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ABSTRACT 

 
Melanin-concentrating hormone (MCH) neurons are essential regulators of diverse 

physiological states including energy homeostasis, sleep-wake cycle, and memory. MCH 

neurons also occupy different brain regions: the lateral hypothalamic area (LHA), medial 

hypothalamus (MH) and zona incerta (ZI). Furthermore, a proportion of MCH neurons 

co-express cocaine and amphetamine regulated transcript (CART). Therefore, we 

hypothesized that MCH neurons in distinct anatomical areas or with differential CART 

expression represent functional subgroups to enable them to perform diverse functions. 

Whole cell patch clamp recording was performed on acute mouse brain slices in three 

MCH neuron-rich areas: MH, LHA and ZI. Following recording, a subset of cells was 

immunohistochemically identified as MCH+/CART+ or MCH+/CART- neurons.  

MCH neurons in the LHA and MH were more excitable than ZI neurons, firing 

more action potentials (AP) when stimulated, although no difference was found in the 

resting membrane potential (RMP) and AP waveform parameters. Additionally, 

MCH+/CART- neurons had more depolarized RMP and fired more APs than MCH+/CART+ 

neurons, suggesting that MCH+/CART- neurons are more excitable. Notably, 

MCH+/CART- neurons displayed an H-current, which was absent in MCH+/CART+ 

neurons. To our knowledge, this is the first study to describe the presence of H-current 

in a subpopulation of MCH neurons. These differences in intrinsic membrane properties 

could contribute to how MCH neuron subpopulations function within the network. 
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GENERAL SUMMARY 

 
Melanin-concentrating hormone (MCH) is a peptide produced by a group of neurons in 

the brain that regulates food intake, sleep, and memory. It has been proposed that there 

may be subpopulations of these neurons that execute these diverse functions. MCH 

neurons exist in different parts of the brain like the hypothalamus and zona incerta (ZI). 

Also, MCH neurons that co-express (or do not co-express) the neuropeptide cocaine and 

amphetamine regulated transcript (CART) have been described. Through 

electrophysiological studies, we investigated if MCH neurons in the distinct brain areas 

and with or without the co-expression of CART show different functional properties. Our 

results showed that MCH neurons in the lateral hypothalamus are more active than 

those in the medial hypothalamus and ZI. Most importantly, we newly discovered that 

MCH+/CART- neurons have a unique property, H-current, that is absent in MCH+/CART+ 

neurons. Overall, this study discovered subgroups of MCH neurons that may have 

different functions. 
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CHAPTER 1 

INTRODUCTION 

1.1 History and Structure of Melanin-Concentrating Hormone 

Melanin-concentrating hormone (MCH) was first isolated as a 17-amino acid 

peptide in the chum salmon pituitary (Kawauchi et al., 1983). As its name suggests, MCH 

was initially only known for its role in pigmentation and skin colour changes in teleost 

(Kawauchi et al., 1983). Although the first isolation was performed in the pituitary of 

salmon, it was hypothesized at the time that MCH was likely produced in the 

hypothalamus. This hypothesis was later confirmed in 1989 when MCH was isolated in 

the hypothalamus of rats using antiserum raised against salmon MCH (Vaughan et al., 

1989). The mammalian MCH is still highly homologous to salmon MCH despite being a 

cyclic 19-amino acid polypeptide (Vaughan et al., 1989). 

The streptococcal collagen-like surface protein-1 (SCL-1), an orphan G-protein 

coupled receptor (GPCR), was identified almost simultaneously by several groups in 

1999 as the natural MCH receptor (Bächner et al., 1999; Chambers et al., 1999; Lembo et 

al., 1999; Saito et al., 1999), and was later renamed as MCH-receptor 1 (MCHR1). 

MCHR1 gene expression is widely distributed in the brain. MCHR1 mRNA is prominently 

expressed throughout the cortex (e.g., orbital, piriform, primary motor cortex, auditory, 

visual), olfactory region, nucleus accumbens, and striatum (Kokkotou et al., 2001; Saito 

et al., 2001). MCHR1 mRNA has also been detected in the hippocampus, amygdala, 
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thalamus, hypothalamus, and brainstem but with notable absence of expression in the 

cerebellum (Chee et al., 2013; Kokkotou et al., 2001). 

The distribution of MCH cells in the brain has been mapped in different species 

including mice, rats, birds, primates, and humans (Bittencourt et al., 1992; Bittencourt & 

Elias, 1998; Mouri et al., 1993; Qu et al., 1996; Zamir et al., 1986). In each of these 

species, MCH-expressing cells are localized in the diencephalon with cell bodies 

identified extensively in the lateral hypothalamic area (LHA), the zona incerta (ZI), and in 

the medial hypothalamus including the incerto hypothalamic area (IHy), a part of the 

medial hypothalamus region formerly called the rostromedial zona incerta (Bittencourt 

et al., 1992; Skofitsch et al., 1985). Outside the diencephalon, MCH mRNA is also 

expressed in the olfactory tubercle and the pons (Bittencourt et al., 1992).  

MCH-expressing neurons project widely throughout the brain in a pattern 

consistent with MCHR1 expression. These projections include all neocortical areas, 

thalamus, olfactory tubercle, hippocampal formation, nucleus accumbens, amygdala, 

hindbrain, and spinal cord (Bittencourt et al., 1992; Bittencourt & Elias, 1998; 

Haemmerle et al., 2015; Lima et al., 2013; Skofitsch et al., 1985). With the widespread 

expression of MCH1 receptors and the broad projections of MCH neurons, it is not 

surprising that MCH neurons are involved in a wide range of physiological functions 

including food intake, energy homeostasis, sleep, memory, and mood (Borowsky et al., 

2002; Monzon et al., 1999; Qu et al., 1996; Verret et al., 2003). 
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1.2 Physiological Roles of MCH 

1.2.1 MCH and Energy Homeostasis 

 
The role of MCH in energy balance was first elucidated in 1996 by Qu and 

colleagues. They proposed that since MCH was prominent in the LHA and ZI; and since 

these areas are involved in the regulation of feeding behaviours, MCH could be involved 

in feeding. This proposal was supported when MCH mRNA expression was found to be 

higher in the hypothalamus of genetically obese ob/ob mice (Qu et al., 1996). An 

increase in MCH mRNA was also observed after fasting in both normal and obese mice 

(Presse et al., 1996; Qu et al., 1996). In addition, chronic intracerebroventricular (ICV) 

injection of MCH into the lateral ventricles of rats increased their food consumption and 

body weight gain (Abbott et al., 2003; Gomori et al., 2003; Qu et al., 1996). Furthermore, 

mice with MCH overexpression had increased intake of high fat diet and weight gain 

than wildtype (WT) animals (Ludwig et al., 2001). Chemogenetic activation of MCH 

neurons that project to the third ventricle and release MCH into the cerebrospinal fluid 

(CSF) increased feeding (Noble et al., 2018), suggesting this may be a signalling pathway 

for MCH’s role in food intake.  

Further confirmation of MCH role in energy balance was performed with genetic 

animal model studies. It has been shown that rodents lacking MCH (Shimada et al., 

1998) or MCH1R (Chen et al., 2002; Marsh et al., 2002) are lean, hypophagic and have 

increased energy expenditure. In fact, mice with MCH ablated (MCH-KO mice) had less 

weight gain compared to their WT counterparts. This result is mainly because they had 
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increased energy expenditure (Kokkotou et al., 2005; Segal-Lieberman et al., 2003). 

Interestingly, MCH-KO mice had increased basal physical activity that further increased 

when the animals were placed on high fat diet (Kokkotou et al., 2005).  

Collectively, these show that not only does MCH increase food intake, but also 

reduces energy expenditure leading to weight gain. This is supported by chronic ICV 

infusion of MCH, which results in increased food intake, body weight, and fat mass with 

decreased body temperature and energy expenditure (Glick et al., 2009). 

 

1.2.2 MCH and Glucose Homeostasis 

 
MCH neurons have also been shown to be involved with glucose homeostasis. 

MCH neurons are excited by physiological levels of glucose (between 0.2 mM and 5 

mM), displaying higher action potential frequency when glucose concentration is 

increased (Burdakov et al., 2005; Kosse et al., 2015). MCH ablated aged mice were more 

insulin sensitive and displayed better glucose tolerance than control mice (Jeon et al., 

2006). Interestingly, a reduction in locomotor activity due to age was diminished in 

transgenic mice lacking MCH compared to wildtype littermates (Jeon et al., 2006). High 

levels of insulin have also been shown to increase the excitability of MCH neurons 

(Hausen et al., 2016; Verret et al., 2003). Food intake causes a spike in blood glucose and 

release of insulin; this spike in glucose and insulin then activates MCH neurons 

promoting sleep and energy conservation. However, when glucose level falls, the 
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reduced excitability of MCH neurons may suppress sleep and induce locomotor activity 

for food seeking.  

