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Abstract 

Melanin-concentrating hormone (MCH) neurons of the lateral hypothalamus are involved 

in homeostatic mechanisms including energy balance and sleep wake cycles. Glutamate is 

an excitatory transmitter that is released by neurons and astrocytes, providing an 

excitatory control over neuronal activity. Here, I investigated the role of glutamate 

transporters and glutamate receptors in excitatory signaling onto MCH neurons. Using 

patch clamp electrophysiology, I have identified three distinct excitatory glutamatergic 

currents in MCH neurons: fast EPSC, slow EPSC, and tonic currents. I demonstrate that 

presynaptic train stimulation induces EPSCs with two distinct time courses (fast and 

slow) while tonic currents are due to ambient glutamate that accumulates when glutamate 

transporters are inhibited. Furthermore, these currents are mediated by distinct glutamate 

receptor pools, which are under the regulation of different glutamate transporters. This 

work contributes to the ongoing understanding of basic excitatory signaling in MCH 

neurons. Given the known role of MCH in promoting sleep and weight gain this may 

have functional implications for sleep and energy homeostasis. 
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1-0 Introduction 

1-1 General overview 

As the predominant excitatory neurotransmitter in the central nervous system (CNS), 

glutamate is involved in a variety of physiological brain functions. Glutamate transporters 

maintain extracellular glutamate concentrations and are critical for optimal signaling and 

the regulation of receptor activation. Glutamate acts on a variety of ionotropic and 

metabotropic receptors that can be expressed in unique subcellular domains, synaptically 

or extrasynaptically, adding an extra layer to the complexity of glutamatergic 

transmission. How glutamate signaling is regulated varies from synapse to synapse. In 

this thesis I will investigate glutamatergic signaling in melanin-concentrating hormone 

(MCH) neurons of the hypothalamus, a cell population known to regulate homeostatic 

mechanisms. With the goal to eventually understand how excitatory transmission is 

implicated in homeostatic regulation and dysregulation we must first characterize 

glutamatergic signaling in the normal condition. 

 

 
1-2 Glutamate is the major excitatory neurotransmitter in the brain  

Glutamate is an excitatory neurotransmitter that contributes to most aspects of normal 

brain function including learning and memory, cognition, and development of the central 

nervous system (Danbolt, 2001). Abnormal brain function or pathogenesis of neurological 

disorders can often be attributed to glutamate (Danbolt, 2001; Vandenberg and Ryan, 

2013). Excessive glutamate can be toxic to neurons and  lead to cell death, therefore it is 

crucial that glutamate concentrations are kept low (Danbolt, 2001; Zhou and Danbolt, 
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2014). Overall, concentrations of glutamate are higher than any other amino acid in the 

brain (5-15 mmol/kg brain tissue), making it the most abundant excitatory 

neurotransmitter in the mammalian central nervous system (Schousboe, 1981). The 

majority of this glutamate is located intracellularly with the highest concentrations at 

nerve terminals (Ottersen et al., 1992). Extracellular concentrations in the interstitial 

space make up only a small fraction of total brain glutamate and have been estimated to 

range from 25-90 nM in acute brain slices while in vivo microdialysis estimates range 

from 0.2-35 µM (Herman and Jahr, 2007; Chiu and Jahr, 2017). 

 

1-3 General overview of excitatory neurotransmission  

Typical excitatory transmission involves release of glutamate from the presynaptic 

neuron, diffusion of glutamate within the synaptic cleft, binding of postsynaptic 

glutamate receptors and subsequent intracellular signaling, and clearance of synaptic 

glutamate resulting in termination of postsynaptic excitation. The process begins with the 

synthesis and packaging of glutamate into synaptic vesicles within the presynaptic nerve 

terminal (Hackett and Ueda, 2015). Arrival of an action potential at the presynaptic 

terminal leads to calcium influx as voltage gated calcium channels open (Rusakov, 2009). 

This calcium transient triggers exocytosis, namely fusion of synaptic vesicles with the 

plasma membrane, and release of neurotransmitter into the synaptic cleft (Augustine, 

2001). It is important to note that while calcium influx is required for action potential 

evoked release it is typically not needed for spontaneous release of glutamate (Vyleta and 

Smith, 2011; Hackett and Ueda, 2015). In addition, non-vesicular (i.e. non-exocytotic) 
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mechanisms of glutamate release have been shown during blockade of voltage gated 

calcium channels and voltage gated sodium channels by cadmium and tetrodotoxin, 

respectively (Danbolt, 2001).  

 

Once released, glutamate immediately diffuses into the synaptic cleft. The time course of 

this diffusion is determined by the anatomy and complexity of the synapse (Danbolt, 

2001). Glutamate first binds with synaptic receptors directly opposing the site of release 

clustered within the post synaptic density (PSD). As glutamate continues to diffuse away 

from the site of release, it can reach the synaptic perimeter and bind receptors in the 

perisynaptic zone (the 100-200 nm ring surrounding the PSD) (Scheefhals and 

MacGillavry, 2018). Further diffusion may allow glutamate to activate extrasynaptic 

receptors (those beyond the 100-200 nm perisynaptic ring) and ultimately contact 

glutamate transporters which terminate neurotransmission by removing glutamate from 

the extracellular space (Danbolt, 2001; Scheefhals and MacGillavry, 2018). It is difficult 

to determine exact morphological boundaries for these zones and it is likely that there is 

some degree of overlap, depending on the type of synapse. Generally, it is accepted that 

synaptic receptors are activated by low frequency afferent activity and spontaneously 

released glutamate, while perisynaptic and extrasynaptic receptors are activated by 

synaptic spillover during higher frequency afferent activity (Papouin and Oliet, 2014; 

Scheefhals and MacGillavry, 2018). 
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1-4  Ionotropic and metabotropic glutamate receptors 

There are two functionally distinct families of glutamate receptors: ionotropic and 

metabotropic. Ionotropic glutamate receptors (iGluRs) are ligand gated ion channels 

which open upon direct binding of the ligand to allow the passage of specific ions. These 

receptors are typically expressed postsynaptically and produce excitatory currents (Reiner 

and Levitz, 2018). iGluRs respond on the millisecond timescale and mediate the majority 

of fast synaptic transmission (Scheefhals and MacGillavry, 2018). The three main 

subfamilies of iGluRs are AMPA receptors (AMPARs), NMDA receptors (NMDARs) 

and kainate receptors (KARs) (Hollmann, 1994). Assembled as tetramers, iGluRs have an 

extracellular N-terminus, an intracellular C-terminus, an extracellular ligand binding 

domain , and a pore forming transmembrane domain which forms a cation permeable 

channel (Traynelis, 2010; Reiner and Levitz, 2018). 

 

Metabotropic receptors (mGluRs) are G protein coupled receptors that undergo a 

conformational change upon ligand binding, activating intracellular signaling cascades 

through second messengers (Niswender and Conn, 2010). mGluRs are slower to respond 

compared to iGluRs but their effects are longer lasting (Scheefhals and MacGillavry, 

2018). mGluRs are subdivided into three groups: group I are primarily Gq coupled and 

located postsynaptically while group II and III are Gi/o coupled and involved in 

presynaptic inhibition (Reiner and Levitz, 2018). 

 

In addition to the spatial organization of individual receptors, different affinities for 

glutamate determine the likelihood of that receptor being activated. In addition to binding 
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affinity, the number of glutamate molecules that bind impacts the probability of the 

channel opening (Scheefhals and MacGillavry, 2018). AMPARs are relatively low 

affinity, NMDARs are higher affinity and KARs can be high or low affinity depending on 

the tetramer subunit composition (Hollmann, 1994; Danbolt, 2001; Fisher and Mott, 

2011; Scheefhals and MacGillavry, 2018). mGluRs exhibit a low affinity for glutamate, 

similar to AMPARs (Scheefhals and MacGillavry, 2018). 

 

1-5 Termination of glutamatergic transmission 

For dynamic signaling processes with a high signal-to-noise ratio, it is crucial that 

extracellular glutamate concentrations are kept low. There are no enzymes present 

extracellularly to degrade glutamate, therefore, glutamate must be physically removed via 

cellular uptake (Danbolt, 2001). Glutamate transporters are responsible for clearing 

glutamate from the extracellular space, controlling synaptic spillover and preventing 

overexcitation of receptors (Danbolt, 1994; Vandenberg and Ryan, 2013). 

