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Abstract 

Adropin is a peptide hormone with cardiovascular and metabolic roles in the periphery, including 

effects on glucose and lipid homeostasis. Central administration of adropin has been shown to 

inhibit water intake in rats; however, the site at which central adropin acts has yet to be elucidated. 

The hypothalamic paraventricular nucleus (PVN), a critical autonomic control center, plays 

essential roles in the control of fluid balance, energy homeostasis and cardiovascular regulation, 

and is therefore a potential target for centrally-acting adropin. In the present study, we used whole-

cell patch-clamp techniques to examine the effects of adropin on the excitability of neurons within 

the PVN. All three neuronal subpopulations (magnocellular, preautonomic, and neuroendocrine) 

in the PVN were found to be responsive to bath-application of 10 nM adropin, which elicited 

responses in 68% of cells tested (n = 57/84). The majority of cells (58%) depolarized (5.2 ± 0.3 

mV; n = 49) in response to adropin, while the remaining responsive cells (10%) hyperpolarized 

(−3.4 ± 0.5 mV; n = 8), effects which were shown to be concentration-dependent. Additionally, 

responses were maintained in the presence of 1 µM tetrodotoxin in 75% of cells tested (n = 9/12), 

and voltage-clamp analysis revealed that adropin had no effect on the amplitude or frequency of 

excitatory or inhibitory postsynaptic currents (EPSCs and IPSCs) in PVN neurons, suggesting the 

peptide exerts direct, postsynaptic actions on these neurons. The electrophysiological effects of 

adropin on PVN neurons appear to be mediated partly by modulation of the transient potassium 

current. Collectively, these findings suggest central adropin may exert its physiological effects 

through direct actions on neurons in the PVN. 
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Chapter 1 

Introduction 

1.1 Fluid and Electrolyte Homeostasis 

Mammals tightly regulate the osmolality of their extracellular fluid (ECF), as perturbations can be 

detrimental to the physical integrity of cells due to changes in cell volume (Steenbergen et al., 1985). This 

danger arises when cells attempt to maintain equilibrium through the movement of water across the plasma 

membrane. Consequently, animals have evolved homeostatic mechanisms to defend against large changes 

in ECF osmolality. These osmoregulatory mechanisms maintain fluid and electrolyte balance to keep ECF 

osmolality near a set-point of ~300 mOsmol/kg. Due to physiological processes that cause variations in 

both water and sodium (Na+) intake and excretion, fluctuations in ECF osmolality are inevitable. Thus, 

mammals must be able to sense plasma osmolality in order to respond to these fluctuations. Indeed, 

specialized sensory neurons known as osmoreceptors have an intrinsic ability to detect and respond to ECF 

osmolality changes (Verney, 1947). Osmoreceptors located in both peripheral and central structures are 

vital for fluid and electrolyte homeostasis. As with many homeostatic mechanisms, the regulation of fluid 

and electrolyte balance is coordinated by centers in the central nervous system (CNS), which act to control 

and regulate peripheral systems, mainly the kidneys. Centrally, it is the production and release of 

vasopressin (VP) that is the major contributor to the maintenance of fluid balance.   

VP is produced and released by a subset of neurons in the paraventricular (PVN) and supraoptic 

(SON) nuclei of the hypothalamus, known as magnocellular (MNC) neurosecretory neurons. VP release is 

stimulated by either increases in plasma osmolality or decreases in plasma volume, which also both 

stimulate thirst (Dunn et al., 1973; Baylis, 1987). VP induces water reabsorption in the kidney by increasing 

the expression and translocation of aquaporin-2 to the apical membrane of the collecting ducts (Nielsen et 

al., 1995). In addition to VP, MNC neurons synthesize and secrete oxytocin (OT), which has also been 

implicated in fluid and electrolyte homeostasis. Hypovolemia produced by injection of polyethylene glycol, 
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or hyperosmolality caused by administration of hypertonic NaCl has been shown to stimulate both VP and 

OT secretion (Stricker & Verbalis, 1986). Additionally, both VP- and OT-secreting MNC neurons respond 

to changes in osmotic pressure, indicating MNC neurons are intrinsically osmosensitive (Brimble & Dyball, 

1977; Oliet & Bourque, 1993). These responses likely involve the activation of a non-selective cationic 

conductance (NSCC) (Qiu et al., 2004). OT is involved in natriuresis, and has been shown to influence 

sodium excretion and increase glomerular filtration rate in the rat kidney to defend against plasma 

osmolality (Verbalis et al., 1991; Conrad et al., 1993). Central OT also mediates the inhibition of salt 

appetite in rats during hyperosmotic conditions (Blackburn et al., 1993). It is clear that both VP and OT 

play essential roles in the maintenance of fluid and electrolyte balance. However, as the PVN lies behind 

the blood-brain barrier (BBB), it cannot directly sense peripheral plasma osmolality. Therefore, it must 

receive this information from structures that can. 

The subfornical organ (SFO) and organum vasculosum laminae terminalis (OVLT) are sensory 

circumventricular organs (CVOs) in the area of the anteroventral third ventricle (AV3V). A third sensory 

CVO, the area postrema (AP), is located in the medulla. CVOs are specialized brain regions that lack a 

normal BBB (Gross, 1992), and can thus directly sense peripheral plasma osmolality. Indeed, both SFO 

and OVLT neurons are intrinsically osmosensitive (Vivas et al., 1990; Anderson et al., 2000). Specifically, 

osmosensitive SFO neurons depolarize or hyperpolarize in response to hyperosmotic or hypoosmotic 

exposure, respectively (Sibbald et al., 1988; Anderson et al., 2000). While OVLT neurons utilize a transient 

receptor potential vanilloid 1 (TRPV1) channel-mediated cascade to depolarize during hypertonic 

conditions (Ciura & Bourque, 2006). Importantly, all three sensory CVOs send neuronal projections to the 

PVN (Miselis, 1981; Lind et al., 1982; Shapiro & Miselis, 1985; Larsen & Mikkelsen, 1995). Furthermore, 

lesion of the AV3V impairs the electrophysiological activity of MNC neurons in response to osmotic stimuli 

(Honda et al., 1989), further implicating the SFO and OVLT as structures that provide plasma osmolality 

information to the PVN. In addition to the SFO and OVLT, the AP is also involved in osmoregulatory 

processes. Fos immunoreactivity is increased in the AP following stimulation of hepatoportal 
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osmoreceptors (Osborn et al., 2000). This information is likely relayed to the PVN to influence 

neurohypophyseal hormone secretion, as ablation of the AP abrogates neurohypophysial VP and OT 

secretion in response to a hypertonic NaCl load or water deprivation (Arima et al., 1998; Huang et al., 

2000). Altogether, it is clear that the sensory CVOs, along with the PVN, are crucial components of the 

regulatory mechanisms that maintain fluid and electrolyte homeostasis.  

1.2 The Paraventricular Nucleus of the Hypothalamus  

In addition to its role in fluid and electrolyte homeostasis, the PVN is also an essential component 

in the regulation of energy balance (Swanson & Sawchenko, 1980) and cardiovascular function (Coote, 

1995). Three subpopulations of neurons exist within the PVN, the MNC neurosecretory, parvocellular 

neuroendocrine (NE), and parvocellular preautonomic (PA) neurons. The PVN of the rat contains an 

estimated 10,000 cells, of which the majority (~7,000) are part of the parvocellular division and ~2,000 are 

part of the MNC division (Rhodes et al., 1981; Swanson & Sawchenko, 1983). In addition to these neuronal 

subtypes, the PVN contains a large population of interneurons that are vital for inter-nucleus integration 

(Daftary et al., 1998). Within the nucleus itself are mainly glutamatergic interneurons (Boudaba et al., 

1996; Daftary et al., 1998), while GABAergic interneurons reside in the halo zone surrounding the PVN 

(Roland & Sawchenko, 1993). This bilateral nucleus, positioned adjacent to the dorsal portion of the 3rd 

ventricle, is situated in a location that is ideal for receiving afferent inputs from, and sending efferent 

projections to, various areas around the CNS. Together, the location and neuronal heterogeneity of the PVN 

are aspects of this nucleus that allow it to act as a central integration center for homeostatic processes. 

1.2.1 Afferent projection to the PVN 

As the PVN is a major site of integration within the brain, it receives abundant afferent projections 

from various areas around the CNS. Many studies utilizing autoradiographic retrograde and anterograde 

tracing techniques have demonstrated inputs from additional hypothalamic and extrahypothalamic areas, 

as well as the brainstem. Inputs are received from most sites in the hypothalamus, including the arcuate 

(ARC), suprachiasmatic, ventromedial, and dorsomedial nuclei (Sawchenko & Swanson, 1983; Buijs et al., 
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1984), as well as the anterior, posterior, and lateral hypothalamic areas (Sawchenko & Swanson, 1983). 

Inputs from extrahypothalamic sites include all three sensory CVOs, the SFO (Miselis, 1981; Lind et al., 

1982), OVLT (Sawchenko & Swanson, 1983; Larsen & Mikkelsen, 1995), and AP (Shapiro & Miselis, 

1985). Extensive catecholaminergic projections to the PVN from the brainstem are comprised of the 

noradrenergic A1 and adrenergic C1 cell groups of the ventrolateral medulla, and the noradrenergic A2 cell 

group of the caudal portion of the nucleus tractus solitarius (NTS) (Swanson & Sawchenko, 1980; Larsen 

& Mikkelsen, 1995). Additionally, PVN neurons also receive dopaminergic innervation (Buijs et al., 1984; 

Decavel et al., 1987). 

1.2.2 Neuronal subtypes of the PVN 

The PVN can be divided into distinct cell groups based on cell morphology, location, efferent 

projections, molecular phenotype, and electrophysiological characteristics. Morphologically, the PVN 

consists of two cellular divisions, larger MNC neurons with soma diameters of 20–30 µm, and smaller 

parvocellular neurons with soma diameters of 10–25 µm (Swanson & Sawchenko, 1983; Tasker & Dudek, 

1991). Parvocellular neurons are further characterized as either NE or PA based on the location of their cell 

body within the PVN and the efferent projection of their axon (Swanson & Sawchenko, 1983). These three 

populations of neurons (MNC neurosecretory, parvocellular NE, and parvocellular PA) are considered the 

three main neuronal subpopulations of the PVN. Extensive research has gone into developing methods to 

identify and distinguish these subpopulations from one another; the most common method used is based on 

each neuron’s ‘electrophysiological fingerprint’ (Tasker & Dudek, 1991; Luther et al., 2002). MNC neurons 

express a large transient (A-type) K+ current (IA) that is responsible for a transient outward rectification and 

leads to a delayed return to baseline following a hyperpolarizing pulse, as well as a delayed onset to the 

first action potential (Tasker & Dudek, 1991; Li & Ferguson, 1996). In PA neurons, the activation of a T-

type Ca2+ current causes the production of low-threshold calcium spikes, and a strong inward rectification 

that is caused by a hyperpolarization-activated current (Stern, 2001; Luther et al., 2002). NE neurons lack 

any previously described electrophysiological characteristics, and this absence is used to identify these 
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neurons (Stern, 2001; Luther et al., 2002). While studies have tried to further differentiate MNC neurons 

as either VP- or OT-secreting based on electrophysiological characteristics (Stern & Armstrong, 1995; 

Hirasawa et al., 2003), these methods remain controversial (Li et al., 2007; da Silva et al., 2015). However, 

these three subpopulations are further characterized into individual cell populations based on their 

molecular phenotype. 