 

1.2.3 MCH and Sleep 

 
MCH neurons are also well recognized for their role in the sleep-wake cycle. Early 

works on the role of MCH in sleep showed that there was increased neural activity of 

MCH neurons during rapid eye movement (REM) sleep hypersomnia (Verret et al., 

2003). In fact, ICV injection of MCH led to an increase in REM and non-REM sleep 

quantities, with higher increase in REM sleep (Hassani et al., 2009; Verret et al., 2003). 

Conversely, MCHR1 antagonist injection in rats decreased REM and non-REM sleep 

bouts (Ahnaou et al., 2008). Consistently, mice with their MCH knocked out showed a 

reduction in non-REM sleep and an increase in wake period (Adamantidis et al., 2008). 

Furthermore, optogenetic activation of MCH neurons prolongs REM and non-REM sleep 

and stimulates the transition into REM sleep (Blanco-Centurion et al., 2016; Jego et al., 

2013; Vetrivelan et al., 2016). Moreover, optogenetic activation during the wake cycle 

greatly increased total sleep duration (Konadhode et al., 2013), (Konadhode et al., 

2014). Taken together, these findings indicate that MCH increases sleep at the expense 

of wake time. 
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1.2.4. MCH and cognition 

 
MCH is also believed to play a role in learning and memory. One of the early 

works showed that infusion of MCH peptide into the hippocampus of rats improved 

memory during a step-down inhibitory avoidance test (Monzon et al., 1999). The step-

down inhibitory avoidance test is a common memory test where animals are placed on a 

platform and the time to step down from the platform (latency) is measured. During 

training, the animals are given an electrical shock once they step down fully from the 

platform onto the grid. The latency to step down is then measured during the test, as 

animals that take longer to step down are said to have better memory about the foot 

shock than those that step down too quickly. In the Monzon and colleagues 

experiments, the increase in latency lasted up to four hours after MCH injection 

(experiment repeated four hours after injection). Consistent with the work of Monzon 

and colleagues, perfusion of rat hippocampal slices with MCH led to an increase in 

hippocampal long-term synaptic potentiation (Varas et al., 2002). Furthermore, 

disruption of MCHR1 in mice has confirmed the importance of MCH in memory. 

Adamantidis and colleague found that MCHR1 KO mice showed impaired memory 

retention when tested in the one-trial inhibitory avoidance test, a similar paradigm to 

the step-down inhibitory avoidance test (Adamantidis & de Lecea, 2009). MCH-R1 KO 

mice showed a reduction in step down latency compared to WT animals at both one- 

and six-days post-training. Consistent with these findings, mice with their MCH neurons 

ablated also performed poorly on short term memory tasks compared to WT mice (Le 
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Barillier et al., 2015). Together, these studies provide evidence that the loss of MCH 

neurons or MCH receptors impairs learning and memory retention. 

 

1.2.5. MCH and Mood and Anxiety 

 
MCH is also believed to be involved in anxiety and depression. Previous research 

has shown that MCH1R antagonists acted like anxiolytics in animal models of anxiety 

(Borowsky et al., 2002). Also, local application of MCHR1 antagonist into the nucleus 

accumbens shell (Georgescu et al., 2005) or acute and chronic oral dosing of an MCHR1 

antagonist (David et al., 2007) resulted in an anti-depressant effect (David et al., 2007). 

Moreover, genetically knocking out MCHR1 caused anxiolytic-like effects in animal 

models of anxiety (Smith et al., 2006). Conversely, ICV injection of MCH in mice 

produced anxiety-like behaviour assessed by an elevated plus maze, a widely used 

experimental paradigm for testing anxiety (Smith et al., 2006). 

In addition, microinjections of MCH into the dorsal raphe nucleus (DRN, Lagos et 

al., 2011) or the median raphe nucleus (MRN, López Hill et al., 2013) evoked a 

depressive-like behaviour in mice during the forced swim test, a common paradigm for 

testing anti-depressant activity. This effect on depression-related behaviour could be 

mediated through their connections with serotogenic neurons that are present in the 

DRN and MRN, known for their role in the pathophysiology of major depressive disorder 

(Adell et al., 2002; Bittencourt et al., 1992; Saito et al., 2001; Torterolo et al., 2008).  
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Taken together, these reports show that MCH may induce anxiety and 

depression-related behaviours. 

 

1.3 Anatomical Subpopulation of MCH Neurons 

With the range of physiological functions in which MCH neurons are involved, it has 

been proposed that different subpopulations of MCH neurons may be present in the 

brain that perform these various functions. Indeed, research has shown that MCH 

neurons may be segregated anatomically, as they occupy distinct parts of the 

hypothalamus, and may also be neurochemically heterogeneous (Bittencourt et al., 

1992; Cvetkovic et al., 2004). 

MCH-containing neurons are localized exclusively in the diencephalon, including 

different parts of the hypothalamus and ZI (Bittencourt et al., 1992). Antisera raised 

against rat MCH was first used to determine the anatomical areas of the brain that MCH-

expressing cells occupy (Bittencourt et al., 1992). From this staining, MCH neurons were 

prominently found in the LHA and ZI; and found scattered in the medial zone of the 

hypothalamus.  

 

1.3.1 Lateral hypothalamus 

Several studies have shown that MCH neurons in distinct areas may have 

different projection targets. One such study, (Elias et al., 2008) showed that unique LHA 

MCH neurons project to either the cerebral motor cortex (MCx) or pedunculopontine 
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tegmental nucleus (PPT) and only a select few projected to both. The authors injected 

separately or simultaneously True Blue and Diamidino Yellow into the MCx and PPT, and 

they observed retrogradely labelled MCH neurons most abundantly in the LHA. The MCx 

area the authors picked was thought to be related to motor control and having the 

highest concentration of MCH terminals. These LHA MCH neurons projecting to the MCx 

may be responsible for mediating the sedentary effects of MCH by reducing locomotor 

activity and energy expenditure. Also, the PPT is implicated in the control of wake-sleep 

cycle, as neurons in the PPT fire at increased rate during REM sleep (Steriade et al., 

1990). It is likely that MCH innervation of the PPT provides an anatomical basis by which 

MCH increases REM sleep. 

 

1.3.2 Zona Incerta 

The zona incerta is another notable area of the diencephalon where MCH is 

located. The main functions of the “zone of uncertainty” as it is literally called has not 

been fully elucidated. However, there have been some proposals as to its function in 

locomotion, arousal, attention, anxiety, and motivation (Wang et al., 2020). MCH 

neurons are found mainly in the medial ZI and project widely throughout the brain 

ranging from the cerebral cortex, the medial septal nucleus and other hypothalamic 

areas, and to the spinal cord (Bittencourt & Elias, 1998; Mitrofanis, 2005; Sita et al., 

2003; Wang et al., 2020). Because of its extensive projections throughout the central 

nervous system (CNS), the ZI has been thought to be an integrative center. Recently, a 
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study showed that GABAergic neurons in the ZI promoted sleep, likely through their 

projections to the LHA (Liu et al., 2017). Another study showed that some ZI neurons 

were excited during starvation, which led to increased food intake (Zhang & van den Pol, 

2017). In summary, the ZI is a diverse area of the brain, and MCH neurons in this area 

may need to be studied as a separate population. 

 

1.3.3 Medial Hypothalamus 

MCH neurons are spread widely in the hypothalamus including the dorsomedial 

hypothalamus (DMH). The DMH is a crucial brain area that is involved in the regulation of 

wide variety of physiological and behavioral circadian rhythms (Chou et al., 2003; Faber 

et al., 2021; Gooley et al., 2006; L. Li et al., 2022). The DMH is considered appetite-

stimulating as lesions of DMH resulted in reduced food intake (Bellinger & Bernardis, 

2002). Activation of cholinergic neurons within the DMH promotes food intake and 

overnight fasting increases the activity of DMH cholinergic neurons implying that these 

neurons sense reduced nutrient availability and increase their activity to promote food 

intake (Groessl et al., 2013; Jeong et al., 2017). The DMH has also been implicated in the 

regulation of the sleep-wake cycle. Lesions of the DMH resulted in increased REM and 

NREM sleep while daily wakefulness time was markedly reduced (Chou et al., 2003; L. Li 

et al., 2022). Furthermore, DMH area lesions reduced overall daily locomotor activity 

(Chou et al., 2003). Expectedly, the DMH receives inputs from the suprachiasmatic nucleus 

(SCN, a brain region that regulates circadian rhythm) and sends projections to brain areas 
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critical for sleep-wake control, feeding and locomotion (Dimicco & Zaretsky, 2007; Faber 

et al., 2021; Gooley et al., 2006; Groessl et al., 2013). These projections include GABAergic 

neurons to the ventrolateral preoptic nucleus (VLPO, area involved in sleep control) and 

glutamatergic neurons to the LHA (an area known for its orexigenic effect; Chou et al., 

2003; Lu et al., 2000; Sherin et al., 1996).  

