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Executive summary

The multi-functional, hypothalamic hypocretin/orexin (HCRT) producing neurons regulate an 

array of physiological and behavioral states including arousal, sleep, feeding, emotions, stress, 

and reward. How a presumably uniform HCRT neuron population regulates such a diverse set 

of functions is not clear. The role of the HCRT neuropeptides may vary depending on the 

timing and localization of secretion and neuronal activity. Moreover, HCRT neuropeptides may 

not mediate all functions ascribed to HCRT neurons. Some could be orchestrated by additional 

neurotransmitters and neuropeptides that are expressed in HCRT neurons. We hypothesize 

that HCRT neurons are segregated into genetically-, anatomically- and functionally-distinct 

subpopulations. We discuss accumulating data that suggest the existence of such HCRT neuron 

subpopulations that may effectuate the diverse functions of these neurons in mammals and fish.
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Introduction

The hypothalamus region in the brain regulates diverse physiological and behavioral 

processes such as arousal, sleep, feeding, reproduction and autonomic control, by integrating 

external and internal stimuli [1]. Among the millions of neurons in the hypothalamus, a 

group of only a few thousand hypocretin/orexin (HCRT) producing neurons stands out as 

a key regulator of sleep and wakefulness. HCRT neurons secrete the HCRT1 and HCRT2 

neuropeptides and are located in the lateral hypothalamus area (LHA) and the adjacent 

perifornical area (PeFLH) [2,3]. In mice, approximately 5,000 HCRT neurons project to 

wide areas in the brain, including the tuberomammillary nucleus (TMN), paraventricular 
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thalamic nucleus, arcuate nucleus, and monoaminergic nuclei, which express the two G-

protein coupled receptors HCRTR1 and HCRTR2 [4–6]. In accordance with the broad 

anatomical projections, the function of HCRT neurons includes primarily the regulation of 

the sleep/wake cycle, but also that of feeding, energy homeostasis, emotion, stress response, 

motivation, and reward.

Now, how could one type of neuron defined through the expression of HCRT peptides serve 

as a multi-functional hypothalamic system supporting such diverse physiological processes? 

The secretion of HCRT neuropeptides at different effector sites in the brain could, for 

instance, be differentially regulated. The differential and spatially restricted release of 

HCRT1 and HCRT2, and the different signaling through differentially expressed HCRTR1 

and HCRTR2 could be another determining factor. In addition, HCRT neurons also contain 

other neurotransmitters and proteins that may be involved in regulating their development, 

plasticity and diverse functions.

Soon after the discovery of the two HCRT neuropeptides [2,3], it was found that loss 

of HCRT signaling, either by loss of the ligand or receptor, results in the sleep disorder 

narcolepsy in humans, and causes narcolepsy-like symptoms in animals [7–9]. Narcolepsy 

is characterized by fragmented sleep and wakefulness during day and night, and a signature 

symptom; cataplexy – a sudden skeletal muscle atonia during wakefulness, which is 

triggered by emotional stimuli [10]. Several discoveries have linked the HCRT system 

to narcolepsy, including the isolation of mutated HCRTR2 in narcoleptic dogs [7], the 

narcolepsy-like phenotype of HCRT knockout mice [2,8], the detection of low HCRT 

protein levels in narcoleptic patients [9], and the severe loss of HCRT neurons in the 

brains of narcoleptic patients [11–13]. This tight association between the HCRT system, 

narcolepsy, and sleep disturbances established the HCRT system as a key regulator of 

arousal and sleep/wake transitions.

The HCRT system is unique to vertebrates, although recent work has characterized a 

functional HCRT neuropeptide in the basal chordate, amphioxus [14]. Since 2004, the 

HCRT system has been studied in the simple vertebrate, zebrafish [15,16]. This diurnal 

animal emerged as a popular model to study neurodevelopment and behavior, including 

the hypothalamic regulation of sleep [17]. The zebrafish has a simple, but conserved, 

brain anatomy and function with mammals [18]. In addition, it is amenable for genetic 

manipulation, using transposase- [19] and clustered regularly interspaced short palindromic 

repeats (CRISPR)-associated protein 9 (Cas9)- based genome editing [20]. Unlike most 

other vertebrates, the brain of the larva zebrafish is transparent, making it suitable for time-

lapse imaging of single cells and organelles [21,22], optogenetics, and brain-wide imaging 

of genetically encoded calcium markers [23,24]. Furthermore, the zebrafish is well suited 

for large-scale genetic-, pharmacological-, and behavioral-screens [25,26]. Zebrafish sleep 

was defined using behavioral criteria, specifically through reduction of voluntary movement 

during the night, clock-controlled rhythmic activity that peaks during the day, reversibility, 

specific posture, increased arousal thresholds, and sleep rebound post-sleep deprivation [27–

32]. Two major sleep signatures have been characterized in zebrafish; slow bursting sleep 

and propagating wave sleep, which share commonalities with mammalian slow-wave sleep 

and paradoxical or rapid-eye-movement (REM) sleep, respectively [33].