1.2.3 Magnocellular neurons  

The MNC neurosecretory neurons synthesize and secrete the nonapeptides, OT and VP, whose 

structures differ by only two amino acids. OT and VP are synthesized in the cell body of MNC neurons 

from virtually identical prohormones, the only difference being the addition of a glycopeptide domain on 

the C-terminus of the VP prohormone (de Bree, 2000). The prohormone is immediately packaged into 

secretory granules at the Golgi apparatus, and undergoes posttranslational processing during axonal 

transport to become the active peptide (Brownstein et al., 1980; de Bree, 2000). At the same time, the 

neurophysin, a cleavage fragment of the prohormone, condenses into an insoluble aggregate and the 

secretory granule matures into a dense-core vesicle (de Bree, 2000). While it was originally thought that 

these peptides are produced in mutually exclusive neurons (Mohr et al., 1988), it is now fully accepted that 

individual MNC neurons normally coexpress both OT and VP, and it is the relative expression of each 

peptide that determines the neuronal phenotype (Glasgow et al., 1999; Xi et al., 1999). 

The cell bodies of MNC neurons reside mainly in the lateral portion of the rostral PVN (Swanson 

& Sawchenko, 1983), as well as in the SON. The axons of MNC neurons descend the hypothalamic-

hypophyseal tract of the infundibulum and terminate at the posterior pituitary gland (Swanson & Kuypers, 

1980; Swanson & Sawchenko, 1983), where each axon then gives rise to thousands of axon swellings and 

terminals (Tweedle et al., 1989). Exocytosis of the peptide-containing large dense-core vesicles occurs 

upon spike invasion, after which their contents are released into the general circulation via the capillary 

plexus. Another major aspect of MNC neuron signaling is somatodendritic release of dense-core vesicles, 

containing not only the principal transmitter (VP or OT), but also their receptors and additional small-
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molecule neuropeptides (Brown et al., 1982; Eriksson et al., 1996; Ludwig & Leng, 2006). This 

phenomenon provides a mechanism of autocrine feedback and contributes to overall peptide release at the 

axon terminal by modulating aspects of phasic activity, adding an additional layer of complexity to 

neuropeptide signaling (Ludwig & Leng, 2006; Nusbaum et al., 2017). 

1.2.4 Parvocellular neuroendocrine neurons 

The NE neurons of the PVN are located in the periventricular and dorsal regions of the medial 

parvocellular division of the nucleus, near the border of the 3rd ventricle (Luther et al., 2002), and project 

to the external lamina of the median eminence (Wiegand & Price, 1980). NE neurons produce 

hypophysiotropic releasing and inhibiting hormones, including corticotropin-releasing hormone (CRH), 

thyrotropin-releasing hormone (TRH), growth hormone-releasing hormone (GHRH), and somatostatin 

(Swanson & Sawchenko, 1980, 1983; Merchenthaler et al., 1984). From the median eminence, these 

hormones enter the primary capillary plexus of the hypophyseal portal system, then travel down the portal 

veins until they reach the anterior pituitary. In contrast to the posterior pituitary, which does not produce 

any hormones, the anterior pituitary contains endocrine cells that synthesize and secrete hormones. The 

release of these hypophyseal hormones is regulated by the hypophysiotropic hormones secreted by NE 

neurons. Additional peptides, including OT, VP, and dopamine, are coexpressed in NE neurons with these 

releasing and inhibiting hormones and act to modulate their overall effects (Sawchenko et al., 1984).  

1.2.5 Parvocellular preautonomic neurons 

PA neurons are the non-neurosecretory parvocellular neurons of the PVN that project centrally, 

mainly to autonomic centers in the brainstem and spinal cord (Swanson & Kuypers, 1980; Sawchenko & 

Swanson, 1982). Specifically, PA neurons innervate the NTS (Kannan & Yamashita, 1985), the 

dorsomedial and rostral ventrolateral medullae, and the intermediolateral cell column (IML) of the spinal 

cord (Sawchenko & Swanson, 1982; Tucker & Saper, 1985). The cell bodies of PA neurons are located 

mainly in the dorsal parvocellular division and ventral region of the medial parvocellular division of the 

PVN (Luther et al., 2002). PA neurons synthesize and secrete the same hormones produced by MNC and 
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NE neurons, including VP, OT, CRH, and TRH (Swanson & Sawchenko, 1983; Owens & Nemeroff, 1991; 

Arancibia et al., 1996). However, instead of being secreted into the peripheral circulation to act as classical 

hormones, these peptides act as neuromodulators to influence central autonomic processes, and are involved 

in the regulation of thermogenesis, stress, and cardiovascular function (Swanson & Sawchenko, 1983; 

Owens & Nemeroff, 1991; Arancibia et al., 1996).  

1.3 Molecular Phenotypes of PVN Neurons 

1.3.1 Vasopressin 

VP (also referred to as arginine VP or antidiuretic hormone) is one of the nonapeptides produced 

and secreted by MNC neurons. VP’s main function is its aforementioned role in fluid balance. Under basal 

conditions, circulating VP concentrations in the plasma are ~1–3 pg/mL, which leads to renal reabsorption 

of ~30 L of water per day in humans (Verbalis, 2003). VP has three receptor subtypes, V1A (V1), V1B (V3), 

and V2, all of which are G protein-coupled receptors (GPCRs) (Gimpl & Fahrenholz, 2001; Manning et al., 

2008). The V2 receptor is responsible for VP’s effect on fluid balance, as it is located in the collecting duct 

of the kidney and facilitates the insertion of aquaporin-2 (Marples et al., 1999). The expression of V1A 

receptors in vascular smooth muscle mediate a vasoconstrictor effect of VP during hypotensive or 

hypovolemic stimuli (Holmes et al., 2001). Finally, V1B receptors are localized primarily to the anterior 

pituitary, where they are involved in VP-mediated adrenocorticotropic hormone (ACTH) secretion 

(Antoni et al., 1984; Aguilera et al., 2008). 

As discussed previously, neurohypophyseal VP is produced and secreted by MNC neurons of the 

PVN and SON. However, PA neurons also utilize VP, with up to 40% of spinally-projecting PA neurons 

being VPergic (Hallbeck & Blomqvist, 1999). These centrally-projecting VP neurons are involved in 

cardiovascular function (Berecek & Swords, 1990; Poulin et al., 1994) and stress (Swanson & Sawchenko, 

1983; Aguilera et al., 2008). VP is also an endogenous antipyretic that acts within the ventral septal area 

and likely originates from the PVN (Disturnal et al., 1986; Pittman & Wilkinson, 1992). Additionally, 

intracerebroventricular (ICV) administration of VP increases social interaction and the development of 
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partner preferences in male and female prairie voles; these effects are blocked by pretreatment with a V1A 

antagonist (Cho et al., 1999). There is evidence that this VP-mediated pair-bonding behavior may also 

occur in humans (Walum et al., 2008). 

1.3.2 Oxytocin  

OT has been coined the “quick birth” hormone and is best known for its role in inducing uterine 

contractions and milk letdown during suckling (Gimpl & Fahrenholz, 2001). Plasma OT levels rise 

progressively throughout pregnancy (de Geest et al., 1985), and facilitate uterine contractions following a 

significant increase in OT receptor concentration in the uterus (Fuchs et al., 1984). As the uterus contracts, 

OT neurons increase their firing rate (Douglas et al., 2001), further increasing OT secretion in a positive 

feedback mechanism known as the Ferguson reflex (Ferguson, 1941). However, many studies have 

implicated OT in additional physiological roles. As discussed above, OT is involved in the regulation of 

fluid and electrolyte homeostasis, mainly through its effects on Na+ reabsorption in the kidney (Conrad et 

al., 1993). ICV administration of OT dose-dependently inhibits both food and water intake in rats (Arletti 

et al., 1990), suggesting an effect on feeding behavior. Like VP, OT and its receptor have also been 

implicated in social interaction and partner preferences in prairie voles (Cho et al., 1999). Furthermore, OT 

reduces amygdala activation following threatening stimuli (Kirsch et al., 2005), further suggesting OT has 

a role in social behavior. Finally, there is evidence that OT is involved in cardiovascular regulation, as 

peripheral administration of OT decreases blood pressure in rats (Petersson et al., 1996), and a reduction in 

the expression of OT mRNA in the SON and PVN leads to the development hypertension (van Tol et al., 

1988).  

The structure of OT is similar to that of VP; both are nonapeptides synthesized from similar 

prohormones in MNC neurons; however, OT contains an isoleucine and leucine at positions 3 and 8, 

respectively (Gimpl & Fahrenholz, 2001). Unlike VP, which has three receptor subtypes, there is only a 

single OT receptor (OXTR) (Rozen et al., 1995). OT receptors are located throughout the periphery, 

including in the uterus, mammary tissue, testis, kidney, and heart (Gimpl & Fahrenholz, 2001). Centrally, 
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OXTR is localized to both neurons and astrocytes (Di Scala-Guenot & Strosser, 1995) in the hypothalamus, 

brainstem, olfactory system, and cortical areas (Gimpl & Fahrenholz, 2001). The central effects of OT are 

similar to its peripheral effects (Gimpl & Fahrenholz, 2001), and also include an analgesic effect (Caldwell 

et al., 1987). Central OT-mediated effects on cardiovascular function and feeding behavior are likely 

mediated through projections to the dorsal brainstem (Sofroniew, 1980; Martins et al., 2005). 

1.3.3 Corticotropin-releasing hormone 

At the apex of the hypothalamic-pituitary-adrenal (HPA) axis are the CRH-producing NE neurons 

of the PVN, an integral component of the neuroendocrine response to stress. Acute stress causes an increase 

in the release of CRH from NE neurons into the median eminence, stimulating the secretion of ACTH from 

the anterior pituitary, leading to a subsequent increase in glucocorticoids (Owens & Nemeroff, 1991; 

Charmandari et al., 2005). CRH was first isolated and characterized in 1981 by Vale and colleagues (1981), 

who started with a side fraction of nearly 500,000 fragments of ovine hypothalamus for purification. 

