual sweeps with the black arrow indicating the time of ST activation. The stimulus artifacts have been removed. This frequency dependent depression (FDD) is a result of a high initial probability of vesicle release (Pr) and relatively fast stimulations releasing vesicles faster than they can be mobilized to the membrane. (B) The paired-pulse ratio (PPR) comparison between evoked EPSC2 to EPSC1 (20 ms interval) showed no significant difference between groups (P = 0.08, unpaired t-test); consistent with similar initial Pr. (C) The train a stimulations produced nearly identical frequency dependent depression (FDD) profiles that were not different between groups (P = 0.93, ANOVA). Dashed line provides reference to initial EPSC1 amplitude.



Increasing shock intensity on the ST bundle routinely activates multiple direct afferent inputs. Convergent inputs are discriminated based on threshold of activation for each recruited ST-EPSC, latency to ST-EPSC onset, and cumulative amplitude of the multiple ST-EPSCs (i.e., max current change from 1 input alone, 1 + 2 inputs, 1 + 2 + 3 inputs, etc.) (Figure 3A) (McDougall et al., 2009; Peters et al., 2011). Using the systematic stimulus recruitment analysis a functional map of the number of direct ST afferent inputs innervating each medial NTS neuron was generated and compared between control and TRPV1 KO recordings (Figures 3B,C). Comparison of innervation patterns across neurons revealed no significant difference in the ST afferent innervation patterns between control and TRPV1 KO animals (P = 0.63, Wilcoxon ranked sum test).
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FIGURE 3. Analysis of primary afferent innervation patterns onto second-order NTS neurons from control and TRPV1 KO animals. (A) Current traces showing increasing stimulus intensity recruiting a single contact followed by multiple convergent ST afferent inputs. Traces are of individual sweeps with the black arrow indicating the time of ST activation. The stimulus artifacts have been removed. Activation of multiple inputs produces a compound waveform; with individual inputs discriminated by shock intensity at activation, latency, and amplitude. (B) Histogram detailing the total number direct ST inputs across recorded neurons from each group. (C) Cumulative proportion showing no significant difference in the percentage of neurons receiving 1 or >1 inputs between control and TRPV1 KO animals (P = 0.63, Wilcoxon ranked sum test). Dashed line provides reference to 1.0 on the vertical axis.



Action-potential invasion of the central terminals of ST afferents produces rapid synchronous vesicle mobilization followed by prolonged TRPV1 dependent asynchronous vesicle release in rats (Peters et al., 2010). Both of these release pathways are also present in ST afferents from mice however the asynchronous profile in mice decays with a single exponential time constant as compared to a biexponential decay in the rat and as a result the synchronous to asynchronous ratio is increased. Nevertheless, activation of TRPV1+ ST afferents in mice produces a reliable asynchronous release that peaks rapidly and decays over a period of hundreds of milliseconds and is proportional to the size of the evoked ST-EPSC (n = 11 inputs, R2 = 0.48, slope = 1.34 ± 0.47 sync/async ratio) (Figures 4A, upper/lower panels, and D). As in the rat, convergent ST inputs segregate based on the presence or absence of TRPV1 and asynchronous release pathway. As a result all convergent inputs onto a second-order NTS neuron either possess asynchronous release or not (Figure 4D). In TRPV1 KO animals nearly half of recorded neurons (6 of 13) received direct ST afferent innervation with no asynchronous release (n = 8 inputs, R2 = 0.58, slope = 0.42 ± 0.14 sync/async ratio) (Figures 4B, upper/lower panels, and E) while the remaining neurons received afferent innervation with asynchronous release indistinguishable from the control animals (n = 15 inputs, R2 = 0.92, slope = 1.75 ± 0.14 sync/async ratio) (Figures 4C, upper/lower panels, and F). Further, recruitment of multiple direct inputs either completely lacked or possessed asynchronous release (Figures 4E,F). These results were surprising for several reasons; first we would have predicted that asynchronous release would have been attenuated and not completely lacking or completely present; and second, ST afferent innervation is still segregated based off the presence or absence of asynchronous release.
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FIGURE 4. Identification of a subpopulation of ST afferents from TRPV1 KO mice which maintain activity dependent asynchronous glutamate release. (A, upper) Current trace showing ST driven synchronous and asynchronous release from an identified TRPV1+ afferents in control mice. (A, lower) Histogram of summed asynchronous quantal glutamate events from across 50 trials. Black arrows indicate time of ST shock in all panels. (B, upper/lower) Nearly half (6 of 13) of all neurons recorded from TRPV1 KO ST afferents showed no asynchronous release regardless of the size or number of direct ST inputs. (C, upper) A significant population of TRPV1 KO afferents still mobilized vesicles via the asynchronous release pathway; with the magnitude and duration of additional release similar to the TRPV1+ afferents from control animals (C, lower). (D) The total number of asynchronously released vesicles positively correlates with the size of the evoked ST-EPSC (n = 11 inputs, R2 = 0.48, slope = 1.34 ± 0.47) from control TRPV1+ afferents. (E) TRPV1 KO afferents with no asynchronous release show only a weak relationship between EPSC1 amplitude and additional quantal events (n = 8 inputs, R2 = 0.58, slope = 0.42 ± 0.14). (F) From TRPV1 KO afferents with asynchronous release the magnitude of the release was strongly correlated with the size of the evoked synchronous EPSC (n = 15 inputs, R2 = 0.92, slope = 1.75 ± 0.14). The synchronous to asynchronous relationship is maintained across multiple inputs and the data have been fit including convergent ST contacts: 1st = circle, 2nd = down triangle, 3rd = square, 4th = star, and 5th = upward triangle. These data suggest an additional mechanism of mobilizing asynchronous glutamate vesicles is present in a subpopulation of ST afferents.



At ST-NTS synapses ongoing spontaneous vesicle fusion and release is steeply temperature dependent and suspected to be directly controlled by TRPV1 (Shoudai et al., 2010). As such we may expect differences in spontaneous release between control and TRPV1 KO animals. Initially, we compared the steady-state frequency of sEPSCs from control and TRPV1 KO animals at a constant warm recording temperature (33°C) and found no significant difference (control: 4.43 ± 1.04 Hz vs. TRPV1−/−: 4.17 ± 1.17 Hz, N = 8 and 13 respectively, P = 0.57, unpaired T-test) (Figure 5). While there exists a wide range of sEPSC frequencies neither the distributions nor the average frequencies were statistically different between groups (Figures 5B,C). This observation suggests that at warm temperatures at least the rate of spontaneous vesicle release is maintained independent of TRPV1. Detailed fitting analysis of the quantal EPSCs also found no differences in event amplitude(control: 37 ± 5 pA vs. TRPV1−/−: 32 ± 3 pA, P = 0.59, T-test), decay (tau) (control: 2.04 ± 0.24 ms vs. TRPV1−/−: 2.52 ± 0.27 ms, P = 0.17, T-test), or total charge transfer (control: 114 ± 16 pA*ms vs. TRPV1−/−: 105 ± 7 pA*ms, P = 0.98, T-test) (Figure 6). These findings are consistent with similar vesicle neurotransmitter content, postsynaptic receptor expression and position on the recorded neurons (distal vs. proximal to the soma). Varying bath temperature from 25 to 39°C revealed that frequency of spontaneous release was still temperature dependent from controls (N = 4, P = 0.005, Friedman repeated measures ANOVA) and TRPV1−/− (N = 5, P < 0.001, Friedman repeated measure ANOVA) animals; but not statistically different between control and TRPV1−/− animals (P = 0.82, Two-Way ANOVA) (Figure 7). Together these findings indicate that TRPV1 may be involved in driving spontaneous fusion at very high temperatures (>40°C) while additional temperature sensitive mechanisms appear to be maintaining release at lower, physiological temperatures.
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FIGURE 5. Comparison of sEPSCs frequency onto NTS neurons from control (TRPV1+) and TRPV1 KO mice. (A) Current traces (Vm = −60 mV) of sEPSCs onto NTS neurons with each type of identified direct ST afferent contact. Temperature was held constant at 33°F. (B) Histogram of average sEPSC frequency across neurons (TRPV1+: n = 8 neurons, red and TRPV1 KO: n = 13 neurons, black). (C) The distribution of sEPSC frequencies was not statistically different between neurons receiving TRPV1+ and TRPV1 KO contacts (P = 0.57, unpaired t-test).
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FIGURE 6. No difference in spontaneous EPSC waveforms between control and TRPV KO ST afferents. (A) Representative average sEPSCs from control and TRPV1 KO afferents. Waveforms are the average of 100 events. Statistical comparison of sEPSC amplitude (B) and decay kinetics (Tau, C) and integrated current (Area, D) were not significantly different between TRPV1+ and TRPV1 KO afferents (P = 0.46, 0.71, and 0.31 respectively, unpaired t-tests).
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FIGURE 7. Temperature driven changes in sEPSC frequency across the physiological range are not different from TRPV1 KO afferents. (A) Current traces of temperature driven increase in sEPSC frequency from TRPV1+ and TRPV1 KO mice. (B) Scatter-plot showing binned average frequency (10 s bins) across changing temperatures from the TRPV1+ and TRPV1 KO neurons shown in (A). (C) Frequency of sEPSCs at each temperature from individual recorded neurons from TRPV1+ and TRPV1 KO animals. Lines connect frequencies at each temperature for an individual neuron. (D) Average sEPSC frequencies across neurons at each of the steady state temperatures. (E) Changes in frequency normalized to frequency recorded at 33°C. The frequency of spontaneous release is still temperature driven in the absences of TRPV1.