 

Glutamate transporters are divided into five subtypes of Excitatory Amino Acid 

Transporters (EAAT1-5) which are expressed in different brain regions and cell types 

(Lehre and Danbolt, 1998). GLT-1 (EAAT2) is considered the most abundant glutamate 

transporter as it makes up 1% of total forebrain protein and has been suggested to account 

for up to 90% of total glutamate uptake in the brain (Lehre and Danbolt, 1998; Grewer et 

al., 2014). GLT-1 is predominantly expressed on astrocytes but can be expressed in 

synaptic terminals of neurons (Furness et al., 2008; Grewer et al., 2014). GLAST 

(EAAT1) is an astrocytic glutamate transporter that is often co-expressed alongside GLT-
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1 in astrocytic membranes (Haugeto et al., 1996). Overall, the density of GLAST is less 

than that of GLT-1, except in the cerebellum where GLAST is 6-fold more abundant than 

GLT-1 (Lehre and Danbolt, 1998). EAAC1 (EAAT3) is a neuronal transporter that is 

expressed in somata and dendrites and not found in axon terminals (Holmseth et al., 

2012). In the rat hippocampus, expression of EAAC1 is approximately 100-fold less than 

GLT-1 and GLAST and only 30% of EAAC1 is localized to the plasma membrane 

(Holmseth et al., 2012). While EAAC1 immunoreactivity is distributed throughout 

dendrites and somata, the low expression level of this protein raises a question about its 

role in glutamate clearance when compared to the abundantly expressed GLT-1 

(Holmseth et al., 2012). Scimemi et al. (2009) found that EAAC1 regulates the time 

course of glutamate in the extracellular space by rapidly binding and unbinding the 

transmitter. In this way, rather than rapidly uptaking glutamate itself, EAAC1 can serve to 

buffer extracellular glutamate concentrations, prolonging the glutamate transient and the 

time for astrocytic transporters to transport glutamate. It was also found that EAAC1 

reduced NMDAR activation, suggesting that buffered glutamate slowly unbinds from 

EAAC1 which is likely to be immediately cleared by glial transporters. These findings 

indicate that functionally, EAAC1 may be more involved in modulating the accessibility 

of glutamate to other transporters instead of directly regulating neurotransmission 

(Scimemi et al., 2009). EAAT4 is a neuronal transporter with greatest expression in the 

Purkinje cells of the cerebellum (Dehnes et al., 1998). EAAT5 is found exclusively in the 

retina with expression in both rod and cone terminals (Arriza et al., 1997). 
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1-6 Mechanisms of glutamate transport 

The five EAAT subtypes discussed here are members of the solute carrier 1 (SLC1) 

family. These transmembrane proteins are secondary active transporters that uptake 

glutamate against its concentration gradient, which is several thousand fold across the 

plasma membrane (Danbolt, 2001; Grewer et al., 2014). The driving force for transport of 

one individual glutamate molecule is cotransport of 3 Na+ ions and 1 proton into the cell 

and counter transport of 1 K+ ion out of the cell (Zerangue and Kavanaugh, 1996). The 

ability of transporters to uptake glutamate is described by the alternating access model 

which states that transporters undergo a conformational change exposing the extracellular 

ligand binding domain to the intracellular surface where the ligand is released (Oleg, 

1966). The kinetics of transport depend on the binding rate of glutamate, the likelihood 

that the ligand will be released intracellularly, the density of transporters near the synapse 

and the turnover rate of the transporter which is the time needed to complete one full 

transport cycle (Vandenberg and Ryan, 2013). 

 

1-7 Gliotransmission   

Outnumbering neurons 10:1, glial cells are now widely accepted as active participants in 

neurotransmission (Kurosinski et al., 2002). One individual astrocyte can contact 

thousands of synapses suggesting that astrocytes partner with neurons to modulate neural 

communication (Tasker et al., 2012). Astrocytes play a crucial role in glutamate 

homeostasis as they express high affinity glutamate transporters responsible for glutamate 

reuptake (Danbolt, 2001; Tasker et al., 2012). In this way, astrocytes regulate 

extracellular concentrations of glutamate, limiting receptor activation and diffusion to 
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nearby synapses (Tasker et al., 2012). Furthermore, astrocytes are known to release 

gliotransmitters such as glutamate, GABA, ATP, and adenosine into the extracellular 

space (Tasker et al., 2012). Although incapable of producing action potentials, astrocytes 

can release gliotransmitters in a calcium dependent manner, similarly to neurons. Termed 

“calcium excitability”, astrocytes can  produce calcium waves by changing their 

intracellular calcium concentration (Pál, 2015). In addition to calcium dependent 

exocytosis, astrocytes can release gliotransmitters through hemichannels, anion channels, 

purinergic receptors and reverse mode transporters (Pál, 2015). Clearly, astrocytes are not 

solely structural support for neurons but important contributors to complex functions of 

the CNS. 

 

1-8 Synaptic vs ambient glutamate 

There are two distinct ways to categorize extracellular glutamate: synaptic and ambient. 

Synaptic glutamate is confined to the synaptic cleft and its levels are directly influenced 

by both spontaneous and action-potential-dependent release from the presynaptic 

terminal. Approximately 4000 molecules of glutamate are contained within a single 

synaptic vesicle which are released during excitatory transmission, causing the 

concentration of synaptic glutamate to undergo a rapid transient increase (Marx et al., 

2015). The concentration of glutamate within the synapse depends on how much 

glutamate was released, the size of the synapse, how many transporters are available for 

reuptake and where these transporters are located (Danbolt, 2001). Transporters expressed 

within the vicinity of the synapse, especially those near release sites, have a direct ability 

to control synaptic concentrations and regulate receptor activation. Transporters 
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expressed at the synaptic perimeter are more likely to prevent spillover into the 

extrasynaptic space and prevent or allow diffusion back into the synaptic cleft (Danbolt, 

2001). 

 

Ambient glutamate refers to the low concentration of non-synaptic glutamate that is 

always present in the extracellular space  (Tasker et al., 2012). While conventional 

vesicular release from neurons can contribute to ambient glutamate levels by synaptic 

spillover and diffusion from nearby synapses, ambient glutamate concentrations are 

influenced by non-neuronal factors, such as gliotransmission (Cavelier et al., 2005; Le 

Meur et al., 2007). Since astrocytes possess both glutamate release and glutamate 

reuptake mechanisms, these cells are recognized as major regulators of ambient glutamate 

concentrations (Jourdain et al., 2007; Tasker et al., 2012).  

 

1-9 Role of synaptic and extrasynaptic receptors 

Synaptic and ambient glutamate act on distinct pools of receptors.  Synaptic glutamate 

binds low-affinity, rapidly desensitizing receptors within the PSD and these responses can 

be recorded as excitatory postsynaptic currents (EPSCs) (Tasker et al., 2012). EPSCs are 

fast, phasic responses which last in the order of milliseconds. Conversely, ambient 

glutamate has been shown to bind extrasynaptic receptors with greater affinity and less 

desensitization (Tasker et al., 2012). This activity induces tonic currents which are 

distinguishable from EPSCs as they are persistent, lasting several minutes (Tasker et al., 

2012).  
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Le Meur et al (2007) found that ambient glutamate of glial origin activates extrasynaptic 

NMDARs in a tonic manner in the hippocampus. Tonic activation of NMDARs by 

ambient glutamate was also observed in pyramidal cells and interneurons of the prefrontal 

cortex (Povysheva and Johnson, 2012). NMDAR-mediated tonic current has been found 

to be upregulated in pathological conditions such as Alzheimer Disease (Papouin and 

Oliet, 2014). Tonic activation of extrasynaptic receptors has also been shown to be 

involved in development and reward, and may have neuroprotective effects (Cavelier et 

al., 2005; Povysheva and Johnson, 2012) 

 

Extrasynaptic receptors were once considered a non-functional reserve pool, however, it 

is now recognized that their signaling plays an important role in information processing 

(Harney et al., 2008). Synaptic- and extrasynaptic-mediated signaling may also result in 

functionally distinct outcomes. Hardingham et al (2002) showed that synaptic NMDAR 

activation led to anti-apoptotic activity while extrasynaptic NMDAR activation resulted 

in cell death of hippocampal neurons. These differences support the notion of 

compartmentalized signaling mechanisms induced by synaptic and ambient glutamate. 

Therefore, understanding the source of ambient glutamate and where it acts is of utmost 

importance to expanding our knowledge of glutamatergic signaling. Moreover, this 

highlights the importance of studying different receptor pools in distinct subcellular 

domains. 
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1-10 The lateral hypothalamus  

The lateral hypothalamus (LH) is one of the most well-connected areas of the brain, 

containing an intricate assembly of complex neural connections. It receives inputs from 

many brain areas and integrates this information to coordinate homeostatic mechanisms 

(Bonnavion et al., 2016). Neurons of the LH have widespread projections throughout the 

CNS including the forebrain and brainstem (Bittencourt et al., 1992; Meister, 2007; 

Barbosa et al., 2017). The LH is an extremely heterogenous region containing diverse 

nuclei and cell types which work together to regulate feeding behavior, energy balance 

and sleep-wake states (Meister, 2007; Hahn and Swanson, 2010; Brown et al., 2015). 

Sleep-wake balance is primarily regulated by alternate activation of the sleep and wake 

promoting neurons in the LH: orexin (ORX) and melanin concentrating hormone (MCH) 

(Bonnavion et al., 2016; Briggs et al., 2018). Orexin neurons promote wakefulness while 

MCH neurons promote sleep. Furthermore, both cell populations stimulate feeding 

behaviour and play an integral part in energy balance (Meister, 2007).  