Sagi et al. Page 2

Front Neurol Neurosci. Author manuscript; available in PMC 2022 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The zebrafish HCRT neuronal network is simple: comprised of about 20 neurons in 

larvae and about 60 neurons in adults (Table 1) [16,27,31,34]. The zebrafish HCRT 

system includes a single hcrt gene, which encodes both HCRT1 and HCRT2 peptides 

[34], and only one HCRT receptor, which is structurally more similar to the mammalian 

HCRTR2. Similar to mammals, zebrafish HCRT neurons are located in the LHA and project 

to the telencephalon, diencephalon, mesencephalon, rhombencephalon, and the pineal 

gland, toward the noradrenergic, dopaminergic, serotonergic, cholinergic, histaminergic and 

melatonergic nuclei [15,16,21,27,31,34–36]. Overexpression of HCRT in the entire body 

of larval zebrafish induces wakefulness [27], and both the HCRT neuron-ablated larvae 

and the HCRT-receptor mutant (Hcrtr−/−) adult zebrafish exhibit sleep fragmentation, as is 

observed in narcoleptic patients [29,31]. Overall, the relative simplicity of the HCRT system 

in zebrafish makes this vertebrate an ideal model to study the diverse functions of HCRT 

neuronal networks.

It is generally assumed that HCRT neurons are a relatively homogeneous population; 

however, finer granularity may exist. In this chapter, we discuss the hypothesis that HCRT 

neurons can control multiple functions due to their heterogeneous genetics, anatomy, and 

functionality. We raise the possibility of functional HCRT subpopulations with distinct gene 

expression, activity, and connectivity profiles.

The genetic profile of HCRT neurons

The molecular marker that defines the HCRT neurons is the HCRT neuropeptide. However, 

these neurons contain other distinct proteins, which are expressed in small to large subsets of 

HCRT neurons, in addition to other regions of the brain. In order to study the comprehensive 

molecular identity of HCRT neurons, several studies have been conducted in human, 

rodents, and fish. They have revealed an array of genes that are expressed in subpopulations 

of HCRT neurons or in almost all of the cells, suggesting molecular heterogeneity (Table 2).

Among the mRNA and/or proteins expressed in almost all HCRT neurons are the 

secreted proteins, prodynorphin (PDYN) and neuronal activity-regulated pentraxin II 

(NARP/NPTX2). These two proteins have been used to show that the cells, and not only 

the HCRT ligand, are absent in narcoleptic patients [11,37–39]. In human brains, at least 

80% of the HCRT-producing neurons also contain Pdyn mRNA and NARP protein [11]. 

In the rat hypothalamus, all (>99%) HCRT-positive neurons are NARP-positive [38] and 

nearly all (94 ± 2%) are PDYN-positive [37]. These two proteins are also expressed widely 

in additional brain areas, and not restricted to the LHA. Confirming these results, studies 

in mice have also shown co-expression of Hcrt and Pdyn mRNA in 98.4% of the HCRT 

neurons using in situ hybridization (ISH) [40]. NARP can enhance postsynaptic responses to 

glutamate, while PDYN inhibits neuron activity via the κ-opioid receptor [37,41]. However, 

the role of NARP and PDYN in the HCRT system is undetermined.

Another protein found in almost all HCRT neurons in mice is the cholecystokinin 

receptor (CCKAR) [42]. CCK suppresses food intake [43] and locomotor activity [44]. 

Moreover, studies in rats have reported on co-localization of ectonucleoside triphosphate 

diphosphohydrolase 3 (ENTPD3/NTPDase3) and the ATP ligand-gated cation channel 

Sagi et al. Page 3

Front Neurol Neurosci. Author manuscript; available in PMC 2022 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor P2X2R in almost all HCRT neurons [45,46]. The co-localization of P2X2R and 

ENTPD3 in mammalian HCRT neurons suggests that purinergic signaling might modulate 

the functions of the HCRT system, such as the regulation of sleep and energy metabolism.