 

1.4 Neurochemical Subpopulations of MCH Neurons 

Cocaine and amphetamine regulated transcript (CART) is a neuropeptide that was 

first characterized after it was found to be upregulated in the brain of rodents acutely 

injected with cocaine or amphetamine (Douglass et al., 1995). Several later studies 

demonstrated that the CART transcript was constitutively expressed in the brain, with 

CART being the third most abundantly expressed mRNA in the hypothalamus (Gautvik et 

al., 1996; Koylu et al., 1997; Smith et al., 1997). The widespread expression of CART in 

the hypothalamus raises a hypothesis that it might play a role in energy homeostasis. In 

support of this, several studies have shown CART action in regulating feeding behaviour. 

For instance, ICV injection of CART peptide inhibits feeding while the administration of 

CART anti-serum increases food intake (Aja et al., 2001; Lambert et al., 1998; Rogge et 

al., 2008). CART, like MCH, has also been connected to memory function. For example, 

the treatment of Alzheimer’s model mice with CART peptide ameliorated memory 

deficits, with improvement in synaptic ultrastructure and long-term potentiation in the 

hippocampus (Yin et al., 2017). 
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A previous study showed the expression of CART in approximately 66% of MCH 

neurons in the rat hypothalamus (Cvetkovic et al., 2004). The MCH-positive CART-

positive (MCH+/CART+) neurons were found predominantly in the LHA and ZI, while 

MCH+/CART- neurons were observed in the LHA and the perifornical region. In MCH-rich 

areas, single labelled CART-positive neurons (MCH-/CART+) neurons are rare, although 

they have been observed in the arcuate nucleus. Interestingly in rats, retrograde tracing 

shows that MCH+/CART+ neurons and MCH+/CART- neurons project to different parts of 

the brain. MCH+/CART- neurons preferentially project towards the spinal cord, while 

MCH+/CART+ neurons send ascending projections to innervate the cerebral cortex and 

medial septal complex (Cvetkovic et al., 2004). However, species differences have been 

noted.  While a similar proportion of MCH neurons co-express CART in mice (60%), only 

about 60% of MCH+/CART+ neurons projected to the cortex in mice compared to 80% in 

rats (Croizier et al., 2010; Cvetkovic et al., 2004). Despite the species difference, the 

presence of CART in some, but not all, MCH neurons supports the notion that there are 

distinct neurochemical subpopulations of MCH neurons that mediate diverse functions. 

 

1.5 Summary and Hypothesis 

It is apparent that MCH neurons play extensive roles in many physiological 

functions including food intake, sleep homeostasis and cognitive functions.  Available 

evidence suggests that there are subpopulations of MCH neurons that can be 

distinguished by their anatomical localizations or neurochemical phenotype. Despite 
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this, past studies investigating the electrophysiological properties of MCH neurons at the 

cellular level have treated these cells as a single population. As a result, the specific 

subpopulations of MCH neurons that may undertake certain physiological functions like 

sleep, energy homeostasis, cannot be differentiated. Therefore, we hypothesized that 

subpopulations of MCH neurons exist that are electrophysiologically different. Using 

whole cell patch clamp technique in combination with immunohistochemistry, I 

examined anatomical and neurochemical subpopulations of MCH neurons to determine 

differences in their electrophysiological properties. Such differences may be important 

for shaping specific patterns of activity needed to produce certain functional outcomes 

(e.g., food intake, sleep, or memory consolidation).   
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Animal Model 

All animal experiments followed the guidelines of the Canadian Council on 

Animal Care and were approved by Memorial University Institutional Animal Care 

Committee.  

C57BL/6NCrl mice were obtained from Charles River Laboratory, while MCH-

tdTomato mice were bred at Memorial University and used to visualize MCH-expressing 

neurons. MCH-tdTomato mice were generated by crossing a Mch-cre mouse (originally 

generated by Dr. Bradford Lowell, Harvard University and breeders were kindly provided 

by Dr. Melissa Chee, Carleton University (Kong et al., 2010); have been crossed with 

C57BL/6 mice for many generations) with a cre-dependent tdTomato reporter mouse 

congenic on the C57BL/6J genetic background (stock number 007909, Jackson 

Laboratory) (Madisen et al., 2010).  Mch-cre mice selectively express cre-recombinase 

under the MCH promoter. The tdTomato reporter mouse on the other hand has a lox-P 

flanked STOP cassette that prevents the fluorescent protein tdTomato from being 

transcribed in the absence of cre recombinase. In essence, when Mch-cre mouse is bred 

with cre-dependent tdTomato reporter mouse, cre recombinase excises the STOP 

sequence selectively in MCH neurons so tdTomato is only expressed by MCH neurons in 

the offspring.  
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Previous research from our lab has shown that excitability of MCH neurons reach 

maturity level by 7 weeks in rats and remain stable (Linehan & Hirasawa, 2018). As mice 

used in the present experiments were 6-12 weeks old, MCH neurons included in the 

analysis were considered mature. Animals were kept on a 12/12 h light/dark cycle and 

fed ad libitum with standard chow (Prolab RMH 3000). 

 

2.2 Slice Preparation 

Mice were deeply anesthetized with isoflurane and decapitated. Coronal slices 

(250 m) of the hypothalamus were obtained with the vibratome (VT-1000, Leica 

Microsystems) in cold artificial cerebrospinal fluid (ACSF) containing (mM): 126 NaCl, 2.5 

KCl, 2 CaCl2, 1.2 NaH2PO4, 1.2 MgCl2, 18 NaHCO3, 2.5 glucose, and bubbled with 95% O2/ 

5% CO2. Slices were then incubated in ACSF for 30 min at 32C. Alternatively, slices were 

incubated in recovery solution (in mM: 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 

HEPES, 25 glucose, 5 ascorbic acid, 2 thiourea, 3 sodium pyruvate, 10 MgSO4.7H2O, and 

0.5 CaCl2.2H2O) for 15 min before being transferred into ACSF for another 15 min for a 

total of 30 min at 32C. Following the recovery period, slices were left in ACSF at room 

temperature until recording. All solutions were continuously bubbled with 95% O2/ 5% 

CO2. No recovery solution-dependent differences in electrophysiological parameters 

were found in identified MCH neurons (data not shown), thus data from slices incubated 

in regular ACSF or recovery solution was combined.  
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2.3 Electrophysiological Recording  

Hemisected brain slices were placed in the recording chamber and perfused 

continuously with ACSF. Whole cell patch clamping was performed using a Multiclamp 

700B and pClamp 10 software (Molecular Devices). An internal solution (composed of, in 

mM: 123 K-gluconate, 2 MgCl2, 1 KCl, 0.2 EGTA, 10 HEPES, 5 Na2ATP, 0.3 NaGTP, and 2.7 

biocytin) was used to fill glass electrodes with a tip resistance of 3-5 M). An infrared 

differential interference contrast microscope (DM LFSA, Leica Microsystems) was used 

to visualize neurons. Once whole-cell configuration was attained, a series of test pulses 

was applied in voltage clamp with the holding potential of -70 mV to monitor membrane 

resistance. Series/access resistance and whole cell capacitance were also monitored and 

cells with series/access resistance greater than 25 MΩ were not used for analysis. All 

electrophysiological recordings were filtered at 5kHz and acquired at 10kHz. Once whole 

cell mode was attained, a series of hyperpolarizing and depolarizing current (600 ms) in 

50 pA increments were applied in current clamp mode to record passive and active 

membrane properties.  

Whole-cell patch clamp recordings were made from red immunofluorescent 

neurons (in td-Tomato mice) and select neurons in C57BL/NCrl or cre-negative 

littermates from tdTomato breeding colony. MCH neurons were scattered in clusters 

within three anatomical areas and were classified accordingly: the ZI, LHA (lateral to the 

fornix) and medial hypothalamus (MH, medial to the fornix) according to the annotation 

in the Allen Mouse Brain Reference Atlas (https://mouse.brain-map.org/static/atlas).  



 17 

2.4 MCH/CART Immunohistochemistry 

Following the recording, patched cells from wildtype mice were further 

confirmed as MCH immunopositive using immunohistochemistry. A subset of recorded 

cells was also stained for CART peptide. For immunohistochemical staining of recorded 

cells from MCH-tdTomato mice, brain slices were fixed individually in 10% formalin 

overnight at 4C following electrophysiology, then washed three times in PBS before the 

addition of primary antibodies in 96-well plate. For CART detection, Slices were 

incubated in rabbit anti-CART polyclonal IgG (1:500, Phoenix Pharmaceuticals/H-003-62) 

for 3 days at 4C. Slices were then washed with PBS and treated for 3 hours at room 

temperature with Alexa 488-conjugated anti-rabbit antibody (1:500, Invitrogen/A21206) 

and AMCA-streptavidin to visualize biocytin (1:500 dilution, Jackson 

ImmunoResearch/016-150-084).  