Eventually, CRH was elucidated as a 41 amino acid peptide (Vale et al., 1981), and is now known to be 

derived from a precursor protein of 196 amino acids (Shibahara et al., 1983). In mammals, the effects of 

CRH are mediated through two GPCRs, CRH-R1 and CRH-R2 (Chen et al., 1993; Perrin et al., 1995). 

Rodents express two splice variants of CRH-R2, CRH-R2α and CRH-R2β, both of which are localized to 

the brain, while the latter variant is also expressed in peripheral tissues (Chalmers et al., 1995; Lovenberg 

et al., 1995; Perrin et al., 1995). However, it is CRH-R1 that is predominantly expressed in the pituitary 

and mediates the secretion of ACTH (Potter et al., 1994; Chalmers et al., 1995). CRH receptors also bind 

a family of endogenous CRH-like peptides, known as the urocortins (I-III), with varying affinities (Vaughan 

et al., 1995; Lewis et al., 2001; Reyes et al., 2001). Urocortin I binds to both CRH receptors with a higher 

affinity than CRH, and serves as a potent ACTH secretagogue (Vaughan et al., 1995; Donaldson et al., 

1996). Urocortin II and III are selective agonists of CRH-R2, and thus do not contribute to ACTH secretion 

(Lewis et al., 2001; Reyes et al., 2001).  
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The majority of CRH-containing cells projecting to the median eminence arise from the 

parvocellular division of the PVN (Swanson et al., 1983). However, a subset of CRH neurons, including 

PA neurons originating in the PVN, project centrally (Swanson et al., 1983; Sawchenko, 1987; Owens & 

Nemeroff, 1991). In addition to its major role in the stress response, CRH release from these centrally-

projecting neurons is involved in regulating autonomic function, energy homeostasis, and immune function 

(Brown et al., 1982; Owens & Nemeroff, 1991; Charmandari et al., 2005). Major CNS components, 

including the mesocorticolimbic system, the amygdala-hippocampus complex, and the hypothalamic 

proopiomelanocortin (POMC) neuronal system, are all influenced by stress and reciprocally affect the 

activity of the stress system (Charmandari et al., 2005). ICV administration of CRH or the urocortins 

decreases food intake in rats (Spina et al., 1996; Ohata & Shibasaki, 2004), including direct injection of 

urocortin I into the PVN, likely mediated through CRH-R2 (Currie et al., 2001). Additionally, urocortin II 

and III modulate the effect of CRH on motor activity (Ohata & Shibasaki, 2004). 

1.3.4 Thyrotropin-releasing hormone 

TRH is a small amidated peptide comprised of three amino acids, derived from the posttranslational 

cleavage of a larger precursor molecule, pro-TRH (Nillni & Sevarino, 1999). TRH is widely expressed 

throughout the CNS, and thus is involved in multiple physiological functions (Lechan & Segerson, 1989; 

Nillni & Sevarino, 1999). However, it is TRH production and secretion from NE neurons of the PVN that 

is involved in controlling the release of thyroid-stimulating hormone (TSH) from the anterior pituitary 

(Lechan et al., 1980). Thus, like CRH neurons, the hypophysiotropic TRH neurons in the PVN are critical 

components of their own axis, the hypothalamic-pituitary-thyroid (HPT) axis. NE neurons release TRH at 

the median eminence, where this peptide enters the hypophyseal portal system to reach the anterior 

pituitary. Here, TRH stimulates the release of TSH and prolactin from pituitary thyrotrophs and lactotrophs, 

respectively (Gershengorn, 1986; Toni & Lechan, 1993). TSH then stimulates the release of thyroxine (T4) 

and triiodothyronine (T3) into the general circulation from the thyroid gland. These thyroid hormones act 

to control metabolic functions. Additionally, thyroid hormones decrease TRH mRNA expression in the 
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PVN and TSH secretion from thyrotrophs through a negative feedback mechanism (Koller et al., 1987; 

Kakucska et al., 1992).  

In addition to its hypophysiotropic function in controlling the HPT axis, extra-hypophysiotropic 

TRH is involved in regulating thermogenesis, energy homeostasis, locomotor activity, and autonomic 

function (Nillni & Sevarino, 1999; Lechan & Fekete, 2006). A main source of this TRH is from the 

centrally-projecting PA neurons of the PVN (Wittmann et al., 2009). Central administration of TRH reduces 

food intake (Vijayan & McCann, 1977; Suzuki et al., 1982). Indeed, TRH PA neurons send and receive 

reciprocal connections from agouti-related protein/neuropeptide Y (NPY) and α-melanocyte-stimulating 

hormone/cocaine- and amphetamine-regulated transcript (CART) neurons of the ARC (Legradi & Lechan, 

1999; Fekete et al., 2000; Lechan & Fekete, 2006; Wittmann et al., 2009), an area with a well-documented 

role in feeding behavior. TRH also acts to increase thermogenesis, independently of increases in circulating 

thyroid hormones (Arancibia et al., 1996; Lechan & Fekete, 2006). TRH gene expression is elevated 

throughout the PVN following cold exposure, suggesting these neurons may mediate the thermogenic effect 

of TRH (Sanchez et al., 2001). Additionally, TRH increases sympathetic activity to produce a pressor 

response mediated by TRH receptors in the IML (Helke & Phillips, 1988; Backman et al., 1990), an area 

in which PA neurons innervate (Tucker & Saper, 1985). 

1.3.5 Coexpression and release of additional peptides 

Like most CNS neurons, many PVN neurons coexpress and release peptides in addition to their 

principal phenotypic hormone. These co-released peptides play important roles in fine-tuning the overall 

effect of the principal hormone, as well as regulating the overall effect under different physiological 

conditions. For instance, under control conditions, VP is coexpressed in 50% of the axons of CRH neurons 

in the median eminence (Whitnall et al., 1987); however, following repeated stress, 90% of nerve terminals 

are positive for VP (Bartanusz et al., 1993). VP co-released from CRH neurons acts synergistically with 

CRH to regulate ACTH secretion (Gillies et al., 1982), while OT has been shown to have the opposite effect 

(Legros et al., 1984). In VP MNC neurons, the κ-opioid peptide, dynorphin, is coexpressed in the same 
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large dense-core vesicles as VP (Whitnall et al., 1983). Activity-dependent somatodendritic release of these 

vesicles leads to modulation of VP neuron activity by dynorphin via inhibition of plateau potentials (Brown 

et al., 2007). Finally, in hypophysiotropic TRH neurons, coexpression of CART regulates prolactin 

secretion from the anterior pituitary by inhibiting TRH-induced prolactin release (Raptis et al., 2004).  

1.4 Adropin 

Adropin was first described in 2008, when Kumar and colleagues (2008) observed that the 

transcript for adropin, the energy homeostasis-associated (Enho) gene, was downregulated in the liver of 

melanocortin-3 receptor-deficient obese mice. This reduction was found to be a secondary effect of obesity, 

as prevention of obesity by caloric restriction normalized liver Enho expression (Kumar et al., 2008). 

Subsequent experiments revealed liver Enho expression is correlated with nutritional status, being 

suppressed during fasting and stimulated during feeding (Kumar et al., 2008). Furthermore, the 

macronutrient composition of the diet during feeding also affects expression, with higher levels of the 

transcript found in mice fed a high-fat diet (HFD) compared to a low-fat (high-carbohydrate) diet (Kumar 

et al., 2008). Further analysis revealed adropin to be a secreted peptide conserved among mammals, 

consisting of 76 amino acids with a cleavage site between residues 33 and 34 (Kumar et al., 2008). Later 

studies determined that serum adropin levels follow a similar pattern of regulation by macronutrients as 

liver Enho expression in both mice (Ganesh Kumar et al., 2012) and humans (St-Onge et al., 2014; Butler 

et al., 2015; Stevens et al., 2016). 

Consistent with the role of adropin in energy homeostasis, this peptide has been associated with 

glucose tolerance, adiposity, and insulin resistance. Adropin-transgenic mice challenged with a HFD have 

attenuated weight gain with a concomitant improvement in glucose tolerance (Kumar et al., 2008). 

Additionally, diet-induced obese (DIO) mice treated with synthetic adropin have reduced food intake, 

weight loss, reduced fasting insulin, and improved hepatic steatosis (Kumar et al., 2008). Conversely, 

adropin-deficient mice have increased adiposity, and exhibit hyperinsulinemia and hypertriglyceridemia 

when fasted (Ganesh Kumar et al., 2012). Interestingly, adropin-deficiency does not affect DIO, but is 
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associated with more severe glucose tolerance and hepatic steatosis in DIO animals (Ganesh Kumar et al., 

2012). Activation of liver X receptor α (LXRα), a nuclear receptor involved in carbohydrate and lipid 

metabolism (Kalaany & Mangelsdorf, 2006), reduces the expression of liver Enho mRNA, suggesting a 

role of adropin in substrate metabolism (Kumar et al., 2008). Lifelong caloric restriction in mice is 

associated with an initial decrease in plasma adropin concentration after only 4 weeks, followed by a 

significant increase after 74 weeks of caloric restriction (Kuhla et al., 2014). These mice also exhibit 

reduced lipogenesis and decreased mRNA expression of LXRα (Kuhla et al., 2014), further linking LXRα 

to adropin regulation. A potential role of adropin in fuel selection preference in skeletal muscle was 

described by Gao et al. (2014; 2015). They proposed that adropin activates pyruvate dehydrogenase in the 

fed state to enhance glucose oxidation (Gao et al., 2014), and in addition to enhancing glucose tolerance 

and ameliorating insulin resistance in DIO mice, adropin also promotes glucose utilization over fatty acid 

in skeletal muscle fuel selection, again through enzymatic regulation (Gao et al., 2015). 

1.4.1 Expression of adropin/Enho 

The original study identifying adropin observed abundant expression of Enho mRNA in liver and 

whole brain of mice and humans (Kumar et al., 2008). In situ hybridization revealed Enho mRNA 

expression in many areas of the mouse mid and hindbrain, including the AP, dorsal vagal complex, dorsal 

premammillary nucleus, tegmental nucleus, and medial habenula (Kumar et al., 2008). Later studies 

confirmed the expression of adropin in rat liver and brain, and observed additional expression in the 

pancreas, kidney, and heart (Aydin et al., 2013). As mentioned previously, serum adropin levels vary 

depending on the nutritional state and macronutrient content of the diet. In chow-fed mice, serum adropin 

averages 15 ng/mL, and drops to 1–2 ng/mL during fasted conditions (Ganesh Kumar et al., 2012). When 

lean mice are fed a HFD, serum adropin can reach over 20 ng/mL (Ganesh Kumar et al., 2012). In humans, 

baseline adropin levels are between 3–5 ng/mL (Wu et al., 2014; Yu et al., 2014; Butler et al., 2015; Stevens 

et al., 2016), and also decrease to 1–2 ng/mL during fasted conditions (St-Onge et al., 2014). 