The findings so far suggest a more nuanced contribution of TRPV1 to synaptic glutamate release and indicate the presence of additional temperature dependent controls of quantal vesicle release. Because spontaneous release was maintained across warm temperatures and is known to be calcium dependent (Smith et al., 2012) we hypothesized that additional thermosensitive TRP channels are expressed in vagal primary afferents. Only a few thermosensitive TRP channels have temperature activation thresholds in the warm range including TRPV3 and TRPM3 (Ramsey et al., 2006). To begin to determine if these channels are present and functional we utilized fluorescent calcium imaging of cultured nodose ganglion neurons from control rats and TRPV1−/− mice (Figure 8). TRPV3 has no described selective agonist but can be activated by the TRPM8 agonist menthol at high concentrations (N = 7, P < 0.001, Kruskal-Wallis One-Way ANOVA) (Macpherson et al., 2006). TRPV3 mediated responses were differentiated from TRPM8 based on threshold to activation and blockade by bath application of ruthenium red (menthol 1 mM: 106 ± 21 nM vs. menthol + RuR: 37 ± 5 nM, N = 9, P = 0.006, paired T-Test) (Figure 8A, upper and lower panels). We also screened the TRPV3 agonist ethyl vanillin on cultured vagal afferents from TRPV1−/− mice and found that it concentration-dependently increased cytosolic calcium in a subpopulation of neurons (ethyl vanillin 0.01, 0.1, 0.3, 1, 3 mM: N = 5, P = 0.002, One-Way repeated measure ANOVA) (Figure 8B, upper and lower panels); suggesting TRPV3 expression is maintained independent of TRPV1. The ion channel TRPM3, on the other hand, is selectively activated by the steroid pregnenolone sulfate (pregnenolone sulfate 0.1, 1, 3, 1, 10, 30 μM: 1 ± 1, 4 ± 2, 11 ± 6, 54 ± 15, 106 ± 19 nM respectively, N = 8, P < 0.001, One-Way repeated measure ANOVA) (Figure 8C) (Wagner et al., 2008). Pregnenolone sulfate activated a subpopulation of cultured afferents from rats and TRPV1−/− mice (115 ± 67, N = 3, P = 0.11) (Figure 8C). In both experiments responsive neurons were also activated by the TRPV1 agonist capsaicin (data not shown) showing co-segregation of TRPV3 and TRPM3 with TRPV1. CAP exposure in the TRPV1−/− neurons failed to increase cytosolic calcium confirming deletion of the TPRV1 gene.
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FIGURE 8. Functional evidence suggesting alternative thermo-TRP channels present in vagal afferents. (A, upper panel) Representative calcium trace from cultured vagal afferent cell bodies showing menthol fails to activate at concentrations selective for TRPM8, but produce large calcium transients at concentrations known to activate TRPV3. (A, lower panel) Average concentration response relationship for menthol induced increases in cytosolic calcium (N = 7, P < 0.001, ANOVA). Menthol induced calcium increases were significantly reduced with RuR (N = 9, P < 0.001, paired t-test) also consistent with TRPV3 activation. (B, upper panel) Calcium trace showing the concentration-dependent increase in cytosolic calcium by the TRPV3 agonist ethyl vanillin in cultured vagal afferents taken from TRPV1−/− mice. CAP exposure failed to elicit a response as predicted. (B, lower panel) Average concentration response relationship for ethyl vanillin induced increases in cytosolic calcium (N = 5, P = 0.002, ANOVA). (C, upper panel) Left: Calcium trace showing the TRPM3 agonist pregnenolone sulfate concentration-dependently activated a subpopulation of CAP-sensitive vagal afferent neurons. Right: This response was maintained in afferents taken from TRPV1−/− mice. (C, lower panel) Average change in intracellular calcium across concentrations from pregnenolone sulfate responsive neurons from rat (N = 8, P < 0.001, ANOVA) and TRPV1−/− mice (N = 3, P < 0.01, paired T-test). Statistical significance is indicated by an asterisk (*).



DISCUSSION

The major findings of these experiments confirm that TRPV1 is important in asynchronous vesicle release pathways at ST-NTS synapses but suggest that additional thermosensitive TRP channels are present in the presynaptic primary afferent neurons and may be contributing to the remaining asynchronous release and temperature driven spontaneous glutamate release. The fact that convergent primary afferent innervation remains completely segregated based on the presence or absence of asynchronous vesicle release, independent of TRPV1 expression, indicates a particular importance for asynchronous neurotransmission in ST-NTS synaptic organization. The maintenance of overall synaptic innervation patterns and action-potential driven synchronous vesicle release from TRPV1 KO afferents suggest that TRPV1 signaling and its impact on quantal glutamate release are not essential for development of this circuitry. Rather, TRPV1, likely in concert with other thermosensitive TRP channels, provides precise and nuanced control mechanism of quantal glutamate release pathways.

ACTION-POTENTIAL EVOKED SYNCHRONOUS RELEASE IS CONSERVED IN TRPV1 KO AFFERENTS

Neither primary afferent innervation patterns, action-potential driven synchronous release, nor vesicle mobilization to the readily releasable pool during trains of stimulations were different in TRPV1 KO afferents compared to control animals. Considering TRPV1 is expressed in the majority (70–80%) of visceral afferent neurons forming synapses onto second-order NTS neurons (Andresen et al., 2012b) and provides a large calcium influx pathway, we were surprised that none of these parameters were altered. In particular during trains of action-potentials, where terminal calcium waves accumulate and TRPV1 is likely being activated by voltage and other factors such as anandamide generation and activation of protein kinase C (PKC) (Premkumar and Ahern, 2000; Di Marzo et al., 2001; Studer and McNaughton, 2010), showed no difference in the vesicle mobilization. Other use dependent calcium influx pathways, such as activation of presynaptic NMDA type glutamate receptors are known to facilitate synapsin phosphorylation (Campos et al., 2013); a key step in vesicle shuttling to the readily releasable pool (Cesca et al., 2010). The current findings are consistent with the concept that calcium influx into the presynaptic terminal is very precisely controlled and that different calcium influx pathways participate in distinct cellular processes (Kavalali et al., 2011). It appears that TRPV1 derived calcium has little to do with synchronous release pathways and is specialized to impact quantal vesicle mobilization via spontaneous and asynchronous release pathways (Andresen et al., 2012a).

THE COMPLETE PRESENCE OR ABSENCE OF ASYNCHRONOUS RELEASE FROM TRPV1 KO AFFERENTS

The presence of TRPV1 predicts robust action-potential driven asynchronous release (Peters et al., 2010). Pharmacological blockade of TRPV1 attenuates the asynchronous release pathway (Peters et al., 2010) and suggests that TRPV1 genetic deletion should diminish asynchronous release for a given synapse. Surprisingly, the present work comparing ST-NTS synapses between control and TRPV1 KO animals revealed that afferents genetically lacking TRPV1 either completely lacked asynchronous release or completely maintained it (Figure 4). The characterization of the inputs lacking asynchronous release suggest that they are not simply an improbable collection of neurons that happen to have all A-fiber afferent inputs, based on their conduction velocity (latency), size of quantal events, and distribution within the medial NTS (Peters et al., 2010, 2011). Rather, they may represent the afferents wherein the asynchronous release would have been maintained entirely by the presence of TRPV1 and those with the remaining asynchronous release have redundant use dependent calcium influx pathways, such as the alternative TRP channels (TRPV3 and TRPM3) characterized in Figure 8. Convergent ST afferent innervation is segregated based on the presence or absence of TRPV1 and asynchronous release in control animals (Peters et al., 2011). Surprisingly TRPV1 KO afferents maintained this relationship. Wherein ST afferents without asynchronous release converged onto common neurons, those with asynchronous release converged onto a separate population of NTS neurons. This observation suggests that the presence or absence of the asynchronous vesicle release pathway may determine of convergent afferent organization into the NTS.

TEMPERATURE DRIVEN SPONTANEOUS GLUTAMATE RELEASE AND THE PRESENCE OF ALTERNATIVE THERMOSENSITIVE TRP CHANNELS

Spontaneous vesicle release is a stochastic process largely driven by temperature sensitive calcium conductances at ST-NTS synapses (Shoudai et al., 2010). The presence of TRPV1 in ST primary afferents predicts relatively high spontaneous frequency; while pharmacological antagonism of TRPV1 reduces overall temperature sensitivity of the spontaneous release pathway particularly at the highest temperatures recorded (~40°C) (Peters et al., 2010; Shoudai et al., 2010). In TRPV1 KO animals we found that frequency of spontaneous release was indistinguishable from control animals (Figure 5). Further, temperature ramps revealed statistically significant increases in spontaneous frequency from 33 to 37°C that was not different between control and TRPV1−/− animals (Figure 7). The observation that spontaneous frequency is maintained at warm temperatures and still reactive to temperature steps from 25 to 37°C indicates that additional temperature sensitive mechanisms are intact in the TRPV1 KO afferents. These temperature driven changes may be relevant in detecting a number of physiological processes that alter internal temperatures such as post prandial thermogenesis (Griggio et al., 1991), circadian temperature changes (Buhr et al., 2010), or infection. Our preliminary pharmacological findings demonstrating functional expression of TRPV3 and TRPM3 provide evidence for plausible candidate ion channels to maintain the temperature driven spontaneous release at warm physiological temperatures. However, the specific roles of these candidate channels in the control of synaptic glutamate release remains to be determined.