 

Glutamate is the dominant excitatory neurotransmitter in hypothalamic control of 

homeostasis (Meister, 2007). For example, when glutamate is injected into the LH it 

elicits an immediate feeding response, perhaps through its actions on orexigenic neural 

populations (Meister, 2007). Glutamate transporters GLT-1, GLAST and EAAC1 are 

expressed in the hypothalamus and are likely to play significant roles in homeostatic 

functions. However, their role in regulating LH neurons is poorly understood. 
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1-11 Melanin-concentrating hormone (MCH) neurons 

Melanin concentrating hormone is a 19 amino acid cyclic neuropeptide that is synthesized 

exclusively by neurons of the LH and zona incerta (Bittencourt et al., 1992). The peptide 

was originally discovered in teleost fish as a skin pigmentation modulator but MCH was 

later found in the brains of humans and rats (Kawauchi et al., 1983; Bittencourt et al., 

1992). MCH is a ligand for the receptors MCHR1 and MCHR2. In humans, both 

receptors types are expressed throughout the brain, however, rodents only express 

MCHR1 (Chee et al., 2014). MCHR1 is a Gi/o coupled receptor and MCHR2 is Gq 

coupled, suggesting that MCH can exert either inhibitory or excitatory effects (Chee et 

al., 2014). MCH neurons are also capable of releasing classical neurotransmitters 

glutamate and GABA as they have been found to express VGLUT1 and GAD65/67 

(Harthoorn et al., 2005; Meister, 2007).  

 

MCH neurons are known to promote feeding behaviour and are also involved in REM 

sleep. Overexpression of MCH in mice leads to hyperphagia and increased body weight 

while mice with an MCH deletion are hypophagic and lean (Shimada et al., 1998; Ludwig 

et al., 2001). Intracerebroventricular (ICV) injection of MCH stimulates food intake and 

during fasting mRNA levels of MCH are increased (Meister, 2007). MCH neurons are 

active during REM sleep and injections of MCH into the dorsal raphe nucleus induce 

dose dependent increases in REM sleep (Verret et al., 2003; Lagos et al., 2009). Further, 

MCH neurons project to the brainstem which has known roles in the regulation of sleep 

wake states (Ludwig et al., 2001). In summary, MCH neurons play critical roles in wide-

ranging physiological functions. Thus, it is important to understand the cellular 
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mechanisms that influence the excitability of these neurons, which may have implications 

for regulation and dysregulation of homeostasis. 

 

1-12 Rationale and Hypotheses 

As glutamate is the major excitatory neurotransmitter in the hypothalamus, activity of 

MCH neurons is regulated by glutamate. Therefore, the goal of this project is to better 

understand the basic mechanisms of glutamatergic transmission in MCH neurons. As 

MCH is known to promote weight gain and sleep, these findings may have implications 

in homeostatic mechanisms such as energy balance and sleep-wake behaviour. 

Interestingly, previous work in our lab describes how MCH neurons display unique 

biphasic EPSCs consisting of a fast phase immediately following each synaptic 

stimulation and a slow phase which persists after synaptic stimulation has ended (Briggs 

et al., 2018). Our lab has also found that homeostatic challenge impacts excitatory 

transmission to MCH neurons. When rats were sleep deprived for 6h, there was a 

selective decrease in slow EPSC, but not fast EPSC, compared to control rats who were 

permitted to rest. This decrease was accompanied by increased apposition of GLT-1 to 

MCH soma, which indicates that greater glutamate clearance is responsible for the 

decrease in slow EPSCs (Briggs et al., 2018). This finding suggests an important role for 

glutamate transporters in the regulation of excitatory synaptic transmission in MCH 

neurons under normal conditions and homeostatic challenge in the form of sleep 

deprivation. Furthermore, it indicates that distinct mechanisms exist for fast and slow 

EPSCs. However, it remains to be explored whether glutamate transporters regulate tonic 

currents in these neurons. These findings lead to the following hypotheses 
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Hypotheses 

In MCH neurons, 

1. EPSCs and tonic currents are mediated by different glutamate receptor pools. 

2. EPSCs and tonic currents are differentially regulated by glutamate transporters. 
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2-0 Methods 

2-1 Animals 

All procedures were conducted in accordance with the Canadian Council on Animal Care 

and were approved by the Memorial University Institutional Animal Care Committee. 

Male Sprague Dawley rats were obtained from Charles River Canada (St. Constant, QC, 

Canada). Animals were single housed under a 12h light/12h dark cycle (lights on at 

08:00) in the animal care facility in the Faculty of Medicine. Animals were fed standard 

rodent chow (Teklad 2018 rodent diet, Envigo). Animals had access to food and water ad 

libitum. Experiments were performed on brain slices from rats aged between 7 and 10 

weeks. 

 

2-2 In Vitro Electrophysiology 

Rats were deeply anesthetized with isoflurane, decapitated and brains quickly removed. 

Coronal slices (250 µm thick) of the hypothalamus were cut in ice cold artificial 

cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 

MgCl2, 18 NaHCO3, 2.5 glucose, 2 CaCl2. Slices were then incubated in ACSF at 32-34 

°C for 30 minutes and then left at room temperature until recording. ACSF was 

continuously bubbled with O2 (95%) and CO2 (5%). 

 

Patch clamp recordings were performed on hemisected hypothalamic slices superfused 

with 27-30 C° ACSF at 2.5-3.0mL/min. Neurons that were located in the lateral 

hypothalamic area and zona incerta (dorsomedial to the fornix, midway to the 
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mammillothalamic tract) and had a large soma diameter (10-20 µm) were selected for 

recording using a differential interference contrast microscope (DM LFSA; Leica 

Microsystems). Recordings were performed using a Multiclamp 700B amplifier and 

pClamp 10.3 software (Molecular Devices, Sunnyvale, CA). The whole-cell internal 

solution contained (in mM): 123 potassium gluconate, 2 MgCl2, 8 KCl, 10 Hepes, 0.2 

EGTA, 5 Na2-ATP, 0.3 Na-GTP, adjusted to pH 7.29-7.30 with KOH. Biocytin (0.1-

0.2%; Sigma Aldrich Canada, Oakville, ON, Canada) was added to the internal solution 

to label recorded cells. Filled recording electrodes had a tip resistance of 3-7MΩ. 

Picrotoxin (50 µM; Sigma Aldrich Canada, Oakville, ON, Canada) was always present in 

the bath during recordings to block GABAA receptors and isolate excitatory currents. 

 

Once whole cell access was achieved, we characterized the cell type based on its 

electrophysiological properties using a series of hyperpolarizing and depolarizing current 

steps (600 ms each ranging from -200 pA to +200 pA). MCH neurons were first identified 

by their well-established electrophysiological properties (Fig. 1A). MCH neurons are not 

spontaneously active in vitro, have a hyperpolarized resting membrane potential, lack H-

current and rebound depolarization, and display spike adaptation upon positive current 

injection (Alberto et al., 2011). Following recording, experimental brain slices were fixed 

in 10% formalin and processed for post hoc immunohistochemistry to confirm the 

neurochemical identity of recorded biocytin-filled cells (below). 

 

For EPSC recording, neurons were held at -70 mV and membrane currents were filtered 

at 1 kHz, digitized at 10 kHz and stored for offline analysis. To record evoked EPSCs, a 
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glass stimulating electrode was placed approximately 100 µm away from the recorded 

cell in order to stimulate afferent fibers. Train stimulation consisting of 20 pulses at 50 Hz 

was applied every 30 seconds. Once evoked responses were stable (the first EPSC at least 

150 pA), a baseline was recorded for 5 minutes. Following the baseline, various drugs 

were bath applied for 5 minutes each and then were washed in normal ACSF for a 

minimum of 10 minutes. In some cases, multiple drugs were co-applied or applied in 

sequence for up to 15 minutes prior to washing. The peak amplitude of the fast EPSCs 

following the first and second pulses were measured.  Slow EPSC amplitude was 

measured 25 ms after the final stimulation artifact, as our pilot study indicated that the 

fast EPSC completely decayed within 25 ms. The slow EPSC area was defined as the area 

under the curve between 25 and 750 ms after the final stimulation artifact. A 20 mV 

hyperpolarizing pulse (100 ms) was applied every 30 s, and the steady state and 

capacitive currents were monitored as measures of input and access resistance, 

respectively. Cells that showed significant change (>20%) in these parameters during 

electrophysiological recordings were excluded from analysis. 

 

For tonic currents, all recording procedures were identical to those described above, 

except without synaptic stimulation. The peak amplitude of the tonic current was 

identified and measured. 

 

2-3 Post Hoc Immunohistochemistry 

After recording, brain slices were immediately placed in 10% formalin and fixed for >24h 

at 4C°. To confirm the phenotypes of recorded cells, fixed slices were individually 
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incubated with rabbit anti-MCH IgG (1:2000; G-070-47; Phoenix Pharmaceuticals) for 3 

days at 4C°. Next, slices were incubated overnight at 4°C with Alexa 594-conjugated 

donkey anti-rabbit IgG (1:500; A21207; Invitrogen) as well as Alexa 350-conjugated 

streptavidin (1:500; Jackson ImmunoResearch, West Grove, PA, USA) to visualize MCH 

peptide and biocytin in recorded cells, respectively. Stained slices were examined with an 

epifluorescence microscope to determine co-localization of MCH with biocytin. A total of 

129 cells from 74 rats showed electrophysiological properties typical of MCH neurons 

and were included in the analysis for this study. Among these 129 cells, fluorescent 

biocytin labelling was present in 95 cells and MCH immunolabelling was confirmed in 

100% of these biocytin filled neurons (95 of 95). An example of an MCH neuron co-

labelled with biocytin and proMCH (precursor of MCH peptide) is shown in figure 1B. 