1.4.2 Adropin and cardiovascular function 



 

14 

 

In addition to its role in energy homeostasis, adropin has also been implicated in cardiovascular 

function. Due to the relationship between diabetes and vascular function, Lovren and colleagues (2010) 

were the first to investigate the effects of adropin on endothelium. Human umbilical vein endothelial cells 

(HUVECs) treated with adropin exhibited greater proliferation, migration, and capillary-like tube formation 

than vehicle-treated controls (Lovren et al., 2010). Adropin also stimulated nitric oxide (NO) release and 

induced endothelial NO synthase (eNOS) phosphorylation in HUVECs via upregulation of vascular 

endothelial growth factor receptor 2 (VEGFR2) (Lovren et al., 2010). These results provided a novel role 

for adropin in mediating vascular function, and suggest this peptide may exert an endothelial protective 

role. 

Many studies have demonstrated an association between plasma adropin levels and cardiovascular 

abnormalities. Plasma adropin levels are positively correlated with flow-mediated dilation values in patients 

with type 2 diabetes, indicating that diabetic patients with endothelial dysfunction have decreased plasma 

adropin levels (Topuz et al., 2013). This is consistent with the finding that NO, whose production is 

stimulated by adropin, is an essential mediator of flow-mediated dilation (Joannides et al., 1995). Similarly, 

Wu and colleagues (2014) observed decreased plasma adropin levels in patients with type 2 diabetes. 

Furthermore, in both diabetic and non-diabetic patients, decreased circulating adropin is associated with 

increased severity of coronary atherosclerosis (Wu et al., 2014). In addition to endothelial dysfunction, 

plasma adropin concentrations are also decreased in patients with coronary artery disease (Zhang et al., 

2014; Zhao et al., 2015), and is associated with acute myocardial infarction in these patients (Yu et al., 

2014), likely due to more severe coronary atherosclerosis. Together, these findings suggest adropin may be 

a novel biomarker for cardiovascular dysfunctions. 

1.4.3 The adropin receptor 

A study by Stein and colleagues (2016) utilized a “deductive reasoning strategy” that matches 

ligands to candidate orphan GPCRs. Their experiments revealed that adropin likely signals through GPR19 

(Stein et al., 2016). Initial expression studies on GPR19 using Northern blot analysis found mRNA 
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distribution in multiple brain areas of both human and rat tissue, including the cerebellum, cortex, 

hippocampus, and hypothalamus (O'Dowd et al., 1996). A later study utilizing in situ hybridization 

confirmed the expression of GPR19 in these same areas of the mouse brain (Hoffmeister-Ullerich et al., 

2004). Microarray analysis has revealed the presence of Gpr19 transcripts specifically in the PVN of the 

rat (Hindmarch et al., 2006). Additionally, knockdown of GPR19 mRNA levels in the medial basal 

hypothalamus, which contains the PVN, attenuates an adropin-mediated inhibition of water intake in 

overnight water-deprived rats (Stein et al., 2016), suggesting adropin signaling via GPR19 in the PVN may 

be responsible for this effect on water intake. 

Before the discovery of adropin, an initial study utilized a transcription-based reporter assay to 

determine which signal transduction pathway the still orphaned GPCR, GPR19, likely uses; the experiments 

suggested that GPR19 is likely Gi-coupled (Bresnick et al., 2003). Gi-coupled signaling is mainly 

associated with the inhibition of the cAMP-dependent pathway via inhibition of adenylate cyclase activity 

(Limbird, 1988). Indeed, a recent study confirmed Gi-coupling of GPR19 after observing a decrease in 

cAMP accumulation in HEK-293 cells expressing GPR19 following treatment with an adropin lysate (Rao 

& Herr, 2017). These experiments also provided direct evidence of receptor activation by adropin (Rao & 

Herr, 2017). GPR19 has sequence similarities to the NPY and dopamine D2 receptors (O'Dowd et al., 1996), 

which also both couple to the Gi subunit (Michel et al., 1998; Ma'ayan et al., 2009), further suggesting 

GPR19 utilizes this subunit as well. 

1.4.4 Central signaling of adropin 

As mentioned previously, both adropin and its receptor, GPR19, have abundant expression 

throughout the CNS. However, to date, the only physiological function of adropin in the brain is the 

aforementioned inhibition of water intake (Stein et al., 2016). ICV administration of adropin into the lateral 

ventricle decreases both ad libitum water intake and water intake in response to overnight water deprivation 

(Stein et al., 2016). This effect on water intake is likely mediated via GPR19 in the PVN, as knockdown of 

this receptor in the medial basal hypothalamus attenuates this inhibitory effect (Stein et al., 2016). 
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Furthermore, microarray analysis has revealed both Enho and Gpr19 transcripts in the PVN of the rat 

(Hindmarch et al., 2006), further implicating this nucleus as a potential site of action for adropin. As the 

PVN is a central regulator of energy homeostasis, fluid balance, and cardiovascular function, and adropin 

is involved in these same physiological processes both peripherally and centrally, it is likely that this 

nucleus is a site of action for central adropin.  

1.5 Statement of Problem 

As the majority of adropin studies have focused on the peripheral effects of the peptide, information 

on the effects of adropin in the CNS is lacking. The specific site of action for adropin in the brain has not 

yet been confirmed. Based on what is known, the PVN appears to be a likely candidate as a central site of 

action for this peptide. The expression of the putative adropin receptor in the PVN, the integrative capacity 

of this nucleus, and its involvement in controlling homeostatic processes support this idea. We have used 

electrophysiological techniques to investigate the actions of adropin in the PVN. Our experiments were 

designed to test the following hypotheses: 

1. Adropin influences the excitability of PVN neurons from all three subpopulations. 

2. Adropin elicits direct effects on PVN neurons. 

3. Adropin modulates the activity of PVN neurons through actions on membrane currents. 

4. The electrophysiological effects of adropin on PVN neurons are mediated by modulation of a K+ 

conductance.  
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Chapter 2 

Materials and Methods 

2.1 Animals 

Male Sprague-Dawley rats (Charles River, Quebec, Canada) aged postnatal day 21‒28 

(approximately 50‒100 g) were used for all experiments in this study. Animals were housed in a room 

maintained at 22°C under a 12:12 h light-dark cycle and provided food and water ad libitum. All animal 

protocols conformed to the standards of the Canadian Council on Animal Care and were approved by the 

Queen's University Animal Care Committee (protocol number: 2013-032). 

2.2 Slice Preparation 

Hypothalamic slices were prepared daily from unanesthetized rats. Rats were decapitated and their 

brains quickly removed and immersed in ice-cold (0‒4°C) slicing solution consisting of the following (in 

mM): 87 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 glucose and 75 sucrose, 

bubbled with 95% O2/5% CO2. The brain was blocked and 300 µm coronal slices containing the PVN were 

cut using a vibratome (VT1000 S; Leica, Nussloch, Germany). Slices were then incubated at 32°C for a 

minimum of 1 h in artificial cerebrospinal fluid (aCSF) consisting of the following (in mM): 124 NaCl, 2.5 

KCl, 20 NaHCO3, 2 CaCl2, 1.3 MgSO4, 1.24 KH2PO4 and 10 glucose, bubbled with 95% O2/5% CO2. 

2.3 Electrophysiology 

Brain slices were transferred to a recording chamber continuously perfused with carbogenated 

(95% O2/5% CO2) aCSF heated to 32°C at a rate of 1.5‒2 mL/min. PVN neurons were visualized using a 

40× water-immersion objective mounted on an upright microscope fitted with infrared differential 

interference contrast optics (Scientifica, East Sussex, UK). Patch electrodes were fabricated from 

borosilicate glass (World Precision Instruments, Sarasota, FL) and pulled on a micropipette puller (P-97; 

Sutter Instrument Co., Novato, CA) to resistances between 2.5‒5 MΩ when filled with the intracellular 

solution consisting of the following (in mM): 125 potassium gluconate, 10 KCl, 2 MgCl2, 0.1 CaCl2, 5.5 
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EGTA, 10 HEPES, 2 NaATP and adjusted to pH 7.2 with KOH (free [Ca2+], 4.9 nM). For voltage-clamp 

recordings of inhibitory postsynaptic currents (IPSCs), 140 mM KCl was substituted for potassium 

gluconate. Following establishment of a high-resistance seal (minimum 1 GΩ), a brief pulse of suction was 

applied to rupture the membrane and obtain whole-cell access. Whole-cell recordings were obtained using 

a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 2.4 kHz and acquired at a 

sampling rate of 10 kHz using a Micro1401 mk II interface and Spike2 software (Cambridge Electronic 

Design Ltd., Cambridge, UK) for offline analysis. PVN neurons were characterized based on their 

electrophysiological fingerprint in response to a standard current pulse protocol (Tasker & Dudek, 1991). 

Neurons that expressed a large A-current were classified as MNC (Tasker & Dudek, 1991), those that 

expressed low-threshold calcium spikes as PA (Stern, 2001), and those that did not express either of these 

characteristics as NE (Luther et al., 2002). To determine the effect of adropin on the excitability of PVN 

neurons, adropin was bath-applied to cells for 120 s. A neuron was classified as being responsive to adropin 

in the current-clamp configuration if the change in membrane potential in any single 100 s period after 

adropin administration, was at least twice the amplitude of the standard deviation of the baseline membrane 

potential obtained during the 100 s period immediately prior to peptide application. A calculated liquid 

junction potential of 15 mV (for the potassium gluconate-based intracellular solution) has been subtracted 

from all reported membrane potentials. The same criteria as described above was used for analyzing whole-

cell currents in the voltage-clamp configuration. Series resistance was monitored throughout the 

experiments; recordings in which the series resistance changed by >20% were discarded. 

2.3.1 Measurement of postsynaptic currents 

Postsynaptic currents [excitatory postsynaptic currents (EPSCs) and IPSCs] were recorded in the 

voltage-clamp configuration at a holding potential of −60 mV. Clamping the membrane at −60 mV 

eliminated Cl−-mediated currents (when using the potassium gluconate-based intracellular solution) to 

ensure that IPSCs were not present during EPSC recordings. The high Cl− intracellular solution used to 

measure IPSCs lead to a more positive reversal potential for Cl−, causing IPSCs to be measured as inward 
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currents at −60 mV.   Miniature postsynaptic currents (mEPSCs and mIPSCs) were recorded in the presence 

of 1 µM tetrodotoxin (TTX). (m)IPSCs were isolated by application of the broad-spectrum glutamate 

receptor antagonist, kynurenic acid (KA, 1 mM). Administration of KA and KA + bicuculline methiodide 

(BMI, 10 µM) at the end of EPSC and IPSC recordings, respectively, successfully abolished all postsynaptic 

events (data not shown). (m)EPSCs and (m)IPSCs were analyzed using Mini Analysis Program 6.0.7 

(Synaptosoft Inc., Decatur, GA). Events were quantified based on shape (fast rising phase followed by slow 

exponential decay) and amplitude (threshold defined as four times the baseline electrical noise of each 

recording). Each detected event was inspected visually to exclude obvious false (m)I/EPSCs.  