The expression of these genetic markers in essentially the whole HCRT neuronal population 

suggests, at first sight, that these neurons would be homogenous. However, other genes are 

only expressed in a portion of HCRT neurons. For example, comparison of the transcriptome 

of narcoleptic versus control postmortem human brains, and transgenic mice lacking HCRT 

neurons versus wildtype mice, revealed that insulin-like growth factor-binding protein 3 

(IGFBP3) colocalizes in ~80% of HCRT neurons in mice but only in 10–20% of HCRT 

neurons in humans [47]. It was suggested that elevated IGFBP3 levels in HCRT cells could 

decrease HCRT production and wakefulness under physiological conditions. Another protein 

expressed only in a subset of HCRT neurons is tribbles homolog 2 (TRIB2), an intracellular 

protein produced by HCRT neurons and other cell types that is targeted by antibodies in a 

fraction of patients with narcolepsy [48,49]. TRIB2-specific antibody-containing serum of 

a narcoleptic patient showed that 87% of HCRT neurons in the mouse hypothalamus are 

co-stained by the serum [48].

Using the translating ribosome affinity purification assay, 188 transcripts were identified as 

robustly enriched in HCRT neurons [50], including the known HCRT cell markers Pdyn, 

Narp, and Igfbp3. Moreover, few novel genes and gene products had substantial overlap 

with HCRT neurons, including CUGBP elav-like family member 6 (CELF6), neuronatin 

(NNAT), signal transducer and activator of transcription 5b (STAT5b) and regulatory 

factor x4 (RFX4), with the latter expressed only within these neurons. In contrast, several 

gene products were expressed only in a subset of HCRT neurons, revealing molecular 

heterogeneity in these neurons: proprotein convertase subtilisin/kexin type 1 (PCSK1, 42 ± 

4.6 % co-localization), neuroglobin (NGB, 54 ± 3.6 %), glutathione peroxidase 3 (GPX3, 

29 ± 9.3 %), galectin 3 (LGALS3, 35 ± 5.8 %), delta like non-canonical notch ligand 1 

(DLK1, 44 ± 10 %) and LIM homeobox 9 mRNA (Lhx9, 76 ± 3.6 % co-localization) [50]. 

Ablation of Lhx9 resulted in more than 30% loss of HCRT neurons, without a general 

disruption of hypothalamic development. It appears that Lhx9 can regulate the development 

and specification of a subset, but not of all, HCRT neurons [50]. It remains to be determined 

whether these genetic variations reflect the transient expression state of the neurons at a 

given state or rather represent functionally-distinct subsets of HCRT populations.

Single-cell RNA-sequencing (scRNA-seq) of the mouse hypothalamus found partial co-

localization of pyroglutamylated RFamide peptide (Qrfp) and Hcrt mRNA [51]. QRFP 

is a hypothalamic peptide that has been implicated in food intake, activity, anxiety, 

cardiovascular functions, arousal and hibernation-like state [52–54]. QRFP is lost together 

with HCRT neurons in Hcrt-ablated mice [55]. However, IHC and transgenesis showed 

that QRFP and HCRT do not colocalize in the same hypothalamic neurons in zebrafish 

and mice [54,56]. This can be explained by the differences in sensitivity of the sequencing 

and histological techniques. Surprisingly, recent IHC assay in mice showed that few QRFP-

positive neurons also express HCRT [53]. Altogether, these experiments suggest that a low 

number of HCRT neurons co-express QRFP, which may help mediate the function of a small 

subpopulation of HCRT neurons.
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RNA-sequencing of purified HCRT neurons and comparison to other hypothalamic cells 

revealed an array of differentially expressed genes in mice. This work used IHC to show 

that paternally-expressed gene 3 (PEG3), toll-like receptor 2 (TLR2), rho GTPase-activating 

protein 36 (ARHGAP36) and insulin receptor substrate 4 (IRS4) partially colocalize with 

HCRT [55]. Moreover, loss of Peg3 in mice significantly reduced HCRT cell numbers, while 

knock-down of a Peg3 in zebrafish completely abolished Hcrt expression, resulting in a 

two-fold increase in the amount of sleep [55].

The development of single-cell gene expression analysis enables through-profiling of the 

genetic identity of distinct neurons. This method was used to show in mice that the most 

extensively co-expressed transcripts in HCRT neurons are Pdyn (100% co-localization), 

Lhx9 (100%), Igfbp3 (100%), Nptx2/Narp (100%), Celf6 (100%), and Nnat (98%), which 

were discussed above. This method also revealed new candidate genes, such as nucleobindin 

2 (Nucb2, 100%), proenkephalin (Penk, 76.8%), and cocaine and amphetamine regulatory 

prepropeptide (Cartpt, 42.0%) [40]. Validation of the results using ISH and IHC showed that 

although Nucb2 mRNA (84.4%) and NUCB2 protein (99.2%) colocalize with the majority 

of HCRT neurons, Penk (31.4%) and Cartpt (8.4%) positive cells had limited overlap with 

HCRT neurons, and immunoreactive CART protein was barely detected in HCRT neurons 

(0.8%) [40]. This last observation suggests that few HCRT neurons contain Cartpt mRNA 

but only a small amount of detectable protein.