 

2-4 Drugs  

All drugs were aliquoted and frozen as 1000x stock solutions. Immediately before use, 

aliquots were thawed, diluted into ACSF and bath applied. Tetrodotoxin (TTX) was 

purchased from Alomone Labs (Jerusalem, Israel). GYKI52466 was purchased from 

Hello Bio (Bristol, UK). DAP5 and UBP310 were purchased from Abcam (Toronto, ON, 

Canada). TFB-TBOA, UCPH101, DHK, MPEP, and LY367385 were purchased from 

Tocris Bioscience (Minneapolis, MN, USA). See Table 1 for complete list of bath applied 

drugs. 
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2-5 Data Analysis 

EPSCs and tonic currents were analyzed using Clampfit 10.7 software (Molecular 

Devices, Sunnyvale, CA). Statistical analyses were conducted with Prism 8 (GraphPad 

Software, La Jolla, CA). To compare the drug effect to its baseline, paired t tests were 

used. To compare different drug effects between cells, unpaired t tests were used. For 

group comparisons of different drugs or different concentrations of the same drug, one-

way ANOVA was used. Tukey’s or Dunnet’s post-hoc analysis was used for multiple 

comparisons as appropriate. P values <0.05 were considered statistically significant. 

Values are expressed as means+/- SEM. N-values indicate both the number of animals 

used and the number of cells included in each experiment. In cases where the same set of 

cells is analyzed more than once, the n-values are mentioned only on the first occasion. 
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Fig 1. Identification of MCH neurons. 
 

A) Electrophysiological fingerprint of an MCH neuron during a series of positive and 

negative current injections. These cells typically lack H-current and spontaneous firing 

while exhibiting spike adaptation. 

B) Patched cells were filled with biocytin for post-hoc immunohistochemistry. Images 

show a cell colabelled with biocytin and proMCH. 
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Drug 

 

Function 

 

Conc. 

 

Catalog # 

 

Source 

TTX Na+ channel blocker 1 M T-500 Alomone Labs 

Picrotoxin GABAA channel 

blocker 

50 µM P1675 Sigma Aldrich 

Canada 

GYKI52466 AMPAR antagonist 100 µM HB0311 Hello Bio 

DAP5 NMDAR antagonist 50 µM Ab120003 Abcam 

UBP310 KAR antagonist 10 µM Ab120168 Abcam 

MPEP mGluR5 antagonist 20 µM 1212 Tocris Bioscience 

LY367385 mGluR1 antagonist 100 µM 1237 Tocris Bioscience 

 

TFB-TBOA 

Non-specific 

glutamate transporter 

inhibitor 

 

5 µM 

 

2532 

 

Tocris Bioscience 

DHK GLT-1 inhibitor 100 µM 0111 Tocris Bioscience 

UCPH101 GLAST inhibitor 50-100 µM 3490 Tocris Bioscience 

 

 

Table 1. Drugs added to ACSF for bath application. 
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3-0 Results 

3-1 MCH neurons display biphasic EPSC 

To investigate the characteristics of excitatory transmission in MCH neurons, EPSCs 

were elicited using 50Hz, 20 pulse train stimulation applied to the afferent fibers. This 

stimulation protocol revealed biphasic EPSCs, consisting of a “fast” and a “slow” 

component. Typical fast EPSCs are observed immediately following each pulse (Fig 2; 

red), while the more subtle, slow component accumulates with repeated stimuli and 

persists after the train stimulation has ended (Fig 2; yellow) as previously described by 

our laboratory (Briggs 2018). While these phases exhibit some overlap in timing (Fig 2; 

orange gradient), they can be analyzed individually. Specifically, the peak of first EPSC 

largely consists of the fast component, whereas the recovery following the train 

stimulation can represent the slow component. 

 

3-2 Fast and slow EPSCs are mediated by distinct glutamate receptor types 

AMPA receptors are well established as the primary mediator of fast EPSCs in the brain, 

in large part due to their rapid kinetics (Jonas, 2000). Conversely, slow EPSCs have been 

shown to be mediated by KARs (Castillo, 1997), AMPARs (Lu 2017) and mGluRs 

(Huang 2007). NMDARs can also mediate slow EPSC (Steinert et al., 2010), although 

their contribution is unlikely because Mg2 ions should block NMDA channels in our 

recording condition in which the cells are recorded at the holding potential of -70 mV. 

Since synaptically released glutamate may spill over during train stimulation and activate 

different subset of receptors, biphasic EPSCs in MCH neurons may be mediated by 
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different glutamate receptor types. Specifically, we hypothesized that the fast EPSCs 

would have a greater contribution from synaptic iGluRs and that the slow EPSC would 

have greater contribution from extrasynaptic mGluRs. To determine which glutamate 

receptors were involved in fast and slow EPSCs, we tested specific iGluR and mGluR 

antagonists. Indeed, visual inspection of EPSCs during baseline and during specific 

glutamate receptor antagonists (Fig 3, left) and subtracted traces (i.e. the difference 

between baseline and antagonist) indicates the distinct contribution of each receptor type 

to fast and slow EPSC (Fig 3, right). The larger the subtracted trace, the greater the 

contribution from that receptor type. 

 

Fast EPSCs were found to be primarily AMPAR mediated, as the AMPAR-specific 

antagonist GYKI52466 (100 µM) decreased the first fast EPSC amplitude by almost 50% 

(paired t test, t(5) = 6.08; p = 0.0017; n = 6 cells; n = 5 rats; Fig 4A1,C). The KAR 

antagonist UBP310 (10µM) decreased fast EPSC amplitude by approximately 20% 

(paired t test, t(6) = 4.35; p = 0.0043; n = 7 cells; n = 5 rats; Fig 4A2,C) and the mGluR1 

antagonist LY367385 (100 µM) led to a 25% decrease (paired t test, t(6) = 5.35; p = 

0.0017; n = 7 cells; n = 3 animals; Fig 4A5,C) indicating a role of KAR and mGluR1 in 

fast EPSC. The paired pulse ratio (PPR; a ratio of the amplitude of EPSC2/EPSC1) was 

found to be significantly increased in the presence of the mGluR1 antagonist LY367385 

(paired t test, t(6) = 3.54; p = 0.0122; n = 7 cells; n = 3 rats; Fig 4B5,D) but not by other 

receptor antagonists. As an increase in PPR is suggestive of a decrease in presynaptic 

release probability, this result suggests that mGluR1 modulates EPSCs presynaptically. 
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In the same set of cells, we next analyzed the slow EPSC. The slow EPSC was found to 

be mediated by a combination of AMPARs, KARs and NMDARs. The amplitude of the 

slow EPSC decreased in the presence of GYKI52466 (100 µM) (paired t test, t(5) = 4.87; 

p = 0.0046; Fig 5A1,D), UBP310 (10 µM) (paired t test, t(6) = 5.07; P = 0.0006; Fig 

4A2,D), and DAP5 (50 µM) (paired t test, t(6) = 2.80; p = 0.0310; Fig 5A3,D). 

LY367385 (100 µM) also decreased the slow EPSC amplitude indicating a contribution 

from mGluR1 (paired t test, t(6) = 3.26; p = 0.0172; Fig 5A5,D). In a comparable manner, 

GYKI52466 (paired t test, t(5) = 3.44; p = 0.0184; Fig 5B1,E), UBP310 (paired t test, t(6) 

= 4.83, p = 0.0008; Fig 5B2,E), and DAP5 (paired t test, t(6) = 2.81; p = 0.0306; Fig 

5B3,E) all decreased the slow EPSC area. There was a contribution from mGluR1 as 

LY367385 decreased the slow EPSC area (paired t test, t(6) = 2.63; p = 0.0387; Fig 

5B5,E). The decay time of the slow EPSC, defined as the time to decay from 90% to 10% 

of the peak, was unaffected by glutamate receptor antagonists (Fig 5C1-5,F). MPEP (20 

µM), the antagonist for mGluR5 had no effect on slow EPSC amplitude, area or decay 

time (Fig 5A4,B4,C4).  

 

These results suggest that fast and slow EPSCs are mediated by different, but 

overlapping, glutamate receptor types in MCH neurons. AMPARs, KARs and mGluR1 

contribute to fast EPSCs while AMPARs, KARs, NMDARs and mGluR1 contribute to 

the slow EPSC. 
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Fig 2. MCH neurons display biphasic excitatory post synaptic currents (EPSC).  

 

Example voltage clamp trace illustrating biphasic EPSC evoked by 50Hz 20 pulse 

presynaptic train stimulation (presyn. stimulation; arrow heads). Fast EPSCs (red) appear 

as downward deflections immediately following each stimulation and are fast to peak and 

decay. Slow EPSC (yellow) develops with repeated stimulation and gradually decays 

back to baseline after the train has ended. The gradient of colors is used to illustrate the 

overlap between the fast and slow phases. 

 

 

 

 

 

 



 
 

26 

 
 

 

 

Fig 3. Effect of glutamate receptor antagonists on evoked biphasic EPSCs in MCH 

neurons.  

 

Left: Superimposed  averaged traces of biphasic EPSCs evoked by train stimulation 

recorded from representative MCH neurons during baseline (black traces) and during 

glutamate receptor antagonists (colored traces).  

Right: subtracted traces illustrating the difference between the baseline and the 

antagonist traces shown on the left. The subtracted traces represent the current sensitive to 

each specific receptor antagonist.  