C57BL/NCrl or cre-negative-tdTomato mice brain slices were also fixed in 10% 

formalin overnight at 4C then washed three times in PBS before the addition of primary 

antibodies. Slices were incubated in goat anti-MCH antibody (1:500, Santa Cruz 

Biotechnology Inc./SC14509) with or without rabbit anti-CART polyclonal IgG (1:500, 

Phoenix Pharmaceuticals/H-003-62). Slices were then washed with PBS and treated for 3 

hours at room temperature with appropriate combination of secondary antibodies and 

AMCA-streptavidin.  
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2.5 Data Analysis 

For patched neurons that were immuno-confirmed to be MCH neurons or expressed 

tdTomato, resting membrane potential (RMP), number of action potential (AP), and 

latency to first spike were assessed using Clampfit10 (Molecular Devices). RMP was 

measured when no current was injected, and the cell was not firing. Active membrane 

properties were assessed using recordings during the application of a series of current 

injections, where 600-ms positive and negative currents with varying amplitude were 

applied through the recording pipette. Specifically, number of AP was the number of 

spikes during 600-ms positive driving current injections; latency to first spike was the 

time from the onset of these current injection to the first AP. AP waveform was also 

analysed using the previously documented methods (Linehan & Hirasawa, 2018): AP 

threshold was the membrane potential where the slope of the trace was 10 mV/ms; AP 

amplitude was the membrane potential from the baseline to the peak, where baseline is 

defined as the membrane potential 30 ms before the threshold; AP peak was the 

membrane potential at the tip of the AP; half-width was the duration of the AP at half 

AP amplitude; and afterhyperpolarization (AHP) amplitude was membrane potential 

from baseline to the peak of AHP (Figure 1A). In some MCH neurons, even the largest 

current injection (+200 pA) elicited no AP, so the duration of current injection (600 ms) 

was assigned as the first spike latency and AP waveform analysis was not performed. In 

addition, some MCH neurons fired AP immediately after the start of current injection, so 

the second AP (instead of the first) was used for AP waveform analysis in these cells. H-



 19 

current amplitude was the difference between the peak of membrane hyperpolarization 

and the steady state potential during hyperpolarizing (-200 pA) current injection (Figure 

1B). All membrane potentials were corrected for the liquid junction potential, which was 

-14.9 mV. 

Statistical tests were performed using Prism 9 (GraphPad Software Inc., San 

Diego, CA, USA), including unpaired t-test, one-way and two-way analysis of variance 

(ANOVA) and chi-square test as appropriate. When significance was found with ANOVA, 

post hoc Sidak’s multiple comparison tests were performed, as indicated appropriate by 

Prism 9. Normality distribution was tested and for comparisons where variance was not 

equal, non-parametric tests (Mann-Whitney and Kruskal-Wallis for 2 and 3 groups 

comparison, respectively) were performed. The main effects of ANOVA are indicated in 

the Results while the post-test results are shown in the figures. Results are presented as 

mean  SEM. P < 0.05 was considered statistically significant. Number of cells and 

animals used for each experiment are described as: n/N where “n” represents the 

number of MCH neurons and “N” the number of mice. 
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Figure 1: Sample action potential waveform analysis. 

(A) Sample image of an action potential (AP) waveform analysis showing resting 
membrane potential (RMP), threshold, AP peak, AP amplitude, and 
afterhyperpolarization (AHP) amplitude.  

(B) Sample image of a current clamp recording of an active MCH neuron indicating 
the H-current amplitude. 
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CHAPTER 3 

RESULTS 

3.1 Anatomical Subpopulations of MCH Neurons 

3.1.1 Anatomical Distribution of MCH Expression in the Mouse Hypothalamus 

 
The specific distribution of MCH neurons was characterized using 

immunohistochemistry. MCH neurons were distributed extensively in the hypothalamus 

as shown in Figure 2, and appeared in clusters, including the LHA (defined as the area 

located ventral to the ZI, lateral to the fornix and medial to the subthalamic nucleus), 

MH (defined as the area medial to the fornix and mammillothalamic tract, and lateral to 

the third ventricle), and ZI, with most distribution in the LHA. This distribution was 

consistent in MCH-tdTomato and wildtype mice (Figure 2). Consequently, patch 

clamping experiments on MCH neurons selected from these three areas were analyzed 

and compared to determine if there were any anatomical differences in 

electrophysiological properties. Ninety-six out of 99 biocytin-filled cells were confirmed 

as MCH neurons using immunohistochemistry, equivalent to a 97% success rate (Figure 

3); 3 cells were MCH immunonegative. Following confirmation of the neurochemical 

phenotype of the patched cells, the electrophysiological properties of confirmed MCH 

neurons were analyzed.  
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Figure 2: Distribution of MCH neurons in the mouse hypothalamus. 

(A) Distribution of MCH neurons on coronal sections through the hypothalamus 
of a wildtype C57BL mouse visualized by immunohistochemistry against MCH 
peptide.  

(B) Distribution of MCH neurons on coronal slices of the hypothalamus of an 
MCH-td tomato mouse. 

 

Scale bar: 500 m; 3V: third ventricle, int: internal capsule, ot: optic tract, LHA: 
lateral hypothalamic area, MH: medial hypothalamus, ZI: zona incerta 
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Figure 3: Post hoc immunohistochemical identification of MCH neurons.  

Sample image of a confirmed MCH neuron. Post hoc staining of biocytin filled 
cell (blue; left) showing co-localization with MCH peptide (red; middle), 
confirmed by the merged image (right).  
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3.1.2 Excitability of Anatomical Subpopulations of MCH Neurons 

MCH neurons from the ZI, LHA and MH were treated as different subgroups and 

their intrinsic excitability was examined and compared. Notably, even with maximum 

current injections (+200 pA), some of the cells did not fire any action potentials (Figure 4 

A, B). Analysis of the proportion of cells that fired or did not fire action potential in the 

three areas showed statistical difference (Chi-square test; p = 0.0192, Figure 4B).  

There were no differences in membrane resistance noted among the three 

anatomical subgroups (ZI n/N = 39/26, LHA n/N = 20/12, MH n/N = 42/26; p = 0.8731, 

one-way ANOVA; Figure 5B) or the RMP (p = 0.4304, one-way ANOVA; Figure 5A, C). 

However, there were significant differences observed in number of AP and first spike 

latency among the three areas with positive current injection. A two-way ANOVA was 

performed to analyze the effect of anatomical area and positive current injection on 

MCH neuron excitability. There was a statistically significant main effect for positive 

current injection and anatomical area on the number of AP (current injection: p < 

0.0001; anatomical area: p < 0.0001, interaction: p=0.1542) and latency to first spike 

(current injection: p = 0.0023; anatomical area: p < 0.0001, interaction: p = 0.7522). 

Post-hoc Tukey’s multiple comparisons test showed that MCH neurons from the ZI 

responded with lower number of AP (Figure 5A, D) and longer latency to first spike 

compared to MCH neurons in the LHA and MH (p < 0.0001, one-way ANOVA; Figure 5E).  

Furthermore, analysis of AP waveform revealed that there were no differences in 

threshold (ZI n/N = 9/9, LHA n/N = 9/7, MH n/N = 25/17; p = 0.8168, one-way ANOVA; 
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Figure 6B) among the areas. However, there was difference in AP peak (p = 0.0281, one-

way ANOVA; Figure 6C), AP amplitude (p = 0.0459, one-way ANOVA; Figure 6D) and half-

width (p = 0.0039, one-way ANOVA; Figure 6E) where AP peak and AP amplitude were 

higher in LHA than ZI MCH cells, and half-width was shorter in LHA cells than ZI and MH 

cells. There were no differences in AHP amplitude (p = 0.1630, one-way ANOVA; Figure 

6F). Overall, these results suggest that LHA MCH neurons are more excitable than ZI and 

MH MCH neurons. 
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Figure 4: Classification of MCH neurons by firing activity. 
(A) Sample current clamp recording from an active MCH neuron firing five 
action potentials (APs, left) and sample of a silent MCH neuron (no AP) with 
200-pA current injection. 
(B) Proportion of MCH cells in the three areas that did or did not fire an action 
potential with positive current injections. Analysis with Chi-square test. 
ZI: zona incerta, LHA: lateral hypothalamus, MH: medial hypothalamus 
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Figure 5: Excitability of MCH neurons in distinct anatomical areas. 

(A) Representative current clamp recordings from MCH neurons in three different 
hypothalamic regions as indicated. ZI: zona incerta, LHA: lateral hypothalamic area 
and MH: medial hypothalamus 
(B-C) Membrane resistance (Rm, B) and Resting membrane potential (RMP, C) of 
MCH neurons from the three hypothalamic areas.  
(D-E) Number of AP spikes and (D) first spike latency (E) of MCH neurons during 
positive current injections.  

Mean  SEM, one-way (B-C) and two-way (D-E) ANOVA with Tukey’s post hoc 
comparisons: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for ZI vs LHA; #p<0.05, 
##p<0.01, ###p<0.001 for ZI vs MH.    
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Figure 6: Action potential (AP) waveform analysis of anatomical subpopulations 
of MCH neurons. 

(A) Averaged action potentials waveform recorded from MCH neurons in the zona 

incerta (ZI), lateral hypothalamic area (LHA) and medial hypothalamus.  

(B-F), AP waveform analysis of MCH neurons in the ZI, LHA and MH, including 

Threshold (B), AP peak (C), AP amplitude (D), Half-width (E) and AHP amplitude (F). 