Together these findings suggest additional temperature dependent mechanisms controlling asynchronous and thermosensitive spontaneous release at physiological temperatures, possibly mediated by additional thermosensitive TRP channels in primary afferent terminals. Because a major portion of the synaptic charge transfer is carried by glutamate released via spontaneous and asynchronous release pathways these central thermo-sensitive TRP channels are likely critical in the control of autonomic reflex generation and neuronal processing originating via cranial visceral afferents.
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The dorsal motor nucleus of the vagus (DMV) is a key integrative point of the parasympathetic neuronal network localized in the dorsal vagal complex. Activity of neurons in the DMV is closely regulated by synaptic inputs, and regulation of excitatory and inhibitory synapsis by transient receptor potential vanilloid type 1 (TRPV1) has been demonstrated. Activation of TRPV1 by heat, protons, endovanilloids, endocannabinoids, and inflammatory mediators is well established. In our study we hypothesized that TRPV1 contributes to the synaptic transmission of DMV neurons at physiological range of temperature without additional stimuli. Using whole-cell patch-clamp recordings we evaluated the effect of a rapid increase of temperature on excitatory and inhibitory neurotransmission and the contribution of TRPV1 to this response. Rapid increase of temperature from 25 to 37°C increased the frequency of miniature excitatory post-synaptic currents (mEPSC) by 351.7%. The frequency of miniature inhibitory post-synaptic currents (mIPSC) also increased by 184.7%. 5′-iodoresiniferatoxin (5′-iRFT), a selective TRPV1 antagonist, prevented the increase of mEPSC and mIPSC frequency. In summary, our data demonstrate that at physiological range of temperature TRPV1 contributes to presynaptic neurotransmission of DMV neurons.
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INTRODUCTION

The dorsal vagal complex (DVC) is a main parasympathetic autonomic center. It encompasses the nucleus of the solitary tract (NTS), the dorsal motor nucleus of the vagus nerve (DMV), and the area postrema (AP) (Bailey, 2008). The NTS receives inputs from cranial visceral afferents that carry viscerosensory information. The interneurons in the NTS send outputs to various targets, including the DMV (Travagli et al., 1991; Travagli and Rogers, 2001; Davis et al., 2003, 2004; Glatzer and Smith, 2005). The DMV sends vagal projections to postganglionic neurons innervating subdiaphragmatic organs (Browning and Travagli, 2011), thereby regulating the function of the gastrointestinal tract, the cardiovascular system, and the respiratory system (Bauer et al., 2005; Shoudai et al., 2010; Cavanaugh et al., 2011; Zsombok et al., 2011b).

The transient receptor potential vanilloid type 1 (TRPV1) is a non-selective cation channel that displays high permeability to divalent cations such as Ca2+ and Mg2+ (Caterina et al., 1997; Tominaga et al., 1998; Venkatachalam and Montell, 2007). TRPV1 is activated by heat, protons, endovanilloids, endocannabinoids, and inflammatory mediators (Bevan and Yeats, 1991; Caterina et al., 1997; Tominaga et al., 1998; Zygmunt et al., 1999; Terenzi et al., 2013). In the peripheral nervous system, it has been shown that TRPV1 contributes to pain, thermosensation, chemosensation, and inflammatory responses (Bessac and Jordt, 2008; Gavva et al., 2008; Patwardhan et al., 2010). While the contribution of TRPV1 to physiological responses has been thoroughly investigated in the peripheral nervous system, less information is known about TRPV1-dependent regulation of synaptic transmission in the central nervous system (CNS). TRPV1 expression in the CNS is restricted to specific areas. TRPV1 is expressed in the cerebral cortex, the hypothalamus, the brainstem and the hindbrain, as shown by different methods (Cristino et al., 2006; Derbenev et al., 2006; Pingle et al., 2007; Cavanaugh et al., 2011; Zsombok et al., 2011b; Gao et al., 2012).

Previous studies demonstrated the functional properties of TRPV1 in the DVC (Derbenev et al., 2006; Peters et al., 2010, 2011; Shoudai et al., 2010; Cavanaugh et al., 2011; Fawley et al., 2011; Zsombok et al., 2011b). TRPV1 drives synaptic activity of cranial visceral afferents providing continuous inputs to the NTS independently of afferent activity (Peters et al., 2010; Shoudai et al., 2010). Furthermore, TRPV1 enhances neurotransmitters release to DMV neurons. Activation of TRPV1 by capsaicin, an exogenous agonist, produces a robust increase of both miniature excitatory postsynaptic current (mEPSC) frequency and miniature inhibitory postsynaptic current (mIPSC) frequency in DMV neurons demonstrating that TRPV1 activation increases synaptic activity in the DVC (Derbenev et al., 2006).

Thermal activation of TRPV1 has also been demonstrated. TRPV1 has a heat activation threshold of ~43°C in vitro (Caterina et al., 1997; Tominaga et al., 1998; Premkumar and Ahern, 2000; Gavva et al., 2007; Grandl et al., 2010; Shoudai et al., 2010). Due to the polymodal characteristics of TRPV1, the heat activation threshold can be reduced by a variety of processes, including PKC phosphorylation, proton activation and repeated exposure to heat (Ji et al., 2002; Moriyama et al., 2005; Jay, 2007). Lowering the heat activation threshold could allow TRPV1 to be potentiated at physiological temperatures (~37°C). Based on the above-mentioned observations, we hypothesized that TRPV1 is active at physiological range of temperatures and enhances synaptic activity to DMV neurons. To test this, we conducted patch-clamp recordings where the temperature was increased from 25 to 37°C to demonstrate thermal activation of TRPV1 in the DMV. Our data revealed that at 37°C, the frequency of mEPSCs and the frequency of mIPSCs increased as compared to recordings conducted at 25°C. Upon further examination, we found that the potentiation of excitatory and inhibitory neurotransmission to DMV neurons was a result of thermal activation of presynaptic TRPV1 receptors. Our results indicate that TRPV1 regulates synaptic inputs to DMV neurons at physiological temperatures.

MATERIALS AND METHODS

Experiments were performed on male CD1 mice (7–8 weeks old; Harlan) following the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by Tulane University's Institutional Animal Care and Use Committee.

BRAINSTEM SLICE PREPARATION

Transverse brainstem slices were prepared from male mice as described previously (Zsombok et al., 2011a). Mice were deeply anesthetized by isoflurane inhalation and sacrificed by decapitation while anesthetized. Brains were rapidly removed and immersed in ice-cold (0–4°C) oxygenated artificial cerebrospinal fluid (ACSF) containing the following: 124 mM NaCl, 3 mM KCl, 26 mM NaHCO3, 1.4 mM NaH2PO4, 11 mM glucose, 1.3 mM CaCl2, and, 1.3 mM MgCl2. The pH was adjusted to physiological ranges (7.3–7.4), with an osmolality of 290–310 mOsm/kg. Transverse brainstem slices (300 μm) containing the DMV were made using a vibrating microtome (Vibratome Series 1000; Technical Products). Slices were maintained in an oxygenated bath solution at 35°C for at least 1 h before performing experiments. Slices were then transferred to a recording chamber mounted on a fixed stage under an upright microscope (Nikon FN1).

WHOLE-CELL PATCH-CLAMP RECORDINGS

DMV neurons were visually identified in coronal brainstem slices and were patch-clamped with a glass pipette with series resistance between 2 to 4 MΩ. The electrodes were filled with a solution containing the following: 130 mM Cs+-gluconate, 1 mM NaCl, 5 mM EGTA, 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 3 mM CsOH, 2-4 mM Mg-ATP, buffered to pH = 7.3–7.4 (with CsOH). Electrophysiological signals were low-pass filtered at 2–5 kHz, digitized at 88 kHz, recorded using an Axopatch 700 B amplifier (Molecular Devices). Excitatory post-synaptic currents (EPSCs) were examined at a holding potential of −60 mV while inhibitory post-synaptic currents (IPSCs) were recorded at a holding potential of 0 mV.

TEMPERATURE SETTING AND PROTOCOL

The temperature was monitored by an extracellular probe placed in the chamber 1 cm apart from the slice. The probe was placed upstream from the slice, close to where the ACSF entered the chamber. Therefore the temperature changes reflected by the probe occurred with a slight delay at the level of the brain slice. A Koolance device (Warner instrument) was used to heat the ACSF entering the chamber, allowing for the precise control of the temperature inside the chamber. In control conditions, DMV neurons were maintained at 25°C. To investigate the temperature-dependent contribution of TRPV1 to the synaptic transmission, recordings were made while the ACSF was gradually heated up to 37°C. Then, the temperature was decreased back to 25°C.