To allow visual comparison of superimposed traces (left), the baseline traces of each 

example are scaled so that their first EPSC is the same size, and the antagonist traces are 

scaled with their respective baseline traces. Furthermore, the relative scale of the 

subtracted traces (right) are kept consistent with each other to demonstrate the relative 

contribution of different receptors. 
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Fig 4. Fast EPSCs are primarily mediated by AMPAR in MCH neurons 

 

Top: Raw values are shown for fast EPSC amplitude (A1-A5) and paired pulse ratio 

(PPR; B1-B5). Each connected set of two data points represents one MCH neuron before 

and during glutamate receptor antagonists.  

Bottom: Data is grouped and shown as percent baseline to compare the relative 

contribution of each glutamate receptor (C-D). *p<0.05 vs. baseline. 
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Fig 5. Slow EPSCs are mediated by  a combination of ionotropic glutamate receptors 

in MCH neurons.  

 

Top: Raw values are shown for slow EPSC amplitude (A1-A5), area (B1-B5), and decay 

time (C1-C5). Each connected set of two data points represents one MCH neuron before 

and during glutamate receptor antagonists.  

Bottom: Data is grouped and shown as percent baseline to compare the relative 

contribution of each glutamate receptor (D-F). *p<0.05 vs. baseline. 
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3-3 Evoked fast and slow EPSCs are differentially impacted by glutamate 

transporter blockade 

We next wanted to investigate how glutamate transporters influence excitatory 

transmission in MCH neurons. Thus, the effects of glutamate transporter blockers were 

tested on evoked EPSCs using 20 pulse x 50 Hz train stimulation, similarly to Figure 3. 

After a stable baseline had been established, the non-specific transporter inhibitor TFB-

TBOA (5 µM) or the GLT-1 specific inhibitor DHK (100 µM) was bath applied for 5 

minutes (refer to section 3-4 for rationale behind concentrations used). Representative 

superimposed traces show a large shift in baseline during glutamate transporter blockade 

(Fig 6A,B; arrows) that was reversible after washing. When this shift in baseline current 

is removed and traces are aligned at the baseline (Fig 6C,D) EPSCs are flattened in the 

presence of TFB-TBOA (Fig 6C), while EPSCs are still present during DHK (Fig 6D). 

Subtracted traces (Fig 6E,F) illustrate the current sensitive to the glutamate transporter 

inhibitor used. The TFB-TBOA subtracted trace (Fig 6E) is much larger than the DHK 

subtracted trace (Fig 6F) indicating that TFB-TBOA eliminates more evoked EPSCs than 

DHK does.  

 

We analyzed the fast EPSC amplitude relative to its own baseline immediately preceding 

the stimulus artifact. This revealed that fast EPSC amplitude was significantly decreased 

in the presence of TFB-TBOA (paired t test, t(4) = 3.25; p = 0.0313; n = 5 cells, n = 3 

rats; Fig 7A2). Fast EPSC amplitude diminished quickly and did not reverse to baseline 

levels even with a prolonged wash (Fig 7A1). Conversely, fast EPSC amplitude remained 

stable throughout DHK application (paired t test, t(5) = 1.39; p = 0.2218; n = 6 cells; n = 
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3 rats; Fig 7B1,B2).. These results indicate that fast EPSCs are occluded when all 

glutamate transporters are blocked by TFB-TBOA, but not affected when GLT-1 alone is 

blocked by DHK (unpaired t test, t(9) = 11.21; p = 0.0001; Fig 7C). The difference in the 

effect of the two blockers suggests a role for glutamate transporters other than GLT-1. 

 

Next, we analyzed the slow EPSC in the same set of cells. In contrast to the fast EPSC 

results, DHK significantly decreased the slow EPSC amplitude (paired t test, t(5) = 4.91; 

p = 0.0044; Fig 8C1,C2) and slow EPSC area (paired t test, t(5) = 6.07; p = 0.0018; Fig 

8D1,D2).  Interestingly, TFB-TBOA induced a biphasic effect on slow EPSC amplitude 

with an increase followed by a decrease (Fig8A1). The initial increase was consistently 

observed among cells; however, this could be due to the rapid downward shift in the 

baseline induced by the transport blocker (to be addressed below) rather than a real 

increase in EPSC amplitude. Once the baseline stabilized, a significant decrease in slow 

EPSC amplitude was observed (paired t test, t(4) = 3.35; p = 0.0285; Fig 8A2). This did 

not accompany a significant change in the slow EPSC area (paired t test, t(4) = 1.70; p = 

0.1629; Fig 8B2), which could be due to a dramatic inhibition of slow EPSC, which made 

it difficult to reliably measure the slow EPSC area. 

 

Together we have shown that the fast and slow components of EPSCs are differentially 

affected by glutamate transporter blockade. TFB-TBOA occludes fast EPSCs more than 

DHK however, DHK decreases slow EPSC parameters more consistently than TFB-

TBOA. These results suggest an important role for GLT-1 and non GLT-1 transporters, 

namely GLAST and EAAC1. 
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Fig 6. Effect of glutamate transporter blockade on evoked biphasic EPSCs in MCH 

neurons.  

 

Left: green box contains traces during TFB-TBOA which inhibits GLT-1, GLAST and 

EAAC1. Right: orange box contains traces during DHK which inhibits GLT-1. 

A,B) Representative averaged traces of biphasic EPSCs evoked by train stimulation 

recorded from individual MCH neurons during baseline (black traces) and during 

glutamate transporter blockade (colored traces). Arrows indicate the shift in baseline 

holding current during A) TFB-TBOA (5µM) and B) DHK (100µM) application.  

C,D) Superimposed traces have been aligned at the baseline to illustrate the effect on 

evoked biphasic EPSCs during glutamate transporter blockade. EPSCs appear flattened 

during TFB-TBOA (C) but still present during (D) DHK  

(E,F). Subtracted traces indicate the difference between the responses to synaptic 

stimulation with and without the transporter blocker, representing the current sensitive to 

either TFB-TBOA (E) or DHK (F). Note that these traces do not account for the tonic 

shift in baseline holding current due to the transporter blockers. 
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Fig 7. Evoked fast EPSCs are eliminated by TFB-TBOA but not by DHK.  

 

Left: green box contains traces during TFB-TBOA which inhibits GLT-1, GLAST and 

EAAC1. Right: orange box contains traces during DHK which inhibits GLT-1. 

A) Representative time effect plots and summary graphs depicting the effect of TBOA on 

fast EPSC amplitude (A1, A2). TBOA application is indicated in time-effect plots with 

green boxes. 

B) Representative time effect plots and summary graphs depicting the effect of DHK on 

fast EPSC amplitude (B1, B2). DHK application is indicated in time-effect plots with 

orange boxes. 

C) Data is grouped and shown as percent baseline to compare the relative contribution of 

each glutamate transporter inhibitor. #### p<0.0001, TBOA vs DHK; *p<0.05 vs. 

baseline. 
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Fig 8. TFB-TBOA induces biphasic effect on evoked slow EPSC in MCH neurons.  

 

Left: green box contains traces during TFB-TBOA which inhibits GLT-1, GLAST and 

EAAC1. Right: orange box contains traces during DHK which inhibits GLT-1. 

A-B) Representative time effect plots and summary graphs depicting the effect of TBOA 

on slow EPSC amplitude (A1, A2), slow EPSC area (B1, B2). TBOA application is 

indicated in time-effect plots with green boxes. 

C-D) Representative time effect plots and summary graphs depicting the effect of DHK 

on slow EPSC amplitude (C1, C2) and slow EPSC area (D1,D2). DHK application is 

indicated in time-effect plots with orange boxes. 

E-F) Data is grouped and shown as percent baseline to compare the relative effect of each 

glutamate transporter inhibitor. # p<0.05 TBOA vs DHK; *p<0.05 vs. baseline. 
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3-4 Glutamate transporter blockade induces tonic current in MCH neurons 

During glutamate transporter blockade, we observed robust, tonic inward currents in 

MCH neurons. Thus, we next turned our attention to these tonic currents. We found that a 

5 minute application of TFB-TBOA resulted in a large tonic current in MCH neurons (Fig 

9A). Interestingly, this tonic current was reversible upon wash, which is distinct from the 

effect on evoked fast EPSCs that did not reverse even with prolonged washout (Fig 7A1). 

This TFB-TBOA effect was found to be concentration dependent, with 10 µM application 

inducing a maximal current approximately twice the amplitude of the 5 µM application 

(one way ANOVA, F(3, 25) = 11.43, p < 0.0001; Tukey’s test for TFB-TBOA 5 µM vs 

10 µM p = 0.0012; Fig 9B). The higher concentrations often resulted in incomplete 

washout of the tonic current or unstable recording, therefore, we decided to use 5 µM 

TFB-TBOA for the remaining TFB-TBOA experiments. These results confirm that non-

specific glutamate transporter blockade leads to tonic current in MCH neurons.  