Mean  SEM, *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s post hoc test.   
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3.1.3 Genotype-dependent Differences in Excitability of Anatomical Subpopulations of 

MCH Neurons 

Since both MCH-tdTomato and wildtype mice were used, it is possible that 

differences in excitability of MCH neurons exist in these mice. Due to the low sample 

size in the LHA from wildtype animals, however, statistical analyses could not be 

performed to test the effect of genotype (MCH-tdTomato: ZI n/N = 20/12, LHA n/N = 

18/10, MH n/N = 24/14; wildtype: ZI n/N = 19/14, LHA n/N = 2/2, MH n/N = 18/12; 

Figure 7A- D). Similarly, statistical differences in the parameters of AP waveform could 

not be performed due to low sample size, particularly in LHA from wildtype mice (MCH-

tdTomato: ZI n/N = 3/3, LHA n/N = 9/7, MHA n/N = 16/9; wildtype: ZI n/N = 7/7, LHA n = 

0, MH n/N = 9/8). (Figures 8A-E). Nevertheless, there appears to be no obvious 

genotype-dependent differences based on visual inspection of the results. 

It should be noted that, in addition to the difference in genotype, mice used in 

these experiments were bred at different facilities, namely the Memorial University 

Animal Services and purchased at Charles River. In addition, wildtype and transgenic 

mice have different background strains (wildtype: C57BL/6NCrl and MCH-cre/tdTomato: 

C57BL/6J). As such, parameters like breeding facilities, transport and background strain 

were also different between these groups of mice. However, the analysis above suggests 

that these factors did not have significant impact on the results. 
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 Figure 7: Comparison of MCH neurons from td-Tomato and wildtype mice. 

(A) Representative current clamp recordings from MCH neurons in the ZI, LHA, and 
MH of tdTomato and wildtype mice.  
(B) Resting membrane potential (RMP) of MCH neurons from the three anatomical 
areas display no genotypic differences. 
(C-D) No genotypic differences in excitability for MCH neurons from MCH-tdTomato 
and wildtype mice in Number of AP (C) and First spike latency (D) at 200 pA current 

injection. Mean  SEM. 
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Figure 8 : MCH neurons from td-Tomato and wildtype mice. 

(A-E): AP waveform analysis for MCH neurons from MCH-tdTomato and wildtype 
C57BL mice in the ZI, LHA and MH, including Threshold (A), AP peak (B), AP 

amplitude (C) Half-width (D) and, AHP amplitude (E). Mean  SEM.   
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3.1.4 Excitability of Anatomical Area Subpopulations of MCH Neurons in Male and 

Female Mice 

To determine whether area-specific differences in excitability of MCH neurons is 

influenced by the sex of the animals, the excitability and AP waveform of MCH neurons 

from the three anatomical areas from male and female mice were assessed (male ZI n/N 

= 24/17, LHA n/N = 8/6, MH n/N = 20/13; female: ZI n/N = 6/4, LHA n/N = 8/4, MH n/N = 

12/8). There were no main effects of area or sex on membrane resistance, but there was 

significant interaction between area and sex (F2,72 = 6.980, p = 0.0017). Post hoc analysis 

showed no significant differences either (Figure 9B). There were no sex-dependent 

differences in RMP (main effect area: F2,72 = 2.063, p = 0.1346; main effect sex: F1,72 = 

3.899, P = 0.0521; interaction: F2,72 = 0.1844, p = 0.8320, two-way ANOVA; Figure 9A, C). 

On the other hand, analysis of number of AP showed a main effect of area (F2,72 = 7.508, 

p = 0.0010, two-way ANOVA; Figure 9D), but there was no significant main effect of sex 

(F1,72 = 3.124, p = 0.0814) or interaction between sex of animals and anatomical area on 

number of AP (F2,72 = 2.459, p = 0.0927). Furthermore, there was no main effect of area, 

genotype or interaction effect of area and genotype on latency to first spike (two-way 

ANOVA: main effect area: F2,72 =1.278, p = 0.2849; main effect sex: F1,72 = 1.044, P = 

0.3102; interaction: F2,72 = 2.488, p = 0.0902, Figure 9E).  

With respect to AP waveform analysis, statistical differences in the parameters 

could not be performed due to low sample size of ZI and LHA MCH neurons that fired 

action potentials (male ZI n/N = 3/3, LHA n/N = 6/4, MH n/N = 10/7; female: ZI n/N = 
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2/2, LHA n/N = 2/2, MH n/N = 7/5). Nonetheless, there appears to be no sex-dependent 

differences based on visual inspection of the results (Figures 10-E) 

Together, these results suggests that the hypothalamic area-dependent 

differences in excitability observed in MCH neurons might be limited to just male mice. 

However, with the limited number of MCH neurons recorded in female mice, especially 

in the LHA, we cannot conclude female LHA MCH neurons are not as excitable as MCH 

neurons from male mice. 
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 Figure 9: Analysis for anatomical differences in MCH neurons from male and female 
mice. 

(A) Sample current clamp recordings from MCH neurons in the ZI, LHA, and MH from 
male and female mice. Notably, only 2 (of 8) MCH neurons in the LHA of female mice 
fired an AP, an MCH neuron with no AP is shown here.   
(B-C) Membrane resistance (Rm, B) and resting membrane potential (RMP, C) of MCH 
neurons.  
(D-E) Number of action potentials (D) and latency to first spike (E) in response to 
200pA current injections.  

Mean  SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA 
with post hoc comparisons.    
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Figure 10: Analysis of sexual dimorphism in AP properties of MCH neurons. 

(A-E): AP waveform analysis for MCH neurons from male and female mice in the 
ZI, LHA and MH, including Threshold (A), AP peak (B), AP amplitude (C) Half-width 

(D) and, AHP amplitude (E). Mean  SEM. 
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3.1.5 Excitability of MCH Neurons from Different Anatomical Areas Held at 

Subthreshold Potential 

With positive current injections, many of the MCH neurons assessed fired at least 

one AP. However, a good proportion of cells did not fire AP, even with maximum 

positive current injection (Figure 4A, B). These silent cells could not be included to assess 

AP waveform parameters, which could have skewed the results. Therefore, a subset of 

MCH neurons that did not fire an AP with maximum current injection were held at a 

subthreshold potential and their excitability and AP waveform properties were analysed 

(ZI n/N = 8/7, LHA n/N = 11/7, MH n/N = 9/8).  There was no significant difference in 

membrane resistance among the three areas (F2,26 = 0.6047, p = 0.5538; Figure 11B). 

With respect to number of AP, a two-way ANOVA showed a significant main effect for 

positive current injection (F3,78 = 106.8, p < 0.0001), whereas the main effect of 

anatomical area was non-significant (F2,26 = 3.269, p = 0.0542). However, the interaction 

effect between area and amount of current injection was significant (F6,78 = 5.071, p = 

0.0002). Tukey post hoc comparisons indicated that with higher current injections, LHA 

and MH MCH neurons fired more action potentials than ZI MCH neurons (Figure 11A, C). 

Analysis of first spike latency showed a significant main effect of positive current 

injection on time to first spike (F3,78 = 53.27, p < 0.0001), while the main effect of 

anatomical area on first spike latency was not significant (F2,26 = 0.6987, p = 0.5063). 

There was no significant interaction between positive current and area (F6,78 = 1.260, p = 

0.2854; Figure 11A, D). 
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The AP waveform analysis showed differences in threshold (p = 0.0144, one-way 

ANOVA; Figure 12A) with ZI MCH neurons displaying higher threshold to fire than MCH 

neurons in LHA and MH. Similarly, there was significant area-dependent main effect 

differences observed in AP peak (p = 0.0355, one-way ANOVA; Figure 12B), although 

post-hoc multiple comparison showed no significant difference between groups (p > 

0.05). Nonetheless, AP amplitude showed a significant difference between areas (p = 

0.0279, one-way ANOVA; Figure 12C). No differences were noted in half-width (p = 

0.0615, one-way ANOVA; Figure 12D) and AHP amplitude (p = 0.2343, one-way ANOVA; 

Figure 12E). 

These results indicate there may be differences in the excitability of brain area 

specific MCH subpopulations.  
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Figure 11: MCH neurons from different anatomical areas held at subthreshold 
potential. 

(A) Representative current clamp recordings from MCH neurons in the ZI, LHA, 
and MH held at subthreshold potential.  

(B-C) Number of action potentials (C) and latency to first spike in response to 
various current injections.   

 Data is mean  SEM, one-way (B) and two-way ANOVA (C-D) with post hoc 
comparisons: **p<0.01, ***p<0.001, for ZI vs LHA; #p<0.05 for ZI vs MH.  
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Figure 12: Electrophysiological properties of MCH neurons held at a subthreshold 
potential. 

(A) Averaged action potentials waveform recorded from MCH neurons in the zona 
incerta (ZI), lateral hypothalamic area (LHA) and medial hypothalamus.  
(B-F) AP waveform analysis for MCH neurons in the ZI, LHA and MH, including 
Threshold (B), AP peak (C), AP amplitude (D), Half-width (E) and AHP amplitude (F). 