DRUG APPLICATION

Recordings were performed with tetrodotoxin (1 μM; TTX; Tocris Bioscience) in ACSF to block action potentials and monitor mEPSCs or mIPSCs. In addition, the TRPV1 antagonist 5′-iodoresiniferatoxin (1 μM; 5′-iRFT; Tocris Bioscience) was dissolved in ethanol and diluted in ACSF (final concentration of ethanol <0.01% by volume).

DATA ANALYSIS

The recordings were analyzed with pClamp 10 software (Molecular Devices). Miniature IPSCs and EPSCs were analyzed offline using MiniAnalysis (Synaptosoft). The effects of temperature on mEPSCs and mIPSCs were analyzed within individual cells using the Kolmogorov-Smirnov test. The effects of temperature across neuron groups were analyzed using a paired two-tailed Student's t test. Values are expressed as means ± s.e.m.

RESULTS

TRPV1 POTENTIATES EXCITATORY NEUROTRANSMISSION TO DMV NEURONS IN TEMPERATURE-DEPENDENT MANNER

Patch-clamp recordings from NTS neurons demonstrated that increase of temperature potentiates excitatory neurotransmission in a TRPV1-dependent manner (Peters et al., 2010; Shoudai et al., 2010). To reveal the contribution of TRPV1 to temperature-dependent neurotransmission in the DMV, we used patch-clamp whole-cell recordings. The frequency and amplitude of mEPSCs were examined at −60 mV using Cs-gluconate solution in the recording pipettes to block K+ currents (Bach and Smith, 2012). In control condition, the temperature of ACSF was maintained at 25°C. Then, the ACSF was heated up to 37°C within 5 min. A schematic illustration of the temperature protocol is depicted on Figures 2B, 4B.

The increase of temperature from 25 to 37°C produced a significant increase in mEPSC frequency and amplitude in all recorded neurons (Figure 1). At 25°C, the average mEPSC frequency was 2.64 ± 0.1 events per second (range from 2.15 to 2.98 events per second; n = 6). Rapid increase of temperature to 37°C triggered a 351.7% increase of mEPSCs frequency to 12.02 ± 1.7 events per second (range from 4.34 to 17.95 events per second; n = 6; P < 0.05) (Figure 1B). The temperature-induced changes were rapid, reversible and did not diminish overtime in any of the recorded cells (n = 6) (Figure 2B).
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FIGURE 1. Excitatory neurotransmission to DMV neurons is potentiated by TRPV1 at physiological temperatures. (A) Continuous recording of mEPSCs at 25°C (A) and after elevation of temperature from 25 to 37°C (A1) in TTX (1 μM). (B,C). Bar graph summarizing the effect of temperature on mEPSC frequency (B) and mEPSC amplitude (C). *Significance (p < 0.05).
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FIGURE 2. TRPV1 antagonist prevents the potentiation of excitatory neurotransmission caused by TRPV1 activation to DMV neurons. (A) Continuous recording of mEPSCs in the presence of 5′-iRFT (1μM) and TTX (1μM) at 25°C (A) and after increase of temperature from 25°C to 37°C (A1). (B,C). The effect of TRPV1 antagonist on the increase of mEPSC frequency (B) and amplitude (C). (D–F). Summary for temperature response on mEPSC frequency (D), mEPSC amplitude (E), and total inward current (F) (n = 6). Black traces indicate control conditions. Red traces indicate recordings conducted in the presence of 5'-iRFT, a TRPV1 antagonist. Dashed-line indicates physiological temperature. *Significance (p < 0.05).



To test whether the temperature-dependent increase of mEPSC frequency was due to TRPV1 activation, 5′-iRFT, a selective TRPV1 antagonist was added to the ACSF for 30 min before recordings were performed. Application of 5′-iRFT (1 μM) prevented the increase of mEPSC frequency triggered by temperature elevation (Figures 2A,B,D). In the presence of 5′-iRFT the average mEPSC frequency was 1.24 ± 0.21 events per second (range from 0.96 to 1.88 events per second; n = 6) (Figure 2D, red trace). Rapid increase of temperature to 37°C in the presence of 5′-iRFT prevented the increase of mEPSC frequency. The average mEPSC frequency was 2.20 ± 0.26 events per second at 37°C (range from 1.51 to 2.96 events per second; n = 6; P > 0.05) (Figure 2D), which was not significantly different as compared to mEPSC frequency measured at 25°C. Our results suggest that the temperature-dependent potentiation of excitatory neurotransmission is driven by activation of TRPV1.

In addition, we assessed the effect of the rapid increase of temperature on mEPSC amplitude. We found that an increase of temperature from 25 to 37°C resulted in a significant increase of mEPSC amplitude (Figures 1C, 2C). At 25°C the average mEPSC amplitude was 10.47 ± 1.6 pA (range from 7.25 to 14.97 pA; n = 6). Rapid increase of temperature to 37°C significantly increased the amplitude of mEPSCs in all recorded DMV neurons. The average mEPSC amplitude was 13.88 ± 1.8 pA (range from 8.73 to 19.09 pA; n = 6; P < 0.05) in ACSF at 37°C (Figure 1C). To determine if the temperature-dependent increase of amplitude is TRPV1 driven, amplitudes were compared in the presence and absence of 5-iRFT. Application of TRPV1 antagonist, 5′-iRFT, did not block the increase of mEPSC amplitude in response to temperature increase (Figures 2C,E, red trace). Failure to prevent the increase of mEPSC amplitude with a TRPV1 antagonist suggests that the effect occurs in a TRPV1-independent fashion.

In addition, increase of temperature to 37°C modulated mEPSC kinetics. Rise-time and decay time were both significantly reduced at 37°C (Table 1). The change in the mEPSC kinetics was not blocked by 5-iRFT application, suggesting that the effect also occurs in a TRPV1-independent fashion.

Table 1. Rise time and decay time response to temperature changes in DMV neurons in control condition and in the presence of 5-iRFT.
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Temperature-induced currents were also investigated. Rapid increase of temperature produced a significant shift of the holding current. Rapid increase of temperature from 25 to 37°C shifted the holding current from −11.87 ± 1.9 pA (range −6.12 to −18.53) to −49.21 ± 6.7 pA (range −28.04 to −76.49; n = 6; P < 0.05) (Figure 2F). Application of 5′-iRFT did not block the inward shift in holding current (Figure 2F, red trace).

Our results suggest that rapid increase of temperature from 25 to 37°C had multiple effects, but potentiation of presynaptic release of excitatory neurotransmitters to DMV neurons is TRPV1-dependent.

TRPV1 POTENTIATES INHIBITORY NEUROTRANSMISSION TO DMV NEURONS IN A TEMPERATURE-DEPENDENT MANNER

The frequency and amplitude of mIPSCs were examined at 0 mV. Increase of temperature from 25 to 37°C produced a significant increase of mIPSC frequency and amplitude in all recorded neurons (Figure 3). At 25°C, the average mIPSC frequency was 1.10 ± 0.2 events per second (range from 0.27 to 1.93 events per second; n = 7). Rapid increase of temperature to 37°C triggered a 184.7% increase of mIPSC frequency to 2.93 ± 0.7 events per second (range from 0.63 to 6.11 events per second; n = 7; P < 0.05) (Figure 3B). The temperature-induced changes were rapid, reversible and did not diminish overtime (n = 7) (Figure 4B). To test whether the increase of mIPSC frequency was caused by TRPV1 activation, mIPSCs were recorded in the presence of 5′-iRFT, a TRPV1 antagonist. Application of 5′-iRFT (1 μM) prevented the increase of mIPSC frequency triggered by temperature elevation (Figures 4A,B,D). In the presence of 5′-iRFT, the mean mIPSC frequency was 0.86 ± 0.26 events per second (range from 0.20 to 1.77 events per second; n = 6). After rapid increase of temperature to 37°C in ACSF containing 5′-iRFT, we observed no significant changes in mIPSC frequency. The average mIPSC frequency was 0.72 ± 0.25 events per second (range from 0.35 to 1.89 events per second; n = 6; P > 0.05) (Figure 4D). Our results suggest that the temperature-dependent potentiation of inhibitory neurotransmission is driven by activation of TRPV1.
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FIGURE 3. Inhibitory neurotransmission to DMV neurons is potentiated by TRPV1 at physiological temperatures. (A). Continuous recording of mIPSCs at 25°C (A) and after increase of temperature from 25 to 37°C (A1) in TTX (1 μM). (B,C). Bar graph summarizing the effect of temperature on mIPSC frequency (B) and mIPSC amplitude (C). *Significance (p < 0.05).
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FIGURE 4. TRPV1 antagonist prevents the increase of inhibitory neurotransmission to DMV neurons caused by TRPV1 activation. (A). Continuous recording of mIPSCs in the presence of 5′-iRFT (1 μM) and TTX (1 μM) at 25°C (A) and after rise of temperature from 25 to 37°C (A1). (B,C). The effect of TRPV1 antagonist on the increase of mIPSC frequency (B) and amplitude (C) (red traces are recordings with 5′-iRFT). (D–F). Summary for temperature response on mIPSC frequency (D), mIPSC amplitude (E), and total outward current (F) (n = 7). Black traces indicate control conditions. Red traces indicate recordings conducted in the presence of 5′-iRFT, a TRPV1 antagonist. Dashed-line indicates physiological temperature. *Significance (p < 0.05).