 

TFB-TBOA is a non-specific glutamate transporter blocker, therefore it blocks all known 

transporters expressed in the hypothalamus: namely GLT-1 and GLAST (expressed on 

astrocytes) and EAAC1 (expressed on neurons). In order to determine how each of these 

three types of transporters of interest contributes to regulating tonic current in MCH 

neurons, we next decided to test the specific inhibitor of astrocytic glutamate transporter 

GLT-1, DHK. We found that 5 minute application of DHK induced a reversible tonic 

current in MCH neurons (Fig 9C). The two cells in the 300 µM group displayed currents 

comparable to those of greatest magnitude in the 100 µM group (Fig 9D). This suggests 
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that 100 µM is near saturating, and thus this concentration was used for the remainder of 

DHK experiments.  

 

Next, we tested the GLAST specific inhibitor, UCPH101. Application of UCPH101 (50-

100 µM) induced no tonic current at concentrations previously shown to effectively block 

GLAST (Abrahamsen et al., 2013) when applied for 5-15 min (Fig 9E,F). Additionally, 

UCPH101 had no additive effect when combined with 100 µM DHK (one way ANOVA 

F(3,33) = 126.6, p < 0.0001; Tukey’s test for DHK vs. DHK + UCPH101 p > 0.9999; Fig 

9G), confirming that GLAST is not involved in regulation of basal excitatory 

transmission to MCH neurons. With GLAST no longer being considered as a contributor, 

the significant discrepancy between the TFB-TBOA-induced and the DHK-induced tonic 

currents suggests a likely role of the neuronal transporter EAAC1 in regulating tonic 

current in MCH neurons (one way ANOVA F(3,33) = 126.6, p < 0.0001; Tukey’s test for 

TFB-TBOA vs DHK p < 0.0001; Fig 9G). 

 

Interestingly, we also observed that the tonic current induced by TFB-TBOA was not 

always smooth and typically included “stepwise currents” (i.e. rapid downward shifts in 

current ranging from 50-150 pA in size; Fig 9A, arrows). Note that these stepwise 

currents were only observed with TFB-TBOA and not the other transporter inhibitors 

tested. 
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3-5 Tonic Currents are induced by ambient glutamate 

As previously mentioned, tonic excitatory currents are often induced by ambient levels of 

glutamate in the extracellular space. Many factors can influence ambient glutamate levels 

such as neuronal and non-neuronal release, and glutamate transporter activity. 

Here, we wanted to determine the source of glutamate responsible for the tonic current in 

MCH neurons. Since the majority of neuronal release of glutamate depends on Na+ 

spikes, we used TTX, a sodium channel blocker that prevents action potential dependent 

vesicular release of neurotransmitter. We found that TTX had no significant effect on the 

amplitude of tonic currents induced by TFB-TBOA (5 µM) (unpaired t test, t(20) = 1.68; 

p = 0.1083; n = 13 cells, n = 8 rats for TFB-TBOA; n = 9 cells, n = 5 rats for TTX + TFB-

TBOA; Fig 10A) or DHK (100 µM)  (unpaired t test, t(22) = 0.125; p = 0.9010; n = 16 

cells, n = 13 rats for DHK; n = 8 cells, n = 7 rats for TTX + DHK; Fig 10B). This 

suggests that these tonic currents do not depend on the action potential-dependent 

neuronal release of glutamate, rather they are likely induced by buildup of spontaneously 

released glutamate or ambient glutamate from non-neuronal sources. 
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Fig 9. Glutamate transporter blockade induces tonic current in MCH neurons.  

 

A) Representative voltage clamp trace illustrating the large, reversible inward current 

induced by the non-specific transporter inhibitor TFB-TBOA. Arrows indicate stepwise 

currents. B) TFB-TBOA induced effect is concentration dependent. C) Representative 

voltage clamp trace illustrating the reversible, inward current induced by the GLT-1 

specific inhibitor DHK. D) DHK induces similar effects at 100 or 300µM. E) 

Representative voltage clamp trace illustrating a lack of effect of the GLAST specific 

blocker UCPH101. F) Blockade of GLAST with UCPH101 had no effect at either 50 or 

100µM. UCPH101 was applied for 5-15 min, which yielded similar effect, thus the 

results were combined. G) Data is grouped to compare the amplitudes of tonic current 

between the different transporter inhibitors used. ##p<0.05, ###p<0.001, ####p<0.0001; 

**p<0.01, ***p<0.001, ****p<0.0001 vs baseline. 
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Fig 10. Tonic current is induced by ambient glutamate.  

 

TTX (1µM), a sodium channel blocker that prevents action potential dependent release of 

neurotransmitter does not affect tonic currents induced by either A) TFB-TBOA (5µM) or 

B) DHK (100µM). These data indicate that tonic currents regulated by glutamate 

transporters do not depend on action potential-dependent presynaptic release of 

glutamate. 
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3-6 TBOA induced tonic current is mediated primarily by NMDARs 

We found that the non-specific transporter inhibitor TFB-TBOA induced a large, tonic, 

reversible current in MCH neurons (see Fig 9A). In order to determine which glutamate 

receptor(s) were responsible for mediating this TFB-TBOA induced effect, we tested a 

series of iGluR and mGluR antagonists. When the NMDAR antagonist DAP5 (50µM) 

was present in the bath, the amplitude of the TFB-TBOA induced current was 

significantly reduced (one way ANOVA F(5,46) = 3.27, p = 0.013; Dunnet’s test  for 

TFB-TBOA vs DAP5 p = 0.0018; all other Dunnet’s comparisons p > 0.05; Fig 11A,B). 

In contrast, the AMPAR antagonist GYKI52466, the KAR antagonist UBP310 and the 

group I mGluR antagonists MPEP and LY367385 had no significant effect. This indicates 

that it is NMDARs mediating the majority of the TFB-TBOA induced current.  

 

3-7 DHK induced tonic current is mediated by KARs 

We found that the GLT-1 specific inhibitor DHK induced a tonic, reversible current in 

MCH neurons (see Fig 9C). In order to determine which glutamate receptor(s) were 

responsible for mediating this DHK induced effect, we tested glutamate receptor 

antagonists. A previous study in our laboratory found that the non-NMDAR antagonist 

DNQX largely blocked the DHK effect, but not the AMPAR specific antagonist or the 

group I mGluR antagonists, suggesting that KAR may play an important role. Here, we 

tested the KAR specific antagonist UBP310 (10µM) and found that it abolished the DHK-

induced tonic current (unpaired t test, t(12) = 5.62, p = 0.0001; n = 6 cells, n = 2 rats for 

DHK alone; n = 8 cells, n = 5 rats for UBP310+DHK; Fig 12A,B). These results indicate 

that KAR mediate the DHK current.  
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Taken together, these results suggest that EAAC1 may regulate NMDAR activation while 

GLT-1 tightly controls KAR activation by ambient glutamate. 
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Fig 11. Glutamate transporters control NMDAR activation by ambient glutamate.  

 

A) Representative voltage clamp trace illustrating the TFB-TBOA-induced effect (see Fig 

9A) is largely attenuated by the NMDAR antagonist D-AP5 (50µM).  

B) Grouped data summarizing the effect of glutamate receptor antagonists on the TFB-

TBOA induced current. The amplitude of the TFB-TBOA-induced tonic current is 

significantly reduced by D-AP5, but not by other glutamate receptor antagonists. 

**p<0.01. 
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Fig 12. GLT-1 tightly controls KAR activation by ambient glutamate.  

 

A) Representative voltage clamp trace illustrating the DHK induced effect (see Fig 9C) 

when the KAR antagonist UBP310 (10µM) is present in the bath.  

B) The amplitude of the DHK-induced tonic current is significantly reduced by UBP310. 

This indicates that UBP310 leads to complete blockade of DHK induced tonic current. 

***p<0.001. 
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4-0 Discussion 

In the present study, we have shown that MCH neurons display biphasic EPSCs 

consisting of both fast and slow components. These fast and slow phases of EPSC were 

found to be mediated by distinct glutamate receptors types. We also found that blockade 

of glutamate transporters leads to a reversible, tonic current in MCH neurons likely 

induced by ambient glutamate from a non-neuronal source. The size of the tonic current is 

dependent on the concentration and specificity of the inhibitor used; therefore, we can 

deduce which transporter types are involved in glutamate clearance and the regulation of 

excitatory transmission in MCH neurons. 

 

4-1 GLT-1 

GLT-1 is highly enriched at the cell surface in astrocytes and is estimated to be 

responsible for up to 90% of glutamate reuptake in the forebrain (Holmseth, 2012; 

Vandenburg & Ryan, 2013). We found that blockade of GLT-1 by DHK induced a tonic 

current in MCH neurons indicating that GLT-1 actively clears glutamate at these cells. 

The TFB-TBOA induced tonic current was found to be significantly larger than the DHK 

induced tonic current. As TFB-TBOA is a non-specific inhibitor blocking all transporter 

types, while DHK only blocks GLT-1, our results indicate that in addition to GLT-1, 

other transporters such as EAAC1 and GLAST can also actively clear glutamate around 

MCH neurons. 
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4-2 GLAST 

UCPH101 has been shown to bind noncompetitively to GLAST, inducing a long lasting 

state of inhibition. (Abrahamsen et al., 2013). However, we found that the GLAST 

specific inhibitor UCPH101 had no effect on tonic current at the two concentrations 

tested (50-100uM). This result was unexpected as GLAST is known to be expressed on 

the surface of astrocytes throughout the CNS with the greatest density in the cerebellar 

cortex and relatively high densities in the hippocampus and the hypothalamus (Schmitt et 

al., 1997).  Schmitt et al. (1997) reported that hypothalamic GLAST expression decreased 

from the medial to the lateral areas which may explain our findings as our recording was 

mostly performed in the lateral area than in the medial area. Further, UCPH101 was 

ineffective even when combined with DHK, excluding the possibility that GLT-1 

compensated for the lack of GLAST activity. These results strongly suggest that GLAST 

is not present or not active at MCH neurons in basal conditions. This means that the 

significant discrepancy between the TFB-TBOA induced and the DHK induced tonic 

current cannot be due to GLAST and is likely due to the neuronal transporter EAAC1. If 

this is true, then EAAC1 would be responsible for the majority of glutamate clearance at 

MCH neurons.  