*p<0.05, Mean  SEM. 
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3.2 Neurochemical Subpopulations of MCH Neurons 

3.2.1 Excitability of Neurochemical Subpopulations of MCH Neurons 

Another way to classify MCH neurons is by the co-expression of another 

neuropeptide CART. First, the electrophysiological properties of MCH neurons were 

determined according to their co-expression of CART, regardless of their anatomical 

localization (Figure 13A, B). No difference was observed in the membrane resistance 

between the two neurochemical subpopulations of MCH neurons (MCH+/CART+ n/N = 

51/28, MCH+/CART- n/N = 7/6, p = 0.4289, unpaired t-test; Figure 14B). Compared to 

MCH+/CART+ neurons, MCH+/CART- neurons had a depolarized RMP (p = 0.0187, 

unpaired t-test; Figure 14A, C). It was noted by visual inspection that majority of 

MCH+/CART- neurons displayed an H-current during hyperpolarizing current injection. 

Consequently, the H-current amplitude was analyzed at -200 pA current injection where 

H-current was most prominent, which found a significant difference between the two 

groups (p = 0.0016, Mann-Whitney test; Figure 14A, D).  

Number of APs and latency to first spike were analyzed with 2-way ANOVA. The main 

effect of positive current injection (F3,168 = 45.50, p < 0.0001) and the cell type (i.e., CART 

expression) on number of APs were significant (F1,56 = 29.99, p < 0.0001). There was also 

a significant interaction between positive current injection and CART expression (F3,168 = 

20.29, p < 0.0001). Sidak’s multiple comparisons test showed that with increasing 

positive current injection, MCH+/CART- cells fired more APs than MCH+/CART+ neurons 

(Figure 14E).  In analysis of latency to first spike, there was a significant main effect of 
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CART expression (F1, 56 = 15.08; p = 0.0003) and current injection (F3,168 = 3.452, p = 

0.0179; Figure 14F), while there was no significant interaction between current injection 

and CART expression (P = 0.7666).  

AP waveform analysis revealed no significant differences in any of the parameters 

analysed (MCH+/CART+ n/N = 18/13, MCH+/CART- n/N = 5/4) including threshold (p = 

0.0560, unpaired t-test; Figure 15B), AP peak (p = 0.1962; unpaired t-test; Figure 15C), 

AP amplitude (p = 0.3611, unpaired t-test; Figure 15D), half-width (p = 0.0918, unpaired 

t-test; Figure 15E) and AHP amplitude (p = 0.2913, unpaired t-test; Figure 15F).  

Taken together, these results suggest that there may be neurochemical 

subpopulations of MCH neurons with distinct electrophysiological properties. 

Specifically, MCH neurons that do not co-express CART are more excitable than CART co-

expressing MCH neurons. 
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Figure 13: Post hoc immuno-histochemical confirmation of MCH and CART 
co-expression. 

(A) Sample image of CART-immunonegative MCH neuron (MCH+CART-) from 
a tdTomato mouse. The biocytin-labeled cell (blue) is a tdTomato-MCH 
neuron (red) that is immunonegative for CART (green), confirmed by the 
merged image. 

(B) Sample image of CART-immunopositive MCH neuron (MCH+CART+) from 
a tdTomato mouse. The biocytin-labeled cell (blue) is a tdTomato-MCH 
neuron (red) that is immunopositive for CART (green), confirmed by the 
merged image. 
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Figure 14: MCH neurons display neurochemical differences in excitability. 

(A) Representative current clamp recordings from MCH+/CART+ and MCH+CART- neurons.  
(B) Membrane resistance of MCH+/CART+ and MCH+CART- neurons.  
(C) Resting membrane potential (RMP) of MCH+/CART+ and MCH+/CART- neurons.  
(D) H-current amplitude of MCH neurons from MCH+/CART+ and MCH+/CART- neurons 
with 200 pA current injection.  
(E-F) Number of Action potentials (E), and first spike latency (F) of neurochemical 
subpopulation of MCH neurons during positive current injections. 
 *p < 0.05, unpaired t-test for RMP and H-current amplitude. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, two-way ANOVA with Sidak post-test, Mean  SEM. 
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Figure 15: Action potential waveform analysis in neurochemical subpopulations 
of MCH neurons. 

(A) Averaged action potentials waveform recorded from MCH+/CART+ and 
MCH+/CART- neurons.  

(B-F) AP waveform analysis for CART expressing and non-expressing MCH neurons 
including threshold (B), AP peak (C), AP amplitude (D), half-width (E), and AHP 

amplitude (F). Mean  SEM. 
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3.2.2 Excitability of Neurochemical Subpopulations of MCH Neurons in Male and 

Female Mice 

The present study included MCH neurons from both sexes, which could have 

affected the results. However, there was a low number of MCH+CART- from female mice 

to reliably assess if there were any sex-dependent differences (CART+: male n = 27/15, 

female n = 28/13; CART-: male n = 7/6, female n = 2/2). Therefore, we assessed the 

excitability and AP waveform parameters of MCH+/CART+ and MCH+/CART- within male 

mice only. There were no significant differences in membrane resistance (p = 0.2565, t-

test; Figure 16B) between MCH+/CART+ and MCH+/CART- neurons from male mice. In 

contrast, the RMP was more depolarized (p = 0.0247, t-test; Figure 16C) and the H-

current amplitude was greater in MCH+/CART- than in MCH+CART+ neurons from male 

mice (p = 0.0043, Mann-Whitney test; Figure 16D).  Furthermore, the number of APs and 

latency to first spike revealed cell type-specific differences (Figure 16E, F). Specifically, 2-

way ANOVA analysis showed a significant main effect of positive current injection (F1,42 = 

61.76, p < 0.0001) and CART expression (F1,31 = 51.43, p < 0.0001) on number of APs, and 

a significant interaction between current injection and CART expression within male 

MCH neurons (F3,93 = 39.75, p < 0.0001). Sidak’s post hoc comparisons revealed that with 

more depolarizing current injections, MCH+/CART- neurons from male mice fired more 

APs than MCH+/CART+ neurons (Figure 16E). With respect to first spike latency, there 

was significant main effect of CART expression (F1,31 = 19.65, p = 0.0001) and current 

injection (F1.7, 51.40 = 4.023, p = 0.0304), however there was no significant interaction 
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effect between CART expression and depolarizing current (F3, 93 = 0.5349, p = 0.6595) 

indicating that the difference in first spike latency between CART+ and CART- male MCH 

neurons is not dependent on amount of current injected (Figure 16F).  

AP waveform analysis revealed no differences in any of the parameters analysed 

within male mice (MCH+/CART+ n = 6/6; MCH+/CART- n = 5/4) including threshold (p = 

0.2187, t-test; Figure 17A), AP peak (p = 0.8549, t-test; Figure 17B), AP amplitude (p = 

0.9646, t-test; Figure 17C), half-width (p = 0.3941, t-test; Figure 17D) and AHP amplitude 

(p = 0.8763, Mann-Whitney test; Figure 17E). These results suggest that the difference in 

excitability and the presence of H-current observed between neurochemical 

subpopulations of MCH neurons are present in male animals. This should be confirmed 

with female MCH neurons in the future with a larger sample size.  

 Next, we assessed if there were any sex-dependent differences in CART+ MCH 

neurons, since there was sufficient sample size for from both male and female mice 

(CART+: male n/N = 27/15, female n/N = 28/13). There were no significant sex-

dependent differences in any of the parameters analysed: membrane resistance (p = 

0.6259, t-test; Figure 18A), RMP (p = 0.7567, t-test; Figure 18B). With respect to number 

of AP, there was no main effect of sex (F1,53 = 1.875, p = 0.1766) but there was main 

effect of current injection as expected (F1,159 = 20.88, p < 0.0001) and significant 

interaction between sex of the animal and current injection ((F1,159 = 3.874, p < 0.0104). 

Sidak’s post hoc multiple comparison revealed no significant differences (Figure 18C). 

First spike latency, showed significant main effect of sex (F1,212 = 5.871, p = 0.0162) and 
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current injection (F3, 212 = 3.786, p = 0.0112), however there was no significant 

interaction effect between sex of mice and depolarizing current (F3, 93 = 0.5349, p = 

0.6595) indicating that the difference in first spike latency between male and female 

MCH -positive neurons is not dependent on amount of current injected (Figure 18D). 

AP waveform analysis also revealed no differences in any of the parameters 

analysed within CART-positive male and female mice (male n/N = 7/6; female n/N = 

12/7) including threshold (p = 0.3247, t-test; Figure 19A), AP peak (p = 0.5096, t-test; 

Figure 19B), AP amplitude (p = 0.5468, t-test; Figure 19C), half-width (p = 0.4731, t-test; 

Figure 19D) and AHP amplitude (p = 0.8413, t-test; Figure 19E). These results suggest 

that the difference in excitability and the presence of H-current observed between 

neurochemical subpopulations of MCH neurons may not be due to the sex of the animal. 
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Figure 16: Characteristics of MCH neurons with or without CART co-expression in 
male mice. 