Next, we assessed the effect of temperature elevation on mIPSC amplitude. We found that rapid increase of temperature from 25 to 37°C significantly increased the amplitude of mIPSCs (Figures 3C, 4C). At 25°C, the mean mIPSC amplitude was 29.18 ± 1.5 pA (range from 24.54 to 35.75 pA, n = 7). Rapid increase of temperature to 37°C significantly increased amplitude of mIPSCs in all recorded DMV neurons. The average amplitude was increased to 35.84 ± 3.6 pA (range from 24.46 to 50.11 pA; n = 7; P < 0.05) at 37°C (Figure 3C). Application of the TRPV1 antagonist, 5′-iRFT, did not block the increase of mIPSC amplitude in response to temperature increase (Figures 4C,E, red trace). Failure to block the increase of mIPSC amplitude with a TRPV1 antagonist suggests that the effect occurs in a TRPV1-independent fashion.

In addition, increase of temperature to 37°C modulated mIPSC kinetics. Rise-time and decay time were both significantly reduced at 37°C (Table 1). The change in mIPSC kinetics was not blocked by 5-iRFT application, suggesting that the effect also occurs in a TRPV1-independent fashion.

Finally, temperature-induced currents were investigated. Rapid increase of temperature produced a significant shift of the holding current. Rapid increase of temperature from 25 to 37°C shifted the holding current from 49.32 ± 13.5 pA at 25°C to 202.3 ± 38.3 pA at 37°C (n = 7; P < 0.05) (Figure 4F). Application of 5′-iRFT did not block the outward shift in holding current (Figure 4F, red trace).

Our results suggest that rapid increase of temperature form 25 to 37°C potentiate presynaptic release of inhibitory neurotransmitters to DMV neurons in TRPV1-dependent manner.

DISCUSSION

The results of our study provide novel information about TRPV1-dependent regulation of excitatory and inhibitory neurotransmission in the DVC. Our data demonstrate that TRPV1 modulates synaptic transmission of DMV neurons in two different ways. First, at 37°C, mEPSC frequency is increased due to presynaptic activation of TRPV1. Second, mIPSC frequency is increased due to presynaptic activation of TRPV1. Our results show that TRPV1 is involved in the regulation of both excitatory and inhibitory neurotransmission to DMV neurons. Physiological temperatures, in our case 37°C, activate presynaptic TRPV1, thus increasing excitatory and inhibitory neurotransmitters release to DMV neurons.

It has been shown previously that activation of TRPV1 by capsaicin resulted in increased mIPSC and mEPSC frequency in DMV neurons (Derbenev et al., 2006). TRPV1 is localized on both excitatory and inhibitory presynaptic terminals synapsing with DMV neurons and TRPV1 activation produces an increase of neurotransmitter release from these presynaptic terminals. Also, it has been shown that TRPV1 drives asynchronous synaptic activity to the NTS independently of afferent activity (Peters et al., 2010; Shoudai et al., 2010). Here we demonstrated that physiological range of temperature (37°C) alone drives frequency of mEPSCs and mIPSCs in TRPV1-dependent manner.

It has been reported that TRPV1 has a thermal threshold of 43°C in vitro (Caterina et al., 1997; Tominaga et al., 1998; Premkumar and Ahern, 2000; Gavva et al., 2007; Yao et al., 2010). The heat-induced activation of TRPV1 is caused by a negative shift of the voltage dependence of activation. At 0 mV and 25°C, the probability of opening is ~0.10 while at 35°C, the probability of opening is ~0.40. At −60 mV, probability of opening stays low, reaching ~0.10 at 35°C (Voets et al., 2004). Protons and PKC sensitize TRPV1 to lower temperatures by increasing the negative shift of voltage dependence of activation (Premkumar et al., 2002; Voets et al., 2004). Seeing the robust activation of TRPV1 even at −60 mV, it is plausible that TRPV1 is potentiated in the DVC. Clearly, further studies are needed to elucidate the exact mechanisms of sensitization of TRPV1 in the DVC.

5′-iRFT application was used to block TRPV1 in some of our recordings. Previously, it has been shown that in control conditions, 5′-iRFT does not effect either excitatory or inhibitory inputs to DMV neurons at 1 μM concentration (Zsombok et al., 2011a). In contrast, our data show that 5′-iRFT significantly reduced mEPSC frequency: mESPC frequency was 2.64 ± 0.1 events per second in the control group (range from 2.15 to 2.98 events per second; n = 6) and 1.24 ± 0.21 events per second in the 5′-iRFT group (range from 0.96 to 1.88 events per second; n = 6; P < 0.05). Our differential findings could be explained by the fact that the 5′-iRFT effect was investigated across group and not across individual neurons: the difference of basal frequency between the control group and the 5′-iRFT group is likely due to variability between the neurons recorded in each group. Even though the basal mEPSC frequency is lower in the 5′-iRFT group, we would expect similar temperature-dependent increase of mEPSC frequency if 5′-iRFT were not present in the ACSF.

Our data also indicate that a rapid increase of temperature results in an increase of mPSC amplitude in a linear fashion, and 5′-iRFT failed to block this increase (Figures 2E, 4E) suggesting that temperature-induced increase of mPSC amplitude is TRPV1 independent. Furthermore, mPSC kinetics were influenced by temperature in the same linear-fashion. Decay-time and rise-time were significantly reduced at 37°C compared to 25°C (Table 1). As the temperature increased, the 10–90% rise time and decay time constant of mIPSC and mEPSC decreased. This is consistent with previous studies demonstrating relationship between temperature and PSC kinetics (Taschenberger and Gersdorff von, 2000; Wall et al., 2002; Kushmerick et al., 2006; Postlethwaite et al., 2007). Temperature increase from 25 to 37°C accelerated mEPSC kinetics and increased mEPSC amplitude in the calyx of Held due to a temperature-dependent scaling of reaction rate constant of AMPA receptors. Specifically, the changes were caused by accelerated agonist binding, unbinding and kinetics of AMPA receptors (Postlethwaite et al., 2007). We can speculate that the same scaling of reactions rates might occur in the DMV due to increase of temperature.

It is well established that DMV neurons receive synaptic inputs from the NTS and provide tonic inputs to visceral organs (Travagli and Rogers, 2001). Also, DMV neurons exhibit slow, spontaneous, pacemaker-like activity by tonically firing action potentials (Barrett et al., 2006; Travagli et al., 2006; Browning and Travagli, 2011). Microinjections of glutamate or GABA receptor antagonists into the DVC confirmed that inhibitory inputs play a significant role in regulating the rate of the pacemaker-like activity of DMV neurons, while the excitatory inputs were not involved (Browning and Travagli, 2011). This suggests that the NTS provides tonic GABAergic inputs to the DMV to regulate its activity, while excitatory inputs to the DMV have little effect on the activity of the DMV. Our study suggests that both the excitatory and inhibitory inputs are tonically potentiated at physiological temperature due to the presence of presynaptic TRPV1. The presence of TRPV1 on GABAergic terminals could thus constitute an additional regulatory mechanism of the vagal tone. Furthermore, tonic TRPV1 activation could reduce the pacemaker-like activity of DMV neurons and therefore reduce the motor vagal output.

Our study revealed that TRPV1 tonically drives excitatory and inhibitory inputs to the DMV at physiological temperatures. These findings provide new insights into TRPV1 function in the CNS and the autonomic nervous system. While TRPV1 serves primarily as a noxious stimuli integrator in the peripheral nervous system, our study suggests that TRPV1 exerts different functions in the CNS. At physiological temperatures, TRPV1 plays a novel role in the neurotransmission of the DMV, and therefore also contributes to the vagal motor output and the control of visceral organs.
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Leptin is a hormone released from adipose tissue. While this hormone normally acts to reduce feeding behavior and increase energy expenditure, in obesity, resistance to these effects occurs even though the hormone is released in large amounts. Although leptin no longer works to suppress feeding in the obese, leptin retains its potent effects on other autonomic functions such as blood pressure regulation. Leptin has been associated with hypertension and increased sympathetic autonomic activity. Therefore, leptin is emerging as a major contributor to the hypertensive state observed in obesity. Sympathetic control of blood pressure is maintained principally by autonomic reflex control circuits in the caudal brainstem. The rostral ventral-lateral medulla (RVLM) is the primary regulator of the sympathetic nervous system, sending excitatory fibers to sympathetic preganglionic neurons to regulate sympathetic control over resistance vessels and blood pressure. Previous studies from our laboratory have shown that neurons in the ventral lateral medulla express leptin receptors (ObRb). Our present study using pseudo-rabies multi-synaptic retrograde tract tracing and immunohistochemical methods revealed that neurons within the RVLM that send sympathetic projections to the kidney express leptin receptors. Acute microinjection of leptin (1 and 3 μg; 40 nL) into the RVLM evoked a significant increase in Mean Arterial Pressure (MAP) and renal sympathetic nerve activity (RSNA). When the 3 μg dose of leptin was preceded with a leptin antagonist, (SLAN-4; 1 ng), it attenuated the cardiovascular response of leptin. Taken together, these data suggest that leptin's actions within the RVLM may influence blood pressure and renal sympathetic nerve activity.