2.3.2 Measurement of the delayed rectifier (IK) and transient (IA) potassium currents 

Measurements of IK and IA were performed in the voltage-clamp configuration using the potassium 

gluconate-based aCSF, with the addition of 1 µM TTX to block the voltage-gated Na+ conductances. To 

measure IK, a voltage-step protocol was used in which the membrane potential was stepped to a conditioning 

voltage of −40 mV for 100 ms (to inactivate the IA component), from an initial holding potential of −75 

mV, followed by 250 ms voltage steps from −80 to +20 mV in 10 mV increments. The sustained outward 

current in the final 50 ms of the voltage step was measured and plotted against its corresponding voltage 

step. Immediately following this IK protocol, a similar voltage-stop protocol was utilized to measure IA; 

however, a pre-step to −90 mV from a holding potential of −75 mV prevented the inactivation of the IA, 

resulting in both the IK and IA currents being active. To derive the IA current, the currents produced from 

the IK protocol were subtracted from the currents produced from this second protocol, resulting in values 

exclusively of IA. The IA current at each voltage step was normalized to the peak IA of that neuron, and 

plotted against its corresponding voltage step. 

2.4 Chemicals and Drugs 

All drugs were freshly prepared in aCSF on the day of experimentation from stock solutions and 

applied to PVN slices via a gravity-fed perfusion system. Stock solutions were prepared in advance and 

stored as aliquots at −80 or −20°C. KA, BMI, and all salts used to prepare the slicing solution, aCSF and 
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intracellular recording solution were obtained from Sigma Pharmaceuticals (Oakville, Ontario, Canada). 

Adropin34−76 was obtained from Phoenix Pharmaceuticals (Burlingame, CA) and TTX citrate from 

Alomone Laboratories (Jerusalem, Israel).  

2.5 Statistical Analysis 

All data are expressed as the mean ± SEM. Group comparisons were made using paired and 

unpaired Student’s t-tests or a one-way ANOVA with a post hoc Tukey’s test for multiple comparisons. 

The proportion of responsive neurons were analyzed using a chi-square test. Postsynaptic events were 

grouped into 100 s bins and compared pre- and post-adropin application. Cumulative probability plots for 

event amplitude and interevent interval were generated from these data and compared using the 

Kolmogorov–Smirnov (KS) test for analysis of individual neurons, while group significance was 

determined using the Wilcoxon matched-pairs signed-rank test. All statistical analyses were performed 

using GraphPad Prism 6.07 (La Jolla, CA) and in all statistical tests, the level of significance was set at P 

< 0.05. 
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Chapter 3 

Results 

3.1 Adropin Influences the Excitability of PVN Neurons 

Whole-cell current-clamp recordings were obtained from 84 PVN neurons. These cells exhibited a 

mean resting membrane potential of −61.8 ± 0.8 mV, a mean input resistance of 931 ± 47 MΩ and action 

potential amplitudes greater than 60 mV. Bath-application of 10 nM adropin elicited responses in 68% of 

cells (n = 57), of which 58% depolarized (5.2 ± 0.3 mV; n = 49; Figs. 1A and 2C) and 10% hyperpolarized 

(−3.4 ± 0.5 mV; n = 8; Figs. 1B and 2C). The remaining 32% (n = 27) of tested PVN neurons did not 

respond to adropin application. Depolarizations were usually accompanied by an increase in firing 

frequency of action potentials, while hyperpolarizations were usually accompanied by a decrease in action 

potential firing frequency. There was no difference between the baseline membrane potential of neurons 

and the polarity of the response to adropin (depolarizing cells, −62.9 ± 1.1 mV vs. hyperpolarizing cells, 

−56.8 ± 2.9 mV, paired Student's t-test, P = 0.16). The effects of adropin concentrations between 1 pM and 

100 nM on the membrane potential of PVN neurons were assessed and found to be concentration-dependent 

(100 pM, 3.9 ± 0.2 mV, n = 13; 10 nM, 5.2 ± 0.3 mV, n = 49; 100 nM, 5.9 ± 1.5 mV, n = 6), as illustrated 

by the concentration-response curve presented in Fig. 3 (EC50 = 86.5 pM). The magnitudes of 

hyperpolarizing responses were included in the concentration analysis as absolute values. Although no 

neurons tested responded to 1 pM adropin (1.1 ± 0.2 mV; n = 6), these cells were included in the analysis 

to complete the concentration-response relationship. Based on this concentration-response curve, we chose 

10 nM as an appropriate concentration of adropin for subsequent experiments.  

We also assessed the effects of adropin on whole-cell currents in the voltage-clamp configuration 

in an additional 29 PVN neurons. Application of 10 nM adropin resulted in changes to whole-cell currents 

in 59% of cells (n = 17), of which 52% exhibited an inward current (−7.5 ± 1.0 pA; n = 15; Figs. 1C and 

2D) and 7% exhibited an outward current (6.5 ± 1.7 pA; n = 2; Figs. 1D and 2D) at a holding potential of 
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−60 mV. Overall, a similar proportion of PVN neurons responded to adropin in the voltage-clamp and 

current-clamp configurations (χ2 = 1.97, P = 0.37). 

 

Figure 1. Adropin influences the excitability of paraventricular nucleus (PVN) neurons. 
(A, B) Representative current-clamp recordings from two PVN neurons in slice preparation showing that 
bath-application of 10 nM adropin (horizontal blue bar) caused a depolarization (A), while a different PVN 
neuron (B) exhibited a hyperpolarization (action potentials have been truncated). Both neurons showed a 
return to baseline membrane potential (red dashed line) following washout of adropin. (C, D) 
Representative voltage-clamp recordings from two PVN neurons (held at –60 mV) in slice preparation 
showing that bath-application of 10 nM adropin (horizontal blue bar) caused an inward current (C), while 
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a different neuron (D) exhibited an outward current. Both neurons showed a return to the baseline current 
(red dashed line) following washout of adropin. 

3.2 Adropin has Similar Effects on Magnocellular, Preautonomic, and Neuroendocrine 

Neurons in the PVN 

As there are three distinct neuronal subpopulations within the PVN, we determined whether adropin 

differentially influences PVN neurons from each of these populations. We categorized neurons based on 

their electrophysiological fingerprint in response to a current pulse protocol (Tasker & Dudek, 1991) (Fig. 

2A; see Materials and Methods). Bath-application of 10 nM adropin to MNC neurons (n = 29) elicited 

responses in 72% of cells (n = 21), with 65% depolarizing (5.3 ± 0.5 mV; n = 19) and 7% hyperpolarizing 

(−2.3 ± 0.1 mV; n = 2). Adropin (10 nM) treatment to PA neurons (n = 30) caused 67% to depolarize (4.7 

± 0.3 mV; n = 20) and 10% to hyperpolarize (−4.3 ± 1.0 mV; n = 3), while the remaining 23% (n = 7) 

showed no response. Finally, 10 nM adropin caused responses in 52% of NE neurons (n = 13/25), with 40% 

depolarizing (5.9 ± 0.9 mV; n = 10) and 12% hyperpolarizing (−3.2 ± 0.6 mV; n = 3). Overall, a similar 

proportion of MNC, PA and NE neurons either depolarize or hyperpolarize in response to adropin (χ2 = 5.3, 

P = 0.26; Fig. 2B). Furthermore, the magnitude of response to adropin within each of these three populations 

did not differ (one-way ANOVA, P = 0.29 and P = 0.34 for depolarizations and hyperpolarizations, 

respectively). As it appears that adropin does not differentially influence PVN neurons from each 

subpopulation, all cells were grouped together for subsequent analyses.  
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Figure 2. Adropin has similar effects on magnocellular, preautonomic and neuroendocrine neurons 
in the PVN.  
(A) Current-clamp traces from three separate PVN neurons responding to a hyperpolarizing current pulse. 
The magnocellular (MNC) neuron displays a delayed return to baseline, the preautonomic (PA) neuron 
exhibits low-threshold spikes, while the neuroendocrine (NE) neuron lacks these previous characteristics. 
(B) Bar graph illustrating the percentage of MNC (n = 29), NE (n = 25), and PA (n = 30) PVN neurons that 
either depolarize or hyperpolarize, or do not respond to bath-application of 10 nM adropin. A similar 
proportion of MNC, NE and PA neurons either depolarize or hyperpolarize in response to adropin (χ2 = 5.3, 
P = 0.26). (C) The range of responses of all PVN neurons (n = 84) elicited by bath-application of 10 nM 
adropin in the current-clamp configuration. The horizontal black bars represent the mean change in 
membrane potential ± SEM, while each individual point represents the response of a single PVN neuron. 
Mean depolarization, 5.2 ± 0.3 mV; mean hyperpolarization, −3.4 ± 0.5 mV. (D) The range of responses of 
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all PVN neurons (n = 29) elicited by 10 nM adropin in the voltage-clamp configuration.  Mean inward 
current, –7.5 ± 1.0 pA; mean outward current, 6.5 ± 1.7 pA. 
 

 
Figure 3. Adropin elicits concentration-dependent effects on PVN neurons.  
(A) Mean change in membrane potential ± SEM elicited by bath-application of 1 pM (1.1 ± 0.2 mV; n = 
6), 100 pM (3.9 ± 0.2 mV; n = 13), 10 nM (5.2 ± 0.3 mV; n = 49) and 100 nM (5.9 ± 1.5 mV; n = 6) adropin. 
Data change was fitted to a sigmoid concentration-response function and the corresponding curve of best 
fit was overlaid. The EC50 was calculated to be 86.5 pM. The individual black points represent the mean 
change in membrane potential ± SEM at each concentration, while each individual gray point represents 
the response of a single PVN neuron. (B) Representative current-clamp recordings of responses from four 
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different PVN neurons to increasing concentrations of adropin (1 pM, 100 pM, 10 nM and 100 nM, top to 
bottom). The horizontal blue bars represent 120 s of adropin application. Application of the lowest 
concentration of adropin (1 pM) did not result in any significant changes in membrane potential. All three 
responding neurons showed a return to baseline membrane potential (red dashed line) following washout 
of adropin. 
 

3.3 Adropin Elicits Direct Effects on PVN Neurons 

In order to determine whether the observed effects of adropin on the membrane potential of PVN 

neurons were due to direct postsynaptic actions of the peptide on these cells, we performed current-clamp 

recordings on cells continuously perfused with the voltage-gated Na+ channel blocker, TTX (1 µM). 