(A) Representative current clamp recordings from MCH neurons from MCH+/CART+ 
and MCH+/CART- male mice. 
(B-D) Membrane resistance (Rm, B), resting membrane potential (RMP, C) and H-
current amplitude (D) of MCH neurons.  
(E-F) Number of action potentials (D) and latency to first spike (E) in response to 
200pA current injections. Need a symbol legend for E and F 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unpaired t-test (D)and two-way 

ANOVA (E-F). Mean  SEM. 
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Figure 17: AP waveform analysis of neurochemical subpopulations of MCH from 
male mice. 

(A-E) Various parameters of AP waveform including Threshold (A), Action 
potential (AP) peak (B), AP amplitude (C), half-width (D), and After-
hyperpolarizing potential (AHP, E) of MCH+/CART+ and MCH+/CART- neurons 

from male mice. Mean  SEM. 
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 Figure 18: Analysis of sexual dimorphism in excitability of CART-expressing MCH 
neurons  

(A-B) Membrane resistance (Rm, A), resting membrane potential (RMP, B) of MCH 
neurons.  
(C-D) Number of action potentials (C) and latency to first spike (D) in response to 
200pA current injections. 

Error bar: Mean  SEM. 
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Figure 19: AP waveform analysis for sex-dependent differences in CART-expressing 
MCH neurons.  

(A-E) Various parameters of AP waveform including Threshold (A), Action potential 
(AP) peak (B), AP amplitude (C), half-width (D), and After-hyperpolarizing potential 

(AHP, E) of MCH+/CART+ and MCH+CART- neurons from male mice. Mean  SEM. 
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3.3 Anatomical Distribution of MCH and CART Expression in the Mouse 

Hypothalamus 

 
The specific distribution of MCH neurons and their colocalization with CART were 

analyzed using double immunostaining for MCH and CART. MCH neurons were 

distributed throughout the hypothalamus including the LHA, ZI, and MH (Figure 20A). 

CART expression was found to be localized in similar regions as MCH neurons i.e., in the 

LHA, MH and ZI (Figure 20A). However, some regional differences were found, with most 

of the MCH+/CART+ neurons observed in the ZI and MH, with fewer double staining 

observed in the LHA (Figure 20A). In fact, the LHA had the majority of MCH+/CART- 

neurons, with few or no MCH+/CART- neurons in the ZI and MH (p < 0.0001, Chi-square 

test; Figure 20B). 

 

3.3.1 Excitability of Neurochemical Subpopulations of MCH Neurons in Distinct 

Hypothalamic Areas 

Many MCH neurons were observed in the ZI, LHA and MH (Figure 20). 

Comparably, most MCH neurons recorded for electrophysiological assessment co-

localized CART in the ZI (26 of 26 neurons) and MH (22 of 23 neurons), while LHA had 

equal proportion of MCH+/CART+ (7 of 14 neurons) and MCH+/CART- neurons (7 of 14 

cells). Consequently, region-specific electrophysiological properties were analyzed only 

for MCH+/CART+ neurons within the ZI, LHA and MH.  
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Among these areas, there were no differences observed in the membrane 

resistance (ZI n/N= 23/14, LHA n/N = 7/3, MH n/N = 22/14, p = 0.3093, one-way ANOVA, 

Kruskal-Wallis test; Figure 21B) and RMP (p = 0.7280, one-way ANOVA; Figure 21A, C). 

Two-way ANOVA comparison for the effect of depolarizing current injection and 

anatomical area on number of AP showed significant main effect of driving current as 

expected (F3,156 = 15.45, p < 0.0001), while there was no significant main effect of area 

(F2,52 = 1.957, P = 0.1516) or interaction between amount of current injected and 

anatomical area on number of AP (F6, 156 = 1.781, p = 0.1063; Figure 21D). Similarly, there 

was a significant main effect of driving current on first spike latency (F3,156 = 6.097, p = 

0.0006). However, there was neither a main effect of anatomical area (F2,52 = 2.005, P = 

0.1450) nor interaction of anatomical area and current injection (F6, 156 = 0.7895, p 

=0.5794) on first spike latency (Figure 21E). AP waveform analysis could not be 

performed due to low sample size (ZI n/N = 5/4, LHA n/N = 1/1, MH n/N = 13/6; Figures 

22A-E).  

Together, these results indicate that the anatomical location of CART+ MCH 

neurons does not correlate with distinct electrophysiological properties of MCH+/CART+ 

neurons.  
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Figure 20: Immunohistochemistry illustrating the distribution of MCH and CART 
neurons in the mouse hypothalamus. 

(A) Distribution of MCH+ (red, top panel) and CART+ (green, middle panel) neurons in 
three hypothalamic regions indicated by: Zona incerta (ZI), lateral hypothalamic area 
(LHA) and medial hypothalamus (MH). Merged illustration of MCH and CART 
immunohistochemistry (bottom panel) delineating the expression of MCH and CART 
neurons particularly MCH+/CART- neurons in the LHA. (See Figure 13 for close-up 
images of CART-immunopositive and negative MCH neurons). 
(B) Proportion of CART-expressing and CART non-expressing MCH neurons that fired 
action potentials in the three areas. 
fx: fornix, mtt: medullomamillary tract, ot: optic tract 
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Figure 21: Excitability of MCH+CART+ neurons in distinct hypothalamic areas 
(A) Representative current clamp recordings from MCH neurons from 

MCH+/CART+ neurons from three hypothalamic areas.  
(B) Membrane resistance (Rm) of MCH neurons.  
(C) Resting membrane potential of MCH neurons.  
(D-E) Number of action potentials (AP) (D) and latency to first spike (E) in 

response to various current injections. Mean  SEM. 
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Figure 22: Anatomical area differences among MCH+/CART+ neurons. 

(A-E). Various parameters of AP waveform including Threshold (A), Action 
potential (AP) peak (B), AP amplitude (C), after-hyperpolarization (AHP, D), and 

half-width (E) of MCH+/CART+ neurons. Mean  SEM. 
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CHAPTER 4 

DISCUSSION 

4.1 Anatomical Subpopulations of MCH Neurons 

 This study provides evidence MCH neurons exist as spatially distinct 

subpopulations that are distributed in the hypothalamus. Our results show that LHA 

MCH neurons are more excitable than ZI or MH MCH neurons. This excitability is 

characterized by LHA MCH neurons being more sensitive to depolarizing current 

injections; as current injection intensified, these LHA neurons discharged more AP with 

shorter latency to first spike. MH MCH neurons also fired higher number of AP with 

current injection but required higher current injection (rheobase 150-200pA) compared 

to LHA neurons, which required less (100pA). In contrast, ZI MCH neurons required the 

highest current injection to evoke an AP, often firing just one or a few APs with 

maximum current injection. In fact, the greater excitability displayed by LHA MCH 

neurons was consistent when cells were held at subthreshold potential to ensure they 

all fire AP. Excitability of neurons is regulated by ion channels like voltage gated sodium 

and potassium channels (du Lac, 1996).  

Sodium channels open with membrane depolarization and facilitate the inward 

current of sodium ions that allows the upward stroke of action potential in nerve cells 

(de Lera Ruiz & Kraus, 2015; Z. Li et al., 2021). Delayed rectifiers are voltage-gated 

potassium channels that are activated by depolarized membrane potential and act to 
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repolarize the neurons during action pontentials via potassium efflux (Kim & Nimigean, 

2016). Another type of potassium channels is the inwardly rectifying potassium 

channels. These potassium channels conduct potassium with hyperpolarized potential in 

contrast to depolarization in other types of potassium channels (Kuang et al., 2015). 

Conductance of these ion channels may underlie cellular changes that occur with states 

such as sleep, hunger, or novel object exploration (Nelson et al., 2003). Therefore, it is 

likely that excitability of MCH neurons is context dependent. Indeed, in-vivo 

experiments have shown that LHA MCH neurons are silent during waking, minimally 

active during NREM sleep and maximally active during REM sleep (Jones & Hassani, 

2013). Supporting this is evidence that there is upregulation of MCH in hypothalamic 

MCH neurons during the sleep cycle in rats (Blanco-Centurion et al., 2019; Harthoorn et 

al., 2005).  

Three functionally distinct subpopulations of LHA MCH neurons have been 

described: those that are only active during wakefulness, REM sleep active MCH neurons 

and those that are active during both wakefulness and REM sleep (Izawa et al., 2019). 

Moreover, optical recordings from LHA specific MCH neurons showed that MCH neurons 

display increased activity during novel object but not familiar object exploration (Blanco-

Centurion et al., 2019; González et al., 2016). MCH neurons also play a role in food 

intake and seeking behaviours, thus wake active MCH neurons might be involved in 

these behaviours as well.  However, it should be noted that most of these experiments 

have been in vivo while our experiments have been in vitro. Therefore, we cannot 
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conclude that cellular changes that occur due to physiological stimuli or behaviours prior 

to experiments remain during in vitro recordings. 