Keywords: leptin, renal sympathetic nerve activity, blood pressure, rostral ventral lateral medulla, neurons

INTRODUCTION

Leptin is an adipocyte-derived hormone which signals the availability of peripheral energy stores. Circulating leptin levels act as a long term signal of the amount of fat stored in white adipose tissue, while short term fluctuations in leptin levels convey information regarding acute changes in caloric intake. This information is integrated centrally by the autonomic nervous system to regulate a variety of homeostatic functions, most notably food intake and energy expenditure (Morris and Rui, 2009; Myers et al., 2009; Galic et al., 2010; Kelesidis et al., 2010). One mechanism by which leptin affects energy expenditure is by increasing sympathetic tone (Eikelis et al., 2003; Morris and Rui, 2009; Myers et al., 2009).

This increase of sympathetic outflow can produce profound effects on various homeostatic functions including the modulation of cardiovascular dynamics such as arterial blood pressure (Friedman, 2002; Correia and Rahmouni, 2006). Leptin also regulates blood pressure via augmentation of renal sympathetic nerve activity (RSNA); events which are believed to play a significant role in the development of hypertension (Hall et al., 2010). This change in RSNA and blood pressure after leptin administration is absent in experimental animals that have defective leptin receptors (i.e., Zucker Rats and db/db mice), suggesting that these effects are leptin receptor mediated (Haynes et al., 1997; Rahmouni et al., 2003).

The majority of leptin signaling studies have been conducted in the hypothalamus, and acute administration of leptin into regions of the hypothalamus associated with control of cardiovascular functions has been shown to increase RSNA and blood pressure (Marsh et al., 2003; Shih et al., 2003; Rahmouni and Morgan, 2007). However, the long form of the leptin receptor (ObRb) is located throughout the central nervous system (Patterson et al., 2011), and there is growing evidence that extra-hypothalamic leptin signaling plays a critical role in autonomic regulation (Myers et al., 2009). In fact, the caudal hindbrain, which contains several populations of preautonomic neurons, may be a critical site for mediating leptin's effect on sympathetic outflow (Grill and Kaplan, 2002; Grill, 2010). For example, acute injection of leptin into the nucleus of the solitary tract (NST), located in the dorsal hindbrain, has been shown to increase RSNA (Mark et al., 2009; Ciriello and Moreau, 2013).

The rostral ventral lateral medulla (RVLM), located within the hindbrain, contains neurons which play a key role in determining peripheral sympathetic vasomotor tone and blood pressure (Guyenet, 2006). The RVLM integrates multiple descending and cervical-thoracic (barosensor) inputs regulating sympathetic outflow. The RVLM is a “pre-sympathetic” structure in that it sends axons to the intermediolateral cell column; the source of sympathetic preganglionic neurons. Our laboratory reported that leptin receptors are expressed by adrenergic/noradrenergic C1/A1 cells located in the ventrolateral medulla (Barnes et al., 2010), which overlaps the RVLM. Therefore, the possibility exists that preautonomic blood pressure neurons in the RVLM may express leptin receptors and that leptin may regulate blood pressure and RSNA directly by increasing the activity of these neurons. The present study was conducted to determine if RVLM neurons projecting through multi-synaptic pathways to the kidney indeed express leptin receptors and whether acute administration of leptin into the RVLM influences RSNA as well as cardiovascular dynamics.

MATERIALS AND METHODS

ANIMALS

Male Long Evan rats (8–10 weeks old) obtained from Charles Rivers were used in these studies. All animals were maintained in a room with a 12:12 light-dark cycle with constant temperature and humidity, and given food and water ad libitum. All experimental protocols were performed according to the guidelines set forth by the National Institutes of Health and were approved by the Institutional Animal Care and Use Committees at the Pennington Biomedical Research Center.

PSEUDO RABIES VIRUS INJECTIONS

Co-localization of ObRb on RVLM neurons with projections to the kidney

Long Evans rats (n = 5) were anesthetized with a ketamine (90 mg/kg) and xylazine (9 mg/kg) cocktail. Using aseptic technique, a flank incision was made to expose the left kidney. Animals received two injections (2 μl each) of pseudo rabies virus 152 (PRV), green fluorescent trans-neuronal tracer virus, into the cortex of the kidney using a Hamilton syringe. The injection site was immediately sealed with liquid bandage (Thermo Fisher Scientific, Pittsburgh PA). The kidney was returned into its appropriate position; overlying skin was sutured with Vicryl and the animal was returned to its home cage for recovery. Four (4) days after the injection, animals were anesthetized with urethane (1 mg/kg) and transcardially perfused with 0.1 M Phosphate-Buffered Saline (PBS) followed by 4% paraformaldehyde. Brains were removed and processed for immunohistochemical demonstration of trans-neuronal tract-tracing and leptin receptor expression.

IMMUNOHISTOCHEMISTRY

The hindbrain was cut into 30 micron thick sections on a freezing microtome, washed three times with 0.1 M PBS, placed in a blocking solution of 10% goat serum (Jackson ImmunoResearch, West Grove PA) containing 0.3% Triton X-100 (Sigma Aldrich, Saint Louis, MO) for 60 min and incubated for 72 h at 4°C in the primary antibody, chicken anti-ObRb [(1:50) (Neuromics, Edina MN)]. Sections were then washed three times with 0.1 M PBS followed by 60 min incubation in Alexa 594 goat anti-chicken antibody [(1:100) (Invitrogen, Grand Island NY)] followed by three rinses with 0.1 M PBS prior to being mounted on slides with ProLong Gold anti-fade reagent (Invitrogen, Grand Island NY). No additional immunohistochemical processing was necessary to visualize the green fluorescent protein expression induced by our PRV injections. Note that heat-induced antigen retrieval method used in our previous studies of leptin receptor expression in the hindbrain (Barnes et al., 2010) led to quenching of the green fluorescent signal induced via our renal injections of PRV. Therefore, comparable ObRb staining was accomplished by both increasing the concentration of the primary antibody to 1:50 and increasing the incubation time from 12 to 72 h, as described above.

QUANTIFICATION OF IMMUNOHISTORY

Histological sections containing the majority of the anterior to posterior extent of the hindbrain [(9–14.5 mm post Bregma); (Paxinos and Watson, 2007)] were examined for evidence of PRV and ObRb positive cell bodies in the ventral half of the hindbrain. Sections were visualized with an Axioplan 2 upright microscope (Carl Zeiss Microscopy, Thornwood, NY) equipped with a Lambda LS 175W Xenon arc lamp. A FITC filter set (EX HQ487/25, EM GQ535/40, D Q505lp) was used to visualize the green PRV staining, while a CY3 filter set (EX HQ535/50, EM HQ610/75, D Q565lp) was used to visualize the ObRb staining. Images of positive staining were captured using a CoolSnap HQ CCD camera (Photometrics, Tucson, AZ). Slidebook Software (v2.0; Intelligent Imaging Innovations, Denver CO) was used to generate two dimensional montages of the entire ventral hindbrain of each section which demonstrated positive staining using a Plan Apochromat 20×/0.75 NA objective (Carl Zeiss Microscopy, Thornwood, NY). The numbers of PRV and ObRb positive cells within hindbrain nuclei, as well as the numbers of double labeled cells in each image were quantified.

PHYSIOLOGICAL EFFECTS OF LEPTIN INJECTION INTO RVLM

Measurement of renal sympathetic nerve activity and blood pressure

Male Long Evan rats (n = 6 per group) were anesthetized with long acting thiobutabarbital (inactin) [(150 mg/kg); (Sigma Aldrich, St. Louis, MO)] which has minimal interference with autonomic reflexes (Buelke-Sam et al., 1978). Using aseptic techniques, a trachea tube was inserted to allow the airway of the animal to remain patent. The left femoral artery was catheterized with PE 20 tubing attached to an AD Instrument transducer for measurement of blood pressure with a PowerLab data acquisition system (AD Instruments, Colorado Springs, CO). The animals were placed in a stereotaxic frame; the occipital plate was removed to expose the hindbrain. A flank incision was made to expose the right kidney and the renal nerve. The renal nerve was separated from the renal vein and renal artery, placed on bipolar platinum-iridium electrodes (A-M Systems, Carlsborg WA) and secured with kwik cast gel (World Precision Instruments, Sarasota, FL). Renal sympathetic nerve activity (RSNA) and mean arterial pressure (MAP) and heart rate (HR) were monitored continuously. Once preparatory surgery and instrumentation was completed, animals were allowed to stabilize for 60 min. A triple barrel glass micropipette (total tip diameter was 150 micron) containing glutamate [(10 mM); (Sigma Aldrich, St. Louis, MO)], saline (0.9%), leptin [(0.3, 1, or 3 μg); (Peprotech, Rocky Hill, NJ)] or a superactive rat leptin antagonist [(1 ng); (SLAN-4); (Shpilman et al., 2011; Gertler and Elinav, 2014); (Protein Laboratories Rehovot)] was lowered into the RVLM at the following coordinates relative to the calamus scriptorius (2.9 mm rostral, 1.9 mm lateral, 2.7 mm ventral). Confirmation of pipette location was accomplished with nano-injections of glutamate (40 nL, 10 mM), as described by Goodchild et al. (1982), which elicited rapid increases in blood pressure. Similar techniques have been used in previous investigations of the RVLM in regulation of autonomic function (e.g., Adams et al., 2007). After confirmation of the injection site via glutamate, animals were allowed to recover for 30 min prior to the start of the experiment. Each animal served as its own control.