Application of 10 nM adropin to cells pretreated with TTX (n = 12) caused 67% to depolarize (4.7 ± 1.0 

mV; n = 8; Fig. 4A) and 8% to hyperpolarize (−5.8 mV; n = 1; Fig. 4B). The proportion of responsive 

neurons did not change with recordings in TTX (χ2 = 0.31, P = 0.86; Fig. 4C). Furthermore, the magnitude 

of response of both depolarizations and hyperpolarizations did not differ in aCSF containing TTX compared 

with normal aCSF (unpaired Student’s t-test, P = 0.89; Fig. 4D). These observations suggest adropin elicits 

direct, postsynaptic effects on PVN neurons. 
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Figure 4. The effects of adropin on PVN neurons are maintained in the presence of TTX.  
(A, B) Representative current-clamp recordings from two PVN neurons in slice preparation, pretreated with 
1 µM TTX (horizontal gray bars), showing that bath-application of 10 nM adropin (horizontal blue bars) 
caused a depolarization (A), while a different PVN neuron (B) exhibited a hyperpolarization. Both neurons 
showed a return to baseline membrane potential (red dashed line) following washout of adropin. (C) Bar 
graph illustrating the percentage of PVN neurons that depolarize, hyperpolarize, or do not respond to bath-
application of 10 nM adropin in the absence and presence of 1 µM TTX. The proportion of responsive 
neurons did not change with recordings in TTX (χ2 = 0.31, P = 0.86). (D) Bar graphs summarizing the mean 
change in membrane potential ± SEM following application of 10 nM adropin during depolarizations (left; 
adropin, 5.2 ± 0.3 mV, n = 49 vs. adropin + TTX, 4.7 ± 1.0 mV, n = 8) and hyperpolarizations (right; 
adropin, −3.4 ± 0.5 mV, n = 8 vs. adropin + TTX, −5.8 mV, n = 1) in the absence and presence of 1 µM 
TTX.  
 

3.4 Adropin has No Effect on the Amplitude or Frequency of Postsynaptic Events in PVN 

Neurons 

Our experiments with TTX suggested adropin acts directly on PVN neurons. However, to examine 

the possibility that adropin was influencing glutamatergic and/or GABAergic neurotransmission at the level 

of the synapse, we conducted voltage-clamp experiments to examine the effects of adropin on postsynaptic 
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currents (EPSCs and IPSCs) in PVN neurons. A total of 15 cells were tested for analysis of EPSCs. Adropin 

(10 nM) was without effect on the amplitude of EPSCs in 11 cells (0.2 ± 0.1 pA; KS test, P > 0.05). In the 

remaining 4 cells, adropin (10 nM) had slight, but significant effects on EPSC amplitude, with 3 cells 

increasing amplitude (1.6 ± 0.1 pA; KS test, P < 0.05) and 1 cell decreasing amplitude (−1.3 ± 0.3 pA; KS 

test, P < 0.0001). However, when comparing all cells together, these effects on EPSC amplitude did not 

reach statistical significance as a group (n = 15; Wilcoxon signed-rank test, P = 0.67; Fig. 5, A and B). 

Adropin (10 nM) also had significant effects on EPSC frequency in 4 cells tested, of which, 2 increased 

frequency (5.4 ± 1.6 Hz; KS test, P < 0.05) and 2 decreased frequency (−1.2 ± 0.5 Hz; KS test, P < 0.05). 

Again, however, these effects were not statistically significant as a group (n = 15; Wilcoxon signed-rank 

test, P = 0.54; Fig. 5, A and C). An additional 9 PVN neurons were tested following pretreatment of 1 µM 

TTX to examine the effects of adropin on mEPSCs. Adropin (10 nM) application had no effect on the 

amplitude (0.2 ± 0.1 pA; n = 9; KS test, P > 0.05; Fig. 5, D and E) or frequency (0.6 ± 0.1 Hz; n = 9; KS 

test, P > 0.05; Fig. 5, D and F) of mEPSCs in any of the cells tested (n = 9).  

In order to examine whether adropin influences GABAergic neurotransmission, we next 

investigated the effect of adropin on the amplitude and frequency of IPSCs. Out of 11 cells tested, 1 cell 

increased IPSC amplitude (10.1 ± 0.1 pA; KS test, P = 0.0001) and 1 cell decreased IPSC amplitude (−3.8 

± 0.1 pA; KS test, P < 0.0001) in response to 10 nM adropin application. However, when comparing all 

cells together, these effects on IPSC amplitude did not reach statistical significance as a group (n = 11; 

Wilcoxon signed-rank test, P = 0.52; Fig. 6, A and B). Additionally, the frequency of IPSCs was unaffected 

by 10 nM adropin application in all cells tested (0.4 ± 0.1 Hz; n = 11; KS test, P > 0.05; Fig. 6, A and C). 

Finally, adropin was without effect on the amplitude or frequency of mIPSCs in 6 of 12 PVN neurons (n = 

6; KS test, P > 0.05). In 5 of the 6 affected cells, 3 increased mIPSC amplitude (5.2 ± 1.4 pA; KS test, P < 

0.05) and 2 decreased mIPSC amplitude (−10.51 ± 4.8 pA; KS test, P < 0.05). However, when comparing 

all cells together, these effects on mIPSC amplitude did not reach statistical significance as a group (n = 

12; Wilcoxon signed-rank test, P = 0.91; Fig. 6, D and E). One of the cells that decreased amplitude also 
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exhibited a decrease in mIPSC frequency (−2.8 ± 0.4 Hz; KS test, P = 0.008), while a separate cell increased 

mIPSC frequency only (2.3 ± 0.4 Hz; KS test, P = 0.008), with no change in mIPSC amplitude. Again, 

these effects on mIPSC frequency failed to reach statistical significance as a group (n = 12; Wilcoxon 

signed-rank test, P = 0.20; Fig. 6, D and F). Together, these voltage-clamp experiments further support the 

conclusion that adropin is acting on the cell membrane of PVN neurons, as opposed to altering 

glutamatergic and/or GABAergic synaptic transmission.  
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Figure 5. Adropin has no effect on the amplitude or frequency of excitatory postsynaptic currents 
(EPSCs) or miniature EPSCs (mEPSCs) in PVN neurons.  
(A) Representative voltage-clamp traces from an individual PVN neuron (held at –60 mV) before (top trace) 
and after (bottom trace) application of 10 nM adropin. (B, C) Cumulative probability plots of the neuron in 
(A) showed there was no change in the amplitude (B) or interevent interval (C) of EPSCs over a 100 s period 
after application of 10 nM adropin (dashed line) compared to 100 s of baseline (continuous line) (KS test, 
P > 0.05). Insets, summary graphs showing that mean amplitude (B) and frequency (C) of EPSCs were 
unaltered after adropin application. (D) Representative voltage-clamp traces from a separate PVN neuron 
(held at –60 mV), pretreated with 1 µM TTX (horizontal gray bars), before (top trace) and after (bottom 
trace) application of 10 nM adropin. (E, F) Cumulative probability plots of the neuron in (D) showed there 
was no change in the amplitude (E) or interevent interval (F) of mEPSCs over a 100 s period after 
application of 10 nM adropin (dashed line) compared to 100 s of baseline (continuous line) (KS test, P > 
0.05). Insets, summary graphs showing that mean amplitude (E) and frequency (F) of mEPSCs were 
unaltered after adropin application. 
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Figure 6. Adropin has no effect on the amplitude or frequency of inhibitory postsynaptic currents 
(IPSCs) or miniature IPSCs (mIPSCs) in PVN neurons.  
(A) Representative voltage-clamp traces from an individual PVN neuron (held at –60 mV), pretreated with 
1 mM kynurenic acid (KA; horizontal gray bars), before (top trace) and after (bottom trace) application of 
10 nM adropin. (B, C) Cumulative probability plots of the neuron in (A) showed there was no change in the 
amplitude (B) or interevent interval (C) of IPSCs over a 100 s period after application of 10 nM adropin 
(dashed line) compared to 100 s of baseline (continuous line) (KS test, P > 0.05). Insets, summary graphs 
showing that mean amplitude (B) and frequency (C) of IPSCs were unaltered after adropin application. (D) 
Representative voltage-clamp traces from a separate PVN neuron (held at –60 mV), pretreated with 1 mM 
KA and 1 µM TTX (horizontal gray bars), before (top trace) and after (bottom trace) application of 10 nM 
adropin. (E, F) Cumulative probability plots of the neuron in (D) showed there was no change in the 
amplitude (E) or interevent interval (F) of mIPSCs over a 100 s period after application of 10 nM adropin 
(dashed line) compared to 100 s of baseline (continuous line) (KS test, P > 0.05). Insets, summary graphs 
showing that mean amplitude (E) and frequency (F) of mIPSCs were unaltered after adropin application. 

 

3.5 Adropin has No Effect on the Delayed Rectifier K+ Current, But Decreases the 

Transient K+ Current in PVN Neurons 

To determine a potential mechanism that may be mediating the electrophysiological effects of 

adropin on PVN neurons, we tested whether adropin modulates either one of the voltage-gated K+ 

conductances (IK or IA) in these neurons. We measured the IA and IK currents from a total of 18 cells. As 

the magnitude of IK does not plateau in the range of the voltage protocol used, we were unable to report the 

V50 or slope of this current. However, when comparing the current amplitude at each voltage step, we found 

no significant difference in the activation curves after application of 10 nM adropin (paired Student’s t-test, 

P = 0.68; Fig. 7A). Furthermore, adropin was without effect on the peak magnitude of the IK in these cells 

(n = 18; control, 3.4 ± 0.3 nA vs. adropin, 3.4 ± 0.4 nA, paired Student’s t-test, P = 0.68; Fig. 7B).  

Next, we tested whether adropin influenced the IA current in PVN neurons. Each tested cell was 

fitted with a Boltzmann sigmoidal function to compare the V50 and slope values. These cells exhibited a 

slightly hyperpolarized V50 after 10 nM adropin application (n = 18; control, −31.5 ± 0.9 mV vs. adropin, 

−33.4 ± 1.0 mV, paired Student’s t-test, P = 0.027; Fig. 7D), while the slopes remained unchanged (n = 18; 

control, 6.2 ± 0.6 vs. adropin, 6.2 ± 0.5, paired Student’s t-test, P = 0.96; Fig. 7D). Additionally, adropin 

(10 nM) caused a significant reduction in the peak IA magnitude during the 20-mV step in these cells (n = 

18; control, 1.2 ± 0.2 nA vs. adropin, 0.9 ± 0.1 nA, paired Student’s t-test, P = 0.037; Fig. 7C). These results 
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suggest adropin may mediate its electrophysiological effects on PVN neurons through modulation of the IA 

current.  