Since membrane properties are shaped by ionic conductance, it is likely that the 

differences in excitability observed in anatomical subpopulations of MCH neurons are 

mediated by variations in the expression and activity of ion channels. MCH neurons also 

receive considerable inputs from across the brain, which could influence their 

excitability. Some of these inputs are mediated by interneurons (such as glutamatergic 

and GABAergic interneurons and ion channels (Diniz & Bittencourt, 2017; Gao & van den 

Pol, 2001). Activation of metabotropic glutamate receptors (mGluR) excites MCH 

neurons, causing membrane depolarization and increase in spike frequency (Huang & 

van den Pol, 2007). In support of this, rodents lacking mGluR subtype 5 (mGluR5) 

weighed less than their wildtype littermates, even when food intake was similar 

(Bradbury et al., 2005). Also, after food deprivation, rodents with their mGluR5 knocked 

out had decreased re-feeding rate compared to mGluR5 wildtype rodents. Comparably, 

an mGluR5 antagonist led to decreased re-feeding after fasting in mGluR5 wildtype 

rodents compared to mGluR5 knockout mice suggesting that suppression of feeding may 

be mediated by mGluR5 activation (Bradbury et al., 2005).  

Furthermore, MCH neurons in the LHA have been shown to receive inputs from 

the orexigenic neuropeptide Y (NPY) neurons (Van Den Pol et al., 2004). NPY inhibits 

MCH neurons, hyperpolarizing the membrane potential and reducing firing frequency 

through the G-protein gated inwardly rectifying potassium (GIRK) currents (Van Den Pol 
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et al., 2004). Reports have shown that MCH neurons are activated by orexin neurons 

where orexin increases glutamatergic inputs to MCH neurons (Van Den Pol et al., 2004). 

However, another study showed that orexin has a dual effect on MCH neurons where 

optogenetic activation of orexin neurons in LHA slices activated some MCH neurons 

while inhibiting others by increasing GABA inputs to MCH neurons (Apergis-Schoute et 

al., 2015). Taking all these together, it is possible that differences in excitability seen in 

anatomical subpopulations of MCH neurons is due to varied inputs to these brain areas 

affecting the ion channel signalling and ultimately the membrane properties. 

MCH neurons are located most prominently in the LHA and many studies focus 

on the LHA MCH neurons only and disregard the MH and ZI, even though MCH neurons 

are located extensively in these areas as well. As a result, details about the 

characteristics and functions of MH and ZI MCH neurons are scarce. Our study has 

shown that these neurons may not be functionally the same and there may be diversity 

among neurons in the same area. Consequently, the anatomical subpopulations of MCH 

neurons, their inputs and projections need to be investigated further. 

 

4.2 Neurochemical Subpopulations of MCH Neurons  

The present study corroborates previous studies that CART is co-expressed by 

MCH neurons and that these cells occupy distinct areas of the hypothalamus. Within the 

hypothalamic regions where MCH neurons are localized, MCH+/CART+ neurons were 

observed widely within the ZI, LHA and MH, while MCH+/CART- neurons were found 
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almost exclusively in the LHA with sparse neurons in the ZI and MH. These results are 

consistent with previous similar studies (Croizier et al., 2010; Cvetkovic et al., 2004) 

where most of the MCH+/CART+ neurons were observed throughout the MCH-

containing area including the ZI and regions medial to the fornix (i.e., MH) with very few 

MCH+/CART- neurons in these areas. MCH+/CART- neurons in contrast were observed to 

be mainly in the LHA including the perifornical area (Cvetkovic et al., 2004). 

The main results obtained in this study demonstrates that CART is co-expressed 

in a subset of MCH neurons, and that these cells have different electrophysiological 

properties to MCH+/CART- neurons.  The general electrophysiological properties of MCH 

neurons have been described in previous studies. MCH neurons are relatively 

hyperpolarized, spontaneously silent at rest, express A-type current and spike 

adaptation with positive current injection and lack H-current (Belanger-Willoughby et 

al., 2016; Eggermann et al., 2003; van den Pol et al., 2004). In our study, MCH+/CART+ 

neurons displayed the characteristic MCH electrophysiological properties previously 

described: hyperpolarized and no H-current. These neurons have A-current, which 

delays the first spike, and reduces firing rate and excitability (Fransén & Tigerholm, 

2009). 

On the other hand, MCH+/CART- neurons are relatively depolarized at rest and 

display an H-current. The higher number of AP firing and shorter latency to first spike 

seen in MCH+/CART- neurons was most likely caused by depolarized RMP and the 

presence of H-current. Indeed, activation of H-current is known to lead to membrane 
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depolarization and increased excitability (Angelo & Margrie, 2011; Buskila et al., 2019; 

Lüthi & McCormick, 1998). Furthermore, the higher number of spikes in MCH+/CART- 

neurons may be contributed by the presence of the H-current; since H-current 

conductance promotes faster recovery from afterhyperpolarization, increasing the 

possibility for recurring firing (Dudman & Nolan, 2009). 

MCH neurons project extensively throughout the CNS, which suggests that MCH 

neurons may function as a neuromodulator to regulate many physiological roles 

including food intake, sleep, and mood. While our work is the first to identify the 

presence of H-current in a subpopulation of MCH neurons, the expression and role of H-

current in other neurons have been well documented. H-current has been proposed to 

control conduction velocity of axons, mainly by depolarizing the resting membrane 

potential  (Byczkowicz et al., 2019; Debanne et al., 2011). H-current is conducted 

through the hyperpolarization-activated cyclic nucleotide gated (HCN) channels. These 

HCN channels are regulated by the second messenger cyclic AMP (cAMP). cAMP bind to 

and stimulates the HCN channels to open, leading to increased H-current (Wang et al., 

2002). A previous study showed that neuromodulators like adenosine, which also act via 

cAMP-dependent pathway resulted in decreased conduction velocity while 

norepinephrine resulted in an increased conduction velocity via modulation of H-current 

(Byczkowicz et al., 2019). Like MCH, adenosine has been established as an endogenous 

sleep factor, mediating the sleep after prolonged wakefulness (Basheer et al., 2004; 

Porkka-Heiskanen et al., 1997). Therefore, it is possible that the cAMP-HCN pathway 
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modulating the H-current allows an increase in excitability of a subpopulation of MCH 

neurons during arousal but a decrease in their excitability during periods of rest or sleep 

to save metabolic cost.  

As previously mentioned, neurochemical subpopulations of MCH neurons are 

found in different parts of the hypothalamus with MCH+/CART- neurons found majorly 

in the LHA and very few elsewhere (Figure 20B). As a result, area differences for each 

neurochemical subpopulation could not be performed in MCH+/CART- neurons. 

However, area differences in excitability of MCH+/CART+ neurons were performed as 

they were found in all areas of the hypothalamus. These neurons showed no differences 

in excitability, which could mean that they contain the same proportion of ion channels, 

are excited by the same stimulus and possibly perform the same functions, independent 

of localization. Indeed, MCH+/CART+ neurons project to the hippocampus and septum 

while MCH+/CART- neurons send descending projections to the brainstem and spinal 

cord (Hanriot et al., 2007) supporting the notion that these subgroups are functionally 

different. 

 

4.3 Limitations of the study 

Our study shows evidence that anatomical and neurochemical subpopulations of 

MCH neurons exist. However, there are some limitations to our study including the 

sample size. For instance, to fully elucidate the electrophysiological differences between 

MCH+/CART+ and MCH+/CART- neurons, we need to increase the sample size for non-
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CART expressing MCH neurons. Similarly, our study had fewer female mice, which 

limited our ability to elucidate any sex-dependent differences in both MCH neuron 

subpopulations. Furthermore, it will be of utmost importance to characterize any 

anatomical differences displayed by MCH+/CART- neurons in the LHA, ZI and MH. It 

should also be noted that our brain slices were collected during the light phase, and the 

time of the day may affect the electrophysiological properties of MCH neurons. 

Similarly, it is possible that these neuronal excitabilities may be plastic under different 

physiological states. That is, it remains to be seen whether the difference in excitability 

of MCH neurons change with different stimuli like sleep deprivation, diet, and memory 

experiments. 

 

4.4 Conclusion 

The current study has shown that anatomical subpopulation of MCH neurons 

exist. Particularly, LHA MCH neurons are more excitable than ZI and MH MCH neurons. 

In addition, we have also shown that neurochemical subpopulation of MCH neurons 

have different excitability: MCH+/CART- neurons are more excitable than MCH+/CART+ 

neurons. Notably, MCH+/CART- neurons were more abundant in the LHA. Therefore, it is 

possible that the higher excitability of LHA MCH neurons was due to the depolarized 

potential of MCH+/CART- neurons.  
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In conclusion, to our knowledge, this is the first study to compare the 

electrophysiological properties of MCH neuron subpopulations and to identify the 

presence of H-current in a distinct MCH subpopulation. The present investigation 

highlights the importance of ionic mechanisms underlying distinct characteristics of 

these cell subpopulations. Therefore, to understand the mechanism of action of the 

MCH system in its diverse physiological functions, further characterization of these 

subpopulations must be performed. This will be a step towards identification of 

functional subpopulations of MCH neurons.  
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