Triple barrel pipettes were filled and administered (40 nL) accordingly: glutamate (10 mM)—0.9% saline—leptin (0.3 μg); glutamate—saline—leptin (1 μg); glutamate—saline—leptin (3 μg); glutamate—saline—SLAN-4 (1 ng); glutamate—SLAN-4—leptin (3 μg); glutamate—saline—Chicago Blue.

STATISTICS

Physiological experiments

Each animal served as its own control. MAP and RSNA were monitored continuously throughout the experiment; measurement of these parameters was analyzed at 4 min intervals. Time course response of MAP is shown in Figures 4A, 5A as a percent change from baseline. Statistical analysis of mean MAPs before and after the first CNS injection were not significantly different (data not shown); therefore, “baseline” mean MAP for each animal was defined as that value at time −15 min. Changes in MAP and RSNA occurring after the second CNS injection were statistically analyzed across all groups.

Raw RSNA was corrected by subtraction of background noise as determined at the termination of the experiment. These corrected values were used to determine the percent change of RSNA from baseline (i.e., mean corrected values obtained 15 min following the first injection). Analysis of the peak MAP responses and RSNA were made using One-Way ANOVA followed by Bonferroni post-hoc multiple comparison tests. Statistics were performed using GraphPad Prism Version 5.01 (LaJolla CA). All values are expressed as mean ± s.e.m. p-value < 0.05 was considered statistically significant.

RESULTS

HISTOLOGY

ObRb positive cells in the ventral medulla were found in the C1/A1 cell group and the ventromedial region

Cells in the ventral hindbrain that were positive for ObRb staining (i.e., expressed leptin receptors) were localized in one of four regions: the C1/A1 cell column, ventromedial medulla (VMM), caudal raphe, and A5 cell group. The ObRb staining in the C1/A1, caudal raphe, and A5 was quite distinct and easily assigned to these medullary nuclei based on Paxinos and Watson (2007) (Figure 1). In contrast, the staining in the VMM was diffuse and often overlapped adjacent nuclei such as the paragigantocellular nuclear subdivisions, the reticular nucleus subdivisions, and the inferior olive (Figure 2A). ObRb positive cells (ObRb+) were defined as those cells which displayed extensive cytoplasmic ObRb staining (see insets of Figures 1, 2C), as opposed to cells which merely displayed isolated ObRb punctate staining. An average of 420 ± 87 ObRb+ cells were observed in C1/A1, 146 ± 32 ObRb+ cells were observed in VMM, 107 ± 87 ObRb+ cells were observed in A5, and 26 ± 14 ObRb+ cells were observed in the caudal raphe (Table 1).


[image: image]

FIGURE 1. Demonstration of leptin receptor (ObRb) positive cells at various points along the rostrocaudal axis of the ventral hindbrain. Images in the right column show corresponding histological staining for ObRb (red labeled cells) in the ventral hindbrain at the level of the A5 cell group (A), RVLM (B), C1 cell group (C), and A1 cell group (D). Insets on the right column show histological staining of ObRb at higher magnification in order to show cellular detail. The A5, RVLM, and C1/A1 cell groups described by Paxinos and Watson (2007) are represented in the pictographs, reprinted with permission, in the left column. Scale bars = 200 microns (insets) and 500 microns.
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FIGURE 2. Dual localization of leptin receptors (ObRb; red) and pseudo rabies virus infected cells (PRV; green) resulting from renal PRV injection. (A) Is a low power montage of the complete ventral half of the medulla at the level of the RVLM. (B–D) Are high magnification of cell cluster in left RVLM shown in (A) demonstrating PRV positive RVLM neurons (B), ObRb expressing RVLM neurons (C), and double labeled RVLM neurons (D). Scale bar = 100 microns.



Table 1. Distribution of leptin receptor (ObRb) expressing and psuedorabies virus (PRV) infected cells in the ventral hindbrain (mean ± s.e.m., n = 5).
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Pseudo rabies (PRV) positive neurons identified in the ventral hindbrain after injection in the cortex of the left kidney

Our PRV kidney injection paradigm labeled cells in C1/A1, VMM, caudal raphe and A5 (Figure 2). An average of 88 ± 30 PRV+ cells were observed in C1/A1, 113 ± 81 PRV+ cells were observed in VMM, 35 ± 21 PRV+ cells were observed in A5, and 73 ± 42 PRV+ cells were observed in the caudal raphe (Table 1). PRV+ cells in C1/A1 were concentrated in the rostral portion of the cell column, consistent with specific labeling of RVLM neurons. There were no differences in the number of PRV+ cell on the contralateral and ipsilateral hemispheres relative to the site of renal injection. These results confirm a number of previous studies which employed PRV injection into the renal cortex (Schramm et al., 1993; Huang and Weiss, 1999; Sly et al., 1999; Weiss et al., 2001), as well as studies employing PRV injected into organs which receive substantial sympathetic inputs (Strack et al., 1989a,b; Sved et al., 2001).

A subset of hindbrain neurons projecting through multi-synaptic pathways to the kidney expressed ObRb

A subset of PRV labeled neurons within the hindbrain were also leptin receptor expressing cells (Figure 2). An average of 59 ± 19 double labeled cells were observed in C1/A1, 50 ± 38 double labeled cells were observed in VMM, 30 ± 19 double labeled cells were observed in A5, and 16 ± 12 double labeled cells were observed in the caudal raphe. Thus, approximately 67% of C1/A1 cells that were PRV+ also expressed leptin receptors compared to 45% in VMM, 22% in caudel raphe and 85% of all PVR+ cells in A5 (Table 1).

PHYSIOLOGY

RVLM identified by nano-injection of glutamate

RVLM neurons were identified by nano-injection of glutamate which elicited a minimum increase of 15 mmHg in blood pressure within 15 s (Figure 3) and an increase in RSNA which preceded the change in blood pressure (Figures 3B,C). The effect of glutamate on blood pressure and RSNA had a short duration; all parameters returned to baseline within 15 min. At the conclusion of the experiments, a subset of animals was injected with Chicago Blue to further verify the location of the injection site (Figure 3A).
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FIGURE 3. Histological and physiological verification of RVLM injection site. A subset of animals received Chicago Blue injection at the end of the glutamate identification procedure to verify histological placement of pipette. Coronal sections through the hindbrain were used to identify the injection site at the level of the RVLM (A). Scale bar = 500 microns. Microinjection of glutamate (10 mM; 40 nL) into the RVLM evoked transient increase in MAP (B) and renal sympathetic nerve activity (C) within 30 s of injection. These parameters returned to baseline levels within 15 min of the injection.



Microinjection of leptin into the RVLM produced an increase in mean arterial pressure (MAP) and renal sympathetic nerve activity (RSNA)

Long Evan rats received one of three doses of leptin into the RVLM to observe the effect on MAP and RSNA (Figure 4). Figure 4A displays the percent change in MAP over time in response to saline, 0.3, 1, or 3 μg of leptin injected into the RVLM. Analysis of percent change in MAP was conducted with one-way ANOVA which compared the MAP at 12 min following injection between each experimental condition (Figure 4B). In response to leptin (1 and 3 μg) MAP increased 8.3 ± 2.9% and 7.6 ± 2.1% respectively. The MAP response to these treatments was significantly different from saline (−1.7 ± 1.6%) and leptin (0.3 μg) (−2.4 ± 1.0%) [F(3, 14) = 8.019; p < 0.05]. One-way analysis of MAP prior to and following the first injection (saline) was not statistically different (data not shown).
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FIGURE 4. Nano-injection of leptin into the RVLM increased MAP and RSNA. Nano-injection of leptin (1 and 3 μg; 40 nL) into the RVLM increased MAP (A). Analysis of percent change in MAP was conducted with One-Way ANOVA which compared the MAP at 12 min following injection between each experimental condition (B). Peak response of leptin (1 and 3 μg) was 8.9 ± 2.9% and 7.6 ± 2.1% respectively. The MAP response to these treatments was significantly different from saline (−1.6 ± 1.6%) and leptin (0.3 μg) (−2.4 ± 1.0%). Leptin (1 and 3 μg) increased RSNA (C) 49 and 34%, respectively. (Bonferroni t-tests; *p < 0.05); arrows indicate time of first (−15 min) and second (0 min) injection. Analysis of percent change following the first inject was not statistically different from values obtained prior to the first injection.