 

Figure 7. Adropin has no effect on the delayed rectifier K+ (IK) current, but decreases the transient 
K+ (IA) current in PVN neurons. 
(A) The IK current magnitude at each voltage step during control conditions and after 10 nM adropin 
application. Inset, representative voltage-clamp traces of the IK current from a PVN neuron during control 
conditions (black trace) and after adropin application (blue trace) at the 20 mV voltage step. (B) The peak 
IK magnitude induced by the 20-mV voltage step (control, 3.4 ± 0.3 nA vs. adropin, 3.4 ± 0.4 nA, P = 0.68). 
(C) The normalized IA current at each voltage step during control conditions and after 10 nM adropin 
application. The data were fitted with a Boltzmann sigmoidal function and the corresponding curves of best 
fit were overlaid. Inset, representative voltage-clamp traces of the IA current from a PVN neuron during 
control conditions (black trace) and after adropin application (blue trace) at the 20 mV voltage step. (D) 
Bar graphs summarizing the mean slope (control, 6.2 ± 0.6 vs. adropin, 6.2 ± 0.5, P = 0.96), V50 (control, 
−31.5 ± 0.9 mV vs. adropin, −33.4 ± 1.0 mV, P = 0.027), and peak IA magnitude (control, 1.2 ± 0.2 nA vs. 
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adropin, 0.9 ± 0.1 nA, P = 0.037) during control conditions (gray bars) and after 10 nM adropin application 
(blue bars). All error bars represent ± SEM. 
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Chapter 4 

Discussion 

We have described novel electrophysiological effects of adropin in the CNS. Our data demonstrate 

that adropin directly influences the excitability of neurons in the PVN. It appears that adropin is primarily 

an excitatory peptide in the PVN, as the majority of responsive neurons were depolarized in response to 

adropin application. However, a subset of neurons did exhibit hyperpolarizations. These heterogeneous 

effects were observed in similar proportions in all three neuronal subpopulations (MNC, PA, and NE) of 

the PVN. The effects of adropin were shown to be direct, postsynaptic effects, as they were maintained in 

the presence of TTX and did not influence the frequency or amplitude of postsynaptic currents. 

Additionally, these electrophysiological effects appear to be mediated, at least in part, through modulation 

of a K+ conductance. Together, these results suggest the PVN as a site of action for central adropin. 

It is unknown whether adropin can cross the BBB, although, its size and lipophobic nature suggest 

that it would not readily diffuse from the circulation into the CNS. Thus, it is more likely that the effects of 

this peptide in the brain arise from locally produced adropin. Adropin has abundant expression in the CNS, 

including many areas of the midbrain and hindbrain (Kumar et al., 2008; Aydin et al., 2013), and microarray 

data have identified both Enho and Gpr19 transcripts in the PVN (Hindmarch et al., 2006). Our 

concentration-response relationship for the effects of adropin on the excitability of PVN neurons correlates 

with a measurement of ~2.5 ng/mg of adropin in rat brain tissue (Aydin et al., 2013). Furthermore, 

microarray analysis identified both Enho and Gpr19 transcripts in the supraoptic nucleus of the rat 

(Hindmarch et al., 2006), suggesting a definite effect on MNC neurons. Interestingly, microarray analysis 

failed to detect expression of the Enho transcript in the PVN of dehydrated rats (Hindmarch et al., 2006), 

consistent with the hypothesis that the inhibitory effect of adropin on water intake is mediated by the PVN. 

There is also recent evidence that adropin is expressed in rat brain endothelial cells in an in vitro BBB 

model (Yang et al., 2016), providing an additional source of adropin in the brain. 
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4.1 Physiological Relevance of Adropin Signaling in the PVN 

Based on the varied responsiveness of PVN neurons to adropin, our data suggest the existence of 

three distinct populations of neurons with respect to adropin sensitivity, within all three neuronal 

subpopulations of the PVN. The differential effects of adropin on MNC neurons may reflect the peptide 

acting on separate MNC neurons that express OT, VP, or OT/VP-coexpressing neurons (Xi et al., 1999; 

Hoyda et al., 2007). As discussed previously, OT and VP play major roles in salt and water balance, and 

may be involved in adropin’s inhibitory effect on water intake. However, these hormones have also been 

implicated in metabolic homeostasis. OT receptor-deficient mice exhibit an obese phenotype with elevated 

fasting triglycerides, suggesting OT has a role in lipid metabolism (Takayanagi et al., 2008), whereas 

knockdown of the VP V1A and V1B receptors alters both glucose and lipid metabolism in mice (Hiroyama 

et al., 2007; Hiroyama et al., 2009; Nakamura et al., 2009). PA neurons also express OT and VP, as well 

as CRH and TRH, but project to autonomic centers in the medulla and spinal cord (Geerling et al., 2010; 

Nunn et al., 2011). Thus, effects of adropin on this population of neurons are expected to be related to 

autonomic control and may underlie the effect of adropin on cardiovascular regulation. Based on the 

peripheral effects of adropin on glucose and lipid homeostasis, it is likely that adropin is influencing NE 

neurons that secrete CRH and TRH, as both of these hormones play important roles in energy homeostasis 

(Tsigos & Chrousos, 2002; Lechan & Fekete, 2006). The depolarizations observed in NE neurons in 

response to adropin application suggest this peptide may also be involved in the stress response, as NE 

neurons are an integral component of the neuroendocrine response to stress. In addition to the roles of TRH 

neurons in regulating the thyroid axis, these cells also participate in the stress response (Lechan & Fekete, 

2006). Furthermore, intraventricular injections of TRH and its metabolite, cyclo(His-Pro), have been shown 

to suppress water intake in rats (Vijayan & McCann, 1977; Ishihara et al., 1985), further linking the PVN 

to adropin-mediated water intake inhibition.  

While we have employed a current pulse protocol to identify PVN neurons based on their 

electrophysiological fingerprint, this method is not without its limitations. For one, it does not allow for 
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characterization of the molecular phenotype of each neuron (da Silva et al., 2015). Moreover, there is 

evidence that these electrophysiological fingerprints can be altered as a result of physiological challenges. 

For instance, NE CRH neurons in mice display an increased first spike latency following acute physical 

stress (Senst et al., 2016), a characteristic used classify MNC neurons (Tasker & Dudek, 1991). These 

findings indicate plasticity in electrophysiological fingerprints and suggest they may not be as reliable as 

previously thought. As such, the use of single-cell reverse transcription polymerase chain reaction (RT-

PCR) in combination with these fingerprints would facilitate a better connection between the molecular 

phenotype of PVN neurons and a specific response to adropin, as well as aid in avoiding errors 

characterizing neurons based on the fingerprint alone. Alternatively, the use of transgenic mice with 

neurons labelled for the specific phenotypic hormone would negate the need to rely on the 

electrophysiological fingerprint altogether, and allow for a more focused experimental approach (Ueta et 

al., 2005; Alon et al., 2009; Wamsteeker Cusulin et al., 2013). The addition of in vivo experiments that 

measure peripheral hormone secretion following central administration of adropin would also be necessary 

to completely elucidate the physiological roles of central adropin signaling in the PVN. 

Our results are consistent with those obtained for nesfatin-1, which has both depolarizing and 

hyperpolarizing effects on PVN neurons (Price et al., 2008), and also inhibits both pharmacologically and 

physiologically driven thirst when injected intracerebroventricularly (Yosten et al., 2012). This inhibition 

is likely occurring via the PVN, as an angiotensin II (ANG II)-induced dipsogenic response can be produced 

after a reduction in immunoreactive nesfatin-1 in this nucleus (Yosten et al., 2012). Similarly, central 

administration of hydrogen sulfide, which depolarizes the majority of PVN neurons (Khademullah & 

Ferguson, 2013), has been shown to cause an initial decrease in water intake in water-deprived rats, while 

also increasing plasma levels of OT, VP, and corticosterone (Coletti et al., 2015). In addition to nesfatin-1, 

brain-derived neurotrophic factor (McIsaac & Ferguson, 2017) and neuropeptide W (Price et al., 2009) are 

peptides that also display heterogeneous electrophysiological effects on PVN neurons, like adropin. With 

the wide range of physiological functions of specific PVN neurons, many of which overlap, it is difficult 
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to ascertain which specific functions central adropin is influencing. However, our results suggest that the 

inhibitory effect of central adropin on water intake is likely mediated by neurons in the PVN and that this 

peptide has roles in additional endocrine and autonomic functions, likely related to its physiological effects 

in the periphery. 

4.2 Adropin Directly Influences the Membrane Potential of PVN Neurons 

An advantage of using a slice preparation, specifically over acutely dissociated neurons, is the 

ability to test whether the electrophysiological effects of peptides occur due to either direct or indirect 

mechanisms. The existence of specific ion channel blockers and inhibitors allows for easy manipulation of 

specific synaptic currents. As both depolarizing and hyperpolarizing responses were still observed in similar 

proportions in synaptic isolation after pretreatment with the voltage-gated Na+ channel blocker, TTX, it is 

likely adropin acts directly on these neurons in the PVN. However, the PVN contains glutamate 

interneurons within the nucleus itself (Boudaba et al., 1996; Daftary et al., 1998), as well as GABA 

interneurons located in the halo zone surrounding the PVN (Roland & Sawchenko, 1993). As these 

interneurons are located within and around the nucleus, many of their synaptic contacts with PVN neurons 

are maintained in a slice preparation. These interneurons have roles in mediating the effects of multiple 

peptides in the PVN. For example, the excitatory effects of orexin (Follwell & Ferguson, 2002b), ANG II 

(Latchford & Ferguson, 2004), and prokineticin 2 (Yuill et al., 2007), and the inhibitory effects of 

adrenomedullin (Follwell & Ferguson, 2002a) on MNC neurons have been shown to be mediated by 

glutamate and GABA interneurons, respectively. Additionally, GABA interneurons can mediate excitatory 

effects of peptides through disinhibition, a proposed mechanism by which ANG II influences PA neurons 

(Li et al., 2003). TTX-resistant excitatory/inhibitory effects mediated by glutamate/GABA can occur at the 

synaptic level on either the presynaptic or postsynaptic membrane (Shibuya et al., 2000; Hewitt & Bains, 

2006; Popescu et al., 2010). Changes in quantal release (action potential-independent) of these 

neurotransmitters at the presynaptic terminal affect the frequency of postsynaptic events, whereas changes 

in postsynaptic receptor expression or kinetics affect the amplitude of postsynaptic events. This modulation 
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of synaptic transmission can also occur indirectly via retrograde messengers, as is the case for 

glucocorticoid signaling in MNC and parvocellular neurons (Di et al., 2003; Di et al., 2009). Activation of 

a postsynaptic GPCR by glucocorticoid causes endocannabinoid synthesis, which feeds back to glutamate 

terminals to decrease glutamate release, observed as a decrease in EPSC frequency in the postsynaptic 

neuron (Di et al., 2003; Di et al., 2009). A divergent glucocorticoid-induced signaling pathway also 

facilitates GABA release via retrograde signaling of NO at GABA terminals, causing an increase in IPSC 

frequency in the postsynaptic neuron (Di et al., 2009). In our experiments on postsynaptic events, adropin 

had no effect on the amplitude or frequency of either EPSCs or IPSCs in PVN neurons. Together, these 

voltage-clamp and TTX experiments suggest the influence of adropin on the membrane potential of PVN 

neurons is not due to any changes in glutamatergic and/or GABAergic synaptic transmission; rather, it is a 

direct effect on the PVN neurons themselves. 