 

4-3 EAAC1 

Compared to astrocytic GLT-1 and GLAST which are enriched at the cell surface, 

EAAC1 immunolabelling is mostly intracellular with only 30% of the protein localized to 

the plasma membrane (Holmseth et al., 2012). Further, overall EAAC1 expression levels 

are significantly lower than astrocytic glutamate transporters. Based on these differences, 
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it has been suggested that EAAC1 cannot have an appreciable effect on glutamate 

clearance in the brain.  

 

It has been proposed that EAAC1 participates indirectly in the regulation of 

neurotransmission by serving as a glutamate buffer (i.e. EAAC1 repeatedly binds and 

unbinds glutamate rather than participating in rapid transport.(Scimemi et al., 2009; 

Holmseth et al., 2012). Buffering prolongs the glutamate transient by slowing its 

clearance by astrocytic transporters which are expressed in high densities surrounding the 

synapse (Danbolt, 2001; Scimemi et al., 2009). Indeed, EAAC1 KO models display faster 

glutamate clearance without any change to the overall uptake capacity of astrocytes 

(Scimemi et al., 2009). This supports the idea that EAAC1 plays a distinct role in 

excitatory transmission through buffering of synaptic glutamate (Scimemi et al., 2009; 

Holmseth et al., 2012). Interestingly, EAAC1 has been shown to regulate extracellular 

glutamate concentrations without altering synaptic receptor activation, suggesting that 

EAAC1 prevents diffusion and spillover (Scimemi et al., 2009). Diamond et al. (2001) 

report that EAAC1 limits NMDAR activation by glutamate spillover. Further, EAAC1 

KO display enhanced NMDAR activation (Scimemi et al., 2009). As EAAC1 is not 

enriched in dendritic spines (Holmseth et al., 2012) this suggests that EAAC1 is localized 

outside of the synapse and regulates glutamate diffusion to perisynaptic/extrasynaptic 

receptors, namely NMDARs. Extrasynaptic receptor activation by spillover/diffusion 

typically has a slower time course than synaptic receptor activation, therefore, this may 

explain our findings indicating an important role for EAAC1 in regulation of ambient 

glutamate and tonic current in MCH neurons. 
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The lack of consensus regarding the role of EAAC1 is in large part because there are no 

specific pharmacological tools to target EAAC1. We attempted to block EAAC1 using an 

antibody targeting the intracellular portion of the transporter. The antibody was added to 

the internal patch pipette solution (50-100ug/mL) and permitted to diffuse into the cell for 

up to 30 minutes while the holding current was recorded. Preliminary results (data not 

shown) show that any tonic current recorded with the antibody is not significantly 

different than the average drift in holding current during a typical patch clamp recording 

over a 30-min period. This suggests that EAAC1 expressed by the postsynaptic cell is not 

responsible for the tonic currents in MCH neurons. However, without a positive control 

we are unsure whether the antibody had the intended effect of functionally blocking 

EAAC1. Therefore, more testing is needed to determine the exact contribution of EAAC1 

in these cells. 

 

4-4 Transporter inhibition on evoked EPSCs 

TFB-TBOA induced a large tonic current while simultaneously eliminating evoked 

EPSCs within minutes of application. Transporter blockade increases extracellular 

glutamate levels within seconds (Danbolt, 2001), therefore, it is likely that glutamatergic 

receptors are completely saturated during TFB-TBOA. At this time, any additional 

transmitter released by synaptic stimulation would have an insignificant contribution to 

the already maximal extracellular glutamate levels. This could explain why evoked 

EPSCs are completely flattened during TFB-TBOA. Alternatively, the extreme glutamate 

flooding observed during TFB-TBOA may activate presynaptic group II and group III 
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mGluRs which are known to have an inhibitory effect on glutamate release (Niswender 

and Conn, 2010). These possibilities are not exclusive of each other.  

 

DHK induced a smaller tonic current during which evoked EPSCs remained largely intact 

but had different impact on fast and slow EPSCs. Fast EPSCs were unaffected by DHK 

suggesting that GLT-1 preferentially clears ambient rather than synaptic glutamate. 

During DHK, EAAC1 is functionally available which may explain why fast EPSCs are 

unchanged. Interestingly, the slow EPSC was reduced during DHK and returned to 

baseline during the wash. We expected that the slow EPSC would have increased in the 

absence of GLT-1 due to slower clearance of synaptic glutamate. However, it is possible 

that slow EPSCs represent glutamate spillover and activation of extrasynaptic receptors. 

If so, ambient glutamate and spillover glutamate may be competing for the 

same receptors. As DHK increases ambient glutamate that would occupy extrasynaptic 

receptors, this could occlude the effect of glutamate spilling over from synapses, 

explaining the reduction in slow EPSCs.  

  

4-5 Ambient glutamate mediates tonic current  

Research suggests that tonic currents are typically induced by ambient glutamate, the low 

basal level of transmitter present in the extracellular space  (Le Meur et al., 2007). We 

found that both the DHK and TFB-TBOA induced tonic currents were not blocked by 

TTX, suggesting that this current does not rely on action potential dependent neuronal 
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release of glutamate. Instead, tonic current is likely induced by ambient glutamate from a 

non-neuronal source in MCH neurons. 

 

These persistent tonic currents have been observed in various cell types and are often 

mediated by extrasynaptic NMDARs (Le Meur et al., 2007; Povysheva and Johnson, 

2012; Papouin and Oliet, 2014). Our TFB-TBOA induced tonic current was found to be 

primarily mediated by NMDARs which agrees with previous reports. On the other hand, 

our DHK induced tonic current was found to be mediated exclusively by KARs.  

 

4-6 Biphasic EPSC in MCH 

MCH neurons display a biphasic EPSC, similar to other cells such as hippocampal 

interneurons, Renshaw cells of the spinal cord and thalamic recticular nucleus neurons 

(d’Incamps et al., 2012; Sun et al., 2013; Stincic and Frerking, 2015).  However, this is 

not common as orexin neurons, another lateral hypothalamic cell group intermingled with 

MCH neurons, do not show slow EPSCs (Briggs et al. 2018). In cells that show the slow 

phase of EPSC, it is often mediated by mGluRs or KARs (Castillo et al., 1997; Sheng et 

al., 2017), but also by AMPARs in cerebellar unipolar brush cells and CA1 hippocampal 

interneurons (Stincic and Frerking, 2015; Zampini et al., 2016). EPSCs on a slow 

timescale are typically induced by stimulation trains causing buildup and entrapment of 

glutamate in the synaptic cleft (Bertrand and Galligan, 1994; Zampini et al., 2016). 

Receptors mediating the slow EPSC may be located further from the site of release 

serving to sense glutamate spillover (Zampini et al., 2016). Further, distinct subunit 

makeup of receptors that have fast or slow kinetics may determine their contribution to 
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fast and/or slow EPSCs (Zampini et al., 2016). The presence of the slow EPSC in MCH 

neurons may provide greater diversity in excitatory signaling and functionally important 

regulation of homeostatic mechanisms such as sleep wake states and energy homeostasis. 

 

4-7 AMPARs  

AMPARs are well established as typical mediators of fast EPSCs and our finding is 

consistent with this (Jonas, 2000; Wondolowski and Frerking, 2009). While AMPARs 

were the major contributor to fast EPSCs in MCH neurons, they also had a small 

contribution to slow EPSC. Distinct subunit makeup of receptors can determine their 

various roles in neurotransmission. Stincic & Frerking (2015) report that AMPARs 

mediate biphasic EPSCs in CA1 hippocampal interneurons and this is dependent on the 

GluA2 subunit. Specifically, GluA2 containing AMPARs mediate fast EPSCs while 

GluA2 lacking AMPARs mediate slow EPSCs (Stincic and Frerking, 2015). Perhaps 

MCH neurons express both GluA2 containing and GluA2 lacking AMPARs which 

explains their contribution to the biphasic EPSC. 

 

4-8 KARs 

KARs have been previously identified as key mediators of slow EPSCs in various cell 

types (Castillo et al., 1997; Lerma, 2003; Wondolowski and Frerking, 2009). Consistent 

with this, our findings show that KARs mediate the slow EPSC as well as a small portion 

of the fast EPSC in MCH neurons. In contrast to EPSCs, the DHK-induced tonic current 

was found to be exclusively mediated by KARs. Further, the DHK induced tonic current 

is independent of synaptically released glutamate because it is insensitive to the Na+ 
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channel blocker TTX. Recall that fast EPSCs were unaffected during DHK, suggesting 

that GLT-1 regulates ambient rather than synaptic glutamate. Together, these findings 

support the inference that KARs are located extrasynaptically and are only activated by 

ambient glutamate or synaptic spillover diffusing farther into the extracellular space. 