A One-Way ANOVA was also conducted to compare the effect of each treatment on the percent change of RSNA. There was a significant effect [F(3, 24) = 7.493; p < 0.05] of leptin (1 and 3 μg) on the percent change of RSNA when compared to saline and leptin (0.3 μg). Leptin (1 and 3 μg) increased RSNA 49 and 34% respectively, whereas saline changed RSNA 1% and leptin (0.3 μg) caused a 12% increase.

Microinjection of rat superactive leptin antagonist (SLAN-4) eliminates leptin-induced increases in MAP and RSNA

The role of leptin receptors within the RVLM as it relates to cardiovascular parameters was assessed using the rat superactive leptin antagonist, SLAN-4. The time course response of MAP after administering leptin and SLAN-4 into the RVLM is presented in Figure 5A. A One-Way ANOVA of peak responses measured at 12 min following the second injection demonstrated a statistically significant effect of treatment [F(3, 16) = 16.64; p < 0.05]. Leptin (3 μg) administration resulted in a 7.6 ± 2.1% increase in MAP while SLAN-4 alone resulted in a 3.6 ± 0.8% decrease at the same time point. When SLAN-4 was administered into the RVLM prior to leptin (3 μg), leptin administration failed to produce an increase in MAP, and a decrease of 3.2 ± 0.6% was observed. 12 min following the second injection, the MAP responses to leptin (3 μg) alone was significantly different from the response to saline, SLAN-4, and SLAN-4 plus leptin (3 μg). The MAP response to SLAN-4 alone and SLAN-4 plus leptin (3 μg) were not significantly different from saline (Bonferroni post-hoc t-tests; p < 0.05) (Figure 5B). A One-Way ANOVA of percent change in RNSA across treatment was statistically significant [F(3, 19) = 8.288; p < 0.05]. Following saline injection, leptin (3 μg) administration resulted in a 34% increase in RNSA while SLAN-4 resulted in a 20% decrease. When SLAN-4 was administered into the RVLM prior to leptin (3 μg), a 13% decrease in RNSA was observed. The change in RNSA in response to leptin (3 μg), SLAN-4, and SLAN-4 plus leptin (3 μg), were all significantly different from saline control injections (Bonferroni post-hoc t-tests; p < 0.05) (Figure 5C).
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FIGURE 5. Nano-injection of rat superactive leptin antagonist (SLAN-4) attenuated the leptin-induced increase in MAP and RSNA and decreased basal RSNA. Time course response of MAP after administering leptin and SLAN-4 into the RVLM is presented in (A). 12 min following the second injection, MAP was increased following saline + leptin relative to saline + saline controls, while saline + SLAN-4 and SLAN-4 + leptin treatment did not significantly alter MAP relative to saline + saline treatment (B). In contrast, saline + leptin treatment caused a significant increase in RNSA, while saline + SLAN-4 and SLAN-4 + leptin treatment caused a significant decrease in RNSA relative to saline + saline controls. (C) (Bonferroni t-tests; *p < 0.05).



DISCUSSION

Our previous work demonstrated the presence of leptin receptor (ObRb) staining on tyrosine hydroxylase positive neurons in the medulla which make up the C1/A1 cell group (Barnes et al., 2010). The current report has built on this observation and further quantified the relative distribution of leptin receptor positive (ObRb+) cells in various nuclei of the ventral medulla. We have demonstrated that the vast majority of ObRb+ cells are present in C1/A1 cell column and this staining extends along the complete anterior to posterior extent of this cell group (Figure 1; Table 1). Several ObRb+ cells were also observed in the caudal raphe, but the relative number of cells present was minor in comparison to C1/A1 cell group. Furthermore, through the use of PRV, a polysynaptic retrograde tracer, we demonstrated that a substantial subpopulation of neurons that express leptin receptors (ObRb) projects to the kidney. We determined that a large percentage of kidney projecting neurons in both the C1/A1 cell group and the A5 cell group express ObRb, approximately 67 and 85% respectively. We quantified additional neurons that had leptin receptors and projected to the kidney in the VMM and caudal raphe, approximately 45 and 22% respectively (Table 1).

As stated previously, the labeling pattern resulting from our renal PRV injections is consistent with a number of previous studies utilizing the same or similar techniques (Strack et al., 1989a; Schramm et al., 1993; Huang and Weiss, 1999; Sly et al., 1999; Weiss et al., 2001). Injections of trans-neuronal tract tracing into the cortex of the kidney have been consistently shown to retrogradely label hindbrain neurons within the RVLM, VMM, A5 cell group, and the caudal raphe. However, our observation that significant subsets of these labeled neurons are ObRb+ is completely novel. Previous studies investigating the phenotype of kidney projecting hindbrain neurons have reported that a subpopulation of these cells express tyrosine hydroxylase (TH), phenylethanolamine-N-methyltransferase (PNMT) and/or 5-hydroxytryptamine (5-HT), i.e., are catecholaminergic, noradrenergic, or serotonergic neurons (Huang and Weiss, 1999). Additionally, it has been shown that a small subset (<15%) of neurons in the ventral hindbrain that projects to the kidney express nitric oxide synthase (nNOS). Further studies will be needed to identify which of these neuronal subpopulations also express ObRb.

Microinjection of leptin into the RVLM, the rostral most subdivision of the C1/A1 which houses neurons associated with control of vasomotor tone and blood pressure (Pilowsky and Goodchild, 2002; Guyenet, 2006), caused an increase in both MAP, approximately 9 mmHg, and RSNA, approximately 50%. Furthermore, when microinjection of leptin (3 μg) was preceded by focal administration of the leptin antagonist, SLAN-4 (1 ng), this leptin mediated cardiovascular response was eliminated. In addition, microinjection of SLAN-4 into the RVLM, with or without leptin co-administration, caused a significant reduction in RSNA, approximately 13 and 20% respectively. The response produced by the highly specific leptin antagonist, SLAN-4, alone suggests that leptin receptor activation in the RVLM has an effect on tonic RSNA activity. These data are the first demonstration that neurons within the RVLM express functional leptin receptors and can respond to leptin by increasing RSNA and mean arterial blood pressure. Taken together, our results suggest that leptin may regulate renal sympathetic tone and ultimately blood pressure by modulating the activity of neurons within the RVLM.

Leptin's influence on cardiovascular dynamics is well established. Intracerebroventricular (ICV) injection of leptin has been shown to increase RSNA and/or MAP in a variety of animal models (Dunbar et al., 1997; Casto et al., 1998; Matsumura et al., 2000; Rahmouni et al., 2003; Rahmouni and Morgan, 2007; Prior et al., 2010). Furthermore, direct microinjection of leptin into discrete hypothalamic nuclei (i.e., ventromedial, dorsomedial, arcuate, and paraventricular nuclei) and the nucleus of the solitary tract (NTS), leads to increases in MAP and RSNA (Marsh et al., 2003; Shih et al., 2003; Montanaro et al., 2005; Rahmouni and Morgan, 2007; Mark et al., 2009; Ciriello and Moreau, 2012). In the majority of these studies, changes in both MAP and RSNA were observed with peak changes observed at approximately 15–25 min post injection. These response dynamics were similar to those observed in the present study (see Figures 4A, 5A). The magnitude of our observed leptin induced changes in MAP were also similar to the above microinjection studies which reported changes in MAP from approximately 8 (Marsh et al., 2003) to 17 mmHg (Shih et al., 2003; Rahmouni and Morgan, 2007), with the exception of Ciriello and Moreau (2012), which reported a maximum increase of approximately 32 mmHg following microinjection into the NTS. In contrast, our leptin mediated increases in RSNA were slightly less than that reported in other microinjection studies, which ranged from approximately 65% (Ciriello and Moreau, 2012) to 110% (Mark et al., 2009). Furthermore, the dose of leptin required for maximal response in both MAP and RSNA in the current study (1 μg) was similar to that reported by Mark et al. (2009) in the NTS, but greater than that required by Ciriello and Moreau (2012) in the NTS (0.1 μg) and other studies utilizing microinjection of leptin (0.02–0.5 μg) in hypothalamic nuclei (Marsh et al., 2003; Shih et al., 2003; Rahmouni and Morgan, 2007). These differences may be caused by the reduced density of ObRb receptors in the RVLM (see Figure 1) relative to NTS (e.g., Barnes et al., 2010) and the hypothalamus (e.g., Zhang et al., 2011).

One of the most intriguing finding in the present study is that pharmacological blockade of leptin receptor signaling in the RVLM via the newly developed leptin antagonist, SLAN-4, lead to decreased MAP and RSNA. SLAN-4 is a rat superactive leptin antagonist with similar properties to the recently developed mouse superactive leptin antagonist (Shpilman et al., 2011). These mutated leptin molecules have been shown to have potent effects on feeding and body weight in vivo (Elinav et al., 2009; Shpilman et al., 2011; Chapnik et al., 2013). These data provides further support to the role of leptin in regulating cardiovascular parameters. Indeed, administering leptin results in a significant increase in blood pressure and renal sympathetic activity. Taken together, our findings suggest that endogenous leptin may act locally at the level of the RVLM to influence blood pressure in the normotensive state.
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