4.3 Potential Pathways Mediating Adropin Signaling in the PVN 

As mentioned previously, GPR19 is likely Gi-coupled (Bresnick et al., 2003), and has sequence 

similarities to the NPY and dopamine D2 receptors (O'Dowd et al., 1996), which both utilize the Gi subunit 

during signal transduction (Michel et al., 1998; Ma'ayan et al., 2009). Thus, similarities in both signal 

transduction and ion channel modulation may exist between these receptors. Both NPY and D2 receptors 

are involved in the activation of mitogen-activated protein kinases (MAPK)/extracellular signal-regulated 

kinases (ERK). NPY stimulates MAPK activity in Y1 and Y2 receptor-expressing cell lines, likely through 

Gi signaling as stimulation is blocked by pretreatment with pertussis toxin, which inactivates Gi proteins 

(Nie & Selbie, 1998). In adult cardiomyocytes, NPY exerts hypertrophic effects by a pertussis toxin-

sensitive stimulation of phosphatidylinositol 3-kinase (PI3K) (Goldberg et al., 1998), one of the kinases 

adropin uses to activate eNOS (Lovren et al., 2010). Meanwhile, D2 receptors utilize the α-subunit of the 

Gi protein to activate ERK in HEK-293 cells, which also involves PI3K (Beom et al., 2004). Similarly, 

GPR19 is also linked to activation of the MAPK/ERK pathway. Levels of pERK are increased in a breast 

cancer cell line expressing GPR19 after stimulation by adropin (Rao & Herr, 2017). In HUVECs, eNOS is 
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activated by adropin via the ERK1/2 and PI3K-Akt pathways (Lovren et al., 2010). Finally, overexpression 

of GPR19 enhances the phosphorylation of ERK and Akt in dissociated hippocampal neurons (Hossain et 

al., 2016). Nesfatin-1, which has similar heterogeneous electrophysiological effects on PVN neurons as 

adropin (Price et al., 2008) and also inhibits water intake (Yosten et al., 2012), has also been shown to 

stimulate ERK activity in PVN CRH neurons in order to increase renal sympathetic nerve activity (Tanida 

et al., 2015). While the receptor for nesfatin-1 remains elusive, there is evidence that this peptide utilizes 

Gi-coupled signaling, as a nesfatin-1-mediated Ca2+ influx in dissociated rat hypothalamic neurons is 

blocked by pretreatment with pertussis toxin (Brailoiu et al., 2007). Additionally, nesfatin-1 increases the 

phosphorylation of cAMP response element-binding protein (CREB) in a neural cell line without affecting 

cAMP concentration, an effect that requires the MAPK pathway (Ishida et al., 2012). As such, this 

MAPK/ERK pathway may be involved in mediating the effects of adropin on PVN neurons.  

The cellular mechanisms through which adropin acts to influence the membrane potential of PVN 

neurons remains to be fully elucidated. Since the effects of adropin occur soon after perfusion onto the slice, 

it is likely that such effects are a consequence of GPCR-mediated modulation of ion channel properties, 

presumably through the candidate adropin receptor, GPR19. Our voltage-clamp experiments on the K+ 

conductances revealed a potential component to this signal transduction pathway; we observed a decrease 

in the magnitude of the IA current following adropin application. In MNC neurons, a large IA is responsible 

for a transient outward rectification that leads to a delayed onset to the first action potential (Li & Ferguson, 

1996; Luther et al., 2002). This K+ current is mediated mainly by subunits of the Kv4 subfamily of voltage-

gated K+ channels (Serodio & Rudy, 1998; Shibata et al., 2000). Both MNC and parvocellular neurons 

express Kv4 subunits, however, a higher expression of Kv4.2 and Kv4.3 in MNC neurons likely modulates 

IA and contributes most to the transient outward rectification observed in these neurons (Lee et al., 2012). 

Interestingly, the gating kinetics of Kv4.2 have been shown to be altered by direct phosphorylation via 

ERK, which results in a reduction in the IA current (Hu et al., 2003; Schrader et al., 2006). Our laboratory 

has previously shown that ANG II suppresses IA in MNC neurons via activation of its type 1 receptor (AT1) 
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(Li & Ferguson, 1996). Although AT1 signals via the Gq subunit, activation of this receptor has been shown 

to cause activation of MAPK independently of Gq coupling (Hines et al., 2003). Additionally, ERK 

signaling is required for ANG II-induced VP secretion in rats (Almeida-Pereira et al., 2016). Collectively, 

these observations provide a potential mechanism through which adropin may signal via GPR19 to affect 

action potential characteristics of PVN neurons. While our results may explain adropin’s effect on 

increasing firing frequency during depolarizations, it is unlikely that this small decrease in IA current 

magnitude is responsible for the changes in membrane potential of the response.  

As many peptides exert their electrophysiological effects through modulation of multiple 

conductances, it is likely that adropin is influencing a separate conductance to mediate the changes in 

membrane potential during depolarizations. For instance, ANG II directly depolarizes NE neurons by both 

activating a NSCC and inhibiting the IK current (Latchford & Ferguson, 2005). In parvocellular PVN 

neurons, TRPV4 and calcium-activated K+ channels couple as osmosensors (Feetham et al., 2015), and are 

therefore, potential targets of adropin. Furthermore, an additional conductance is likely influenced by 

adropin to mediate its hyperpolarizing effects. Thus, additional voltage-clamp experiments are necessary 

to determine which additional conductances are involved in modulating adropin-mediated responses. 

However, an issue with using a slice preparation to investigate voltage-activated conductances is the 

generation of space-clamp errors, which are especially pertinent for Na+ currents, as there is a high density 

of voltage-gated Na+ channels in the axon initial segment for action potential generation, and the Na+ 

conductance itself is very rapid (Spruston et al., 1993; White et al., 1995; Pennartz et al., 1997; Cummins 

et al., 2009). Performing these experiments in acutely dissociated neurons instead of a slice preparation 

would circumvent this problem, as these cells lack major neuronal processes (Pennartz et al., 1997; 

Cummins et al., 2009). 

Alternatively, adropin may signal through an additional, still unidentified receptor. There are 

several peptides, including orexin (Sakurai et al., 1998), adiponectin (Yamauchi et al., 2003), and 

cholecystokinin (Honda et al., 1993), in which its CNS effects are mediated through two different receptors. 
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It has already been suggested that GPR19 may form heterodimers with additional GPCRs in plasmalogen-

mediated signaling (Hossain et al., 2016). If an additional GPCR exists for adropin, it may form a 

heterodimer with GPR19 to produce the differential effects observed in PVN neurons, similar to how 

adiponectin signals in MNC neurons. Neurons that express both adiponectin receptors (AdipoR1 and 

AdipoR2) hyperpolarize, whereas neurons that express only AdipoR2 depolarize (Hoyda et al., 2007). 

Additionally, while studies have suggested GPR19 is Gi-coupled (Bresnick et al., 2003; Rao & Herr, 2017), 

there is evidence that adropin may also signal via a Gαs subunit pathway. Adropin stimulates lipoprotein 

lipase (LPL) gene expression in primary cultured tilapia hepatocytes through the production of cAMP and 

a subsequent increase in protein kinase A activity (Lian et al., 2016), results which suggest Gαs signaling 

(Meinkoth et al., 1993). Furthermore, inhibition of MAPK signaling failed to decrease adropin-mediated 

LPL gene expression, suggesting ERKs are not involved in this process (Lian et al., 2016). These findings 

suggest the existence of an additional receptor or variant of GPR19, at least in fish, that utilizes Gαs. 

Interestingly, Gs-coupled receptors have been shown to sequentially activate both Gs and Gi subunits (Luo 

et al., 1999). Whether adropin has an additional Gs-coupled receptor, or adropin-mediated signal 

transduction differs between fish and mammals remains to be determined.  

4.4 Future Directions 

While our experiments support the hypothesis that the PVN is a site of action for central adropin, 

additional studies are required to fully elucidate the physiological relevance of the actions of adropin on 

specific PVN neurons. In particular, in vivo experiments focused on hormone secretion in response to 

adropin administration would further our understanding of the physiological effects of central adropin. 

Employment of single-cell RT-PCR together with electrophysiological recordings would allow not only for 

connection of the molecular phenotype of individual PVN neurons to one of the heterogeneous responses 

to adropin, but also for determination of whether GPR19 is the receptor through which adropin signals in 

the PVN. Finally, additional voltage-clamp studies utilizing MAPK inhibitors or specific G protein 

inhibitors would aid in elucidating a complete cellular mechanism for adropin signaling. However, the 
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whole-cell technique can lead to current rundown and washout of intracellular constituents required for 

intracellular signaling, potentially causing disruption of these signaling cascades. Therefore, it may be 

necessary to perform these signal transduction experiments using the perforated patch-clamp technique. 

This technique uses antifungal agents in the patch pipette to perforate the cell membrane with small pores, 

allowing it to be permeable only to monovalent ions, and impermeable to larger ions and molecules (Lippiat, 

2008). A number of studies have observed both differences and no differences in results between the whole-

cell and perforated techniques, depending on the specific experiment being conducted (McKhann et al., 

1997; Carroll et al., 1998; Spergel, 2007; Sharpe et al., 2017). As such, using the perforated patch-clamp 

technique in future experiments would ensure maintenance of intracellular signaling pathways, as well as 

confirm the results from our whole-cell experiments. 

It has recently been shown that the OVLT is responsible for an anticipatory thirst immediately prior 

to the sleep period in mice (Gizowski et al., 2016). This effect was found to be mediated by VP release 

from neurons residing in the suprachiasmatic nucleus (Gizowski et al., 2016). Whether adropin-mediated 

effects on water intake are dependent on the time of day, or whether adropin influences this anticipatory 

thirst period remains to be determined. 

4.5 Perspective and Significance 

In conclusion, our experiments have demonstrated that adropin directly influences the excitability 

of neurons from each subpopulation of the PVN, suggesting this hypothalamic nucleus is a novel site at 

which central adropin acts. Our results support the hypothesis that central adropin inhibits water intake 

through actions in the PVN. Furthermore, as the majority of neurons from each subpopulation of the PVN 

were affected, adropin is likely to have additional roles in the CNS. While additional studies are required 

to bridge the gap between our electrophysiological data and the physiological actions of adropin, our 

findings further solidify adropin as a hormone with endocrine and autonomic functions and provide the 

framework necessary for connecting its peripheral effects with its actions in the brain. 
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