 

4-9 NMDARs 

Extrasynaptic NMDARs have been found to mediate tonic currents in various cell types 

including CA1 hippocampal neurons and pyramidal cells of the prefrontal cortex (Le 

Meur et al., 2007; Povysheva and Johnson, 2012). Similarly, our findings based on a 

pharmacological study suggest that NMDARs are the major mediator of tonic current in 

MCH neurons. NMDARs were also found to be the greatest contributor to slow EPSC 

while not contributing to fast EPSCs at all. However, the involvement of NMDARs was 

puzzling to us, as all experiments were conducted at the holding potential of -70 mV, 

which would argue against the involvement of NMDARs due to the channel pore Mg2+ 

block. Perhaps this can be explained by a space clamp error, whereby NMDARs 

expressed on distal dendrites are likely to escape the somatic voltage clamp system. If this 

is the case, removing Mg2+ should permit the activation of more NMDAR, resulting in 

larger tonic current. To test this idea, identical experiments were performed using Mg-

free ACSF. The presence or absence of Mg2+ did not appear to influence NMDARs 

ability to mediate the TFB-TBOA induced tonic current (i.e. TFB-TBOA tonic current 

was similar in the presence or absence of Mg2+ in ACSF. Thus, NMDARs may be 

involved in tonic currents in an unconventional way, such as a metabotropic signaling 

mechanism that does not require the ion channel  (Weilinger et al., 2016).   



 
 

51 

 

4-10 mGluR1 & mGluR5 

Group 1 mGluRs have been found to mediate slow EPSCs in various cell types such as 

CA3 hippocampal interneurons and cerebellar Purkinje cells (Hirono et al., 1998; Eguchi 

et al., 2016). Specifically in MCH neurons, it has been reported that the slow EPSC is 

mediated through mGluR5 (Huang and van den Pol, 2007). However, to our surprise the 

mGluR5 antagonist MPEP had no effect on the slow EPSC or fast EPSC in the present 

study. Conversely, we found that the mGluR1 antagonist decreases both fast and slow 

EPSC while increasing the PPR, suggesting a presynaptic mechanism for altering 

glutamate release. Group I mGluRs are typically expressed postsynaptically, therefore the 

observed decrease in fast EPSC could be explained by a retrograde messenger 

(Niswender and Conn, 2010). Alternatively, mGluR1 could be expressed presynaptically.  

 

4-11 Predicted subcellular location of receptors and transporters in MCH neurons 

Based on the findings described in this thesis, we propose the following subcellular 

localization of glutamate receptors and transporters (Fig 13). We have demonstrated that 

glutamate transporters GLT-1 and EAAC1, but not GLAST, are actively clearing 

glutamate around MCH neurons. GLT-1 seems to regulate ambient glutamate 

concentrations at extracellular receptors; thus we speculate that GLT-1 will be expressed 

on astrocytic processes at extrasynaptic sites. EAAC1 likely regulates ambient glutamate 

at perisynaptic/extrasynaptic receptors by preventing spillover and may also prevent re-

entry of glutamate back into the synaptic cleft (Scimemi et al., 2009). EAAC1 is 

primarily found in the soma and dendrites but is not concentrated in dendritic spines, 
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therefore, it is unlikely to be highly localized to the synapse depending on the types of 

synaptic contacts formed (axodendritic, axosomatic, axoaxonic) (Holmseth et al., 2012). 

We speculate that EAAC1 will be expressed  at perisynaptic/extrasynaptic sites where it 

can directly prevent activation of extrasynaptic NMDARs by ambient glutamate (Trotti et 

al., 1998). 

 

Our results suggest that in MCH neurons, AMPARs are the major mediator of fast EPSCs 

and are likely expressed within the core of the PSD directly opposing vesicular release 

sites, consistent with the literature (Jonas, 2000; Scheefhals and MacGillavry, 2018). 

NMDARs significantly contributed to the slow EPSC; hence, these receptors are likely 

expressed perisynaptically and activated by synaptic spillover. Our findings suggest that 

NMDARs do not contribute to fast EPSCs, therefore, we expect that their expression 

within the synapse is minimal, although it would be necessary to confirm this under a 

condition in which NMDARs are relieved of Mg2+ block. NMDARs were also found to 

mediate the majority of the TFB-TBOA induced tonic current, suggesting these receptors 

are expressed at extrasynaptic sites and activated by extreme glutamate flooding. While 

extrasynaptic NMDARs have been viewed as a “reserve pool” simply waiting to be 

recruited to active synapses, these clusters may serve a unique signaling function 

independent of synaptic receptors (Papouin and Oliet, 2014). KARs are the exclusive 

mediators of the DHK induced tonic current while also contributing to both fast and slow 

EPSC, thus these receptors may be expressed at synaptic, perisynaptic and extrasynaptic 

locations. mGluRs are typically located in the perisynaptic zone and activated by synaptic 

glutamate spillover (Huang et al., 2004). Thus mGluR1, which exhibited a minor 
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contribution to the slow EPSC, is likely expressed perisynaptically. Since mGluR1 

inhibition also increased PPR indicating reduced release probability, it could also trigger 

retrograde signaling or be expressed presynaptically. mGluR5 does not appear to 

contribute to excitatory currents in MCH neurons so if these receptors are expressed at 

these synapses, they may be involved in second messenger signaling pathways 

independent of ionic currents. 
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Fig 13. Predicted Subcellular localization of glutamate receptors and transporters in 

MCH neurons. 
 

Synaptic glutamate: Synaptic receptors associated with postsynaptic density (PSD) 

mediate the fast EPSCs while perisynaptic receptors activated by spillover glutamate 

mediate the slow EPSC.  

Ambient glutamate: Extrasynaptic receptors mediate tonic current induced by 

transporter inhibition. GLT-1 tightly regulates extrasynaptic KAR activity and EAAC1 

regulates activity at extrasynaptic NMDARs. 

Green circles represent predicted regulatory zones of individual glutamate transporter 

types. 
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4-12 Future directions 

Stepwise currents. A unique pattern emerged during TFB-TBOA induced tonic current 

that was not present with any other glutamate transporter inhibitors tested. Regardless of 

concentration, TFB-TBOA resulted in stepwise currents (i.e. rapid shifts in inward 

current) riding on top of the tonic currents (Fig 9A arrows). These steps ranged in 

amplitude (approximately 50-250 pA) and occurrence (1-4 steps/cell) but were 

consistently observed between cells. Further, these steps do not appear to be due to action 

potential dependent release of glutamate as they persisted in the presence of TTX. While 

we did not include a thorough analysis of these stepwise currents in the present study, this 

should be addressed in future research in order to clarify the physiological significance 

and mechanism underlying this phenomenon. Criteria for defining one individual step 

will need to be determined, including (but not limited to): amplitude threshold, rise time 

and decay time. 

 

EAAC1. When compared to iGluRs and mGluRs, glutamate transporters lack the 

pharmacological tools necessary to define their exact contributions to the regulation of 

extracellular glutamate levels (Dunlop, 2006). Our preliminary results using an 

intracellular antibody against EAAC1 were incomplete and inconclusive. Thus, we were 

only able to determine the EAAC1 contribution indirectly by method of subtraction of 

TFB-TBOA and DHK induced tonic current. Should an inhibitor for EAAC1 become 

available, future studies should test it alone and in combination with other glutamate 

transporter inhibitors to complete a full assessment of transporter contribution at synapses 

to MCH neurons. The intracellular antibody should be tested more thoroughly at different 
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concentrations and compared against a control antibody. Alternatively, a transgenic 

model could be used to determine the role of EAAC1 by knocking out or overexpressing 

the gene selectively in MCH neurons. 

 

GABAergic signaling. We have characterized excitatory transmission to MCH neurons 

yet inhibitory GABAergic signaling remains unexplored. Future studies can investigate 

the effects of GABA transporter inhibitors on inhibitory post synaptic currents and 

determine which GABA receptors and transporters are important in inhibitory 

transmission. 

 

4-13 Conclusions/implications 

The present study identified several distinct forms of excitatory glutamatergic 

transmission to MCH neurons of the lateral hypothalamus. We have characterized the 

distinct magnitude and time courses of glutamate signaling mediated by different 

glutamate receptors regulated by different transporters. Based on our findings, we have 

estimated the subcellular location of the receptors and transporters of interest. Thus, this 

thesis illustrates the complexity of glutamatergic signaling in the nervous system in 

general and indicates that MCH neurons are an excellent model to investigate this. 

 

In the context of homeostatic mechanisms such as energy balance and sleep wake states, 

research often focuses on the downstream effects of MCH neuropeptide. The upstream 

influence of glutamatergic action receives less attention, however this excitatory signaling 

that regulates  cell excitability is crucial to the output of MCH neurons. Glutamate 
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transporters are an important component of this control, as transporter localization can 

change under various physiological conditions which influences neurotransmission 

(Murphy-Royal et al., 2015; Briggs et al. 2018). Thus, this thesis contributes to the 

fundamental understanding of glutamatergic signaling in the CNS and highlights 

glutamate transporters as potential modulators of homeostatic mechanisms. 
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