These extensive studies have resulted in a list of genes that are expressed in many or in a 

few of HCRT neurons (Table 2). However, the complexity of the mammalian brain, which 

includes thousands of dense HCRT neurons that are intermingled with other hypothalamic 

neurons, have raised experimental challenges to isolate and study an uncontaminated HCRT 

neuronal population. In contrast, the relatively simple brain of the zebrafish enables the 

identification of specific HCRT neurons. The Hcrt promoter and transgenic tg(Hcrt:EGFP) 
zebrafish [35] provides an optimal model to profile the genetic identity of HCRT neurons. 

In zebrafish, similar to the findings in mammals, the Entpd3 and the P2X receptor P2rx8, 

which mediate purinergic signaling, are expressed in a small subset of HCRT neurons 

in larvae. These findings suggest that HCRT neurons mediate purinergic signaling by 

cell surface P2X receptors and Entpd3, which control the extracellular concentration and 

accessibility of ATP [57]. As adenosine signaling has been linked to sleep regulation in 

zebrafish [58], these results suggest that some HCRT neurons regulate metabolism and the 

sleep/wake cycle by sensing purine nucleotides. An additional gene found to be expressed 

in a subset of HCRT neurons in the zebrafish lateral hypothalamus (LH) is Nptx2b [21]. 

Moreover, a study of the leptin-neurotensin (Nts)-HCRT neuronal circuit demonstrated that a 

portion of both larvae and adult HCRT neurons express the Nts receptor [59], suggesting that 

Nts neurons regulate the function of HCRT neurons in zebrafish, as in mammals [60].

We isolated and sequenced the entire HCRT neuronal population using fluorescence-

activated cell sorting (FACS) and whole transcriptome RNA-sequencing in zebrafish 

larvae. Hundreds of novel HCRT-neuron-specific transcripts were identified [61]. The 

functional roles of the genes were diverse and included regulation of metabolism, sleep, 

synaptogenesis, and synaptic plasticity. A comparison between the HCRT-neuron-specific 

candidate genes isolated in zebrafish [61] and mice [50] showed that at least eight genes 
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(Rfx4, Lhx9, Scg2, Vgll2, Ptprn, Creb3l1, Sgsm1, and Fam46a) are found in HCRT neurons 

in both vertebrates. Verification of the results using double-staining showed that while 

several genes, including Kcnh4a, Hmx3, Lhx9 and Dennd1b, were expressed in most HCRT 

neurons, the majority, including Star, Fam46a, and Zgc171844 were expressed only in a 

subset of HCRT neurons. Notably, the portion of co-localization with HCRT in larvae was 

similar to that in adults. Intriguingly, similar to the finding in mice, Lhx9 can induce the 

specification of HCRT neurons in zebrafish [50,61,62].

Altogether, the studies in mammals and zebrafish suggest that the functional diversity of 

HCRT neurons can be regulated by their diverse molecular actors. Considering that the 

HCRT neuropeptides are only two of the secreted players, and additional proteins and 

neurotransmitters are likely to play a role in the function of the neurons, we suggest that 

the HCRT neurons do not necessarily act as one homogenous unit, but rather are divided 

into functionally-distinct subpopulations. Understanding the function of the genes that are 

differentially expressed in HCRT subpopulations will provide the basis to elucidate the 

mechanism that regulates the multi-functions of HCRT neurons.

The various HCRT interactions with other neuronal populations

Another approach to classify the heterogeneity of HRCT neurons is by connectivity of 

their upstream and downstream projections. Previous studies have examined HCRT neuronal 

afferent and efferent projections using traditional and genetically targeted neuroanatomical 

tracing methods in rodents. In general, HCRT neurons integrate a wide variety of 

neural signals from multiple sources distributed all over the brain, including the TMN, 

paraventricular thalamic nucleus, arcuate nucleus, cholinergic and monoaminergic nuclei 

[4–6,63–65]. Additionally, HCRT-expressing neurons are excited by a wide variety of 

neurotransmitters, including glutamate [66], ATP [67], corticotropin releasing factor [68], 

thyrotropin releasing hormone [69], noradrenaline [70], and acetylcholine [66,70], and they 

are inhibited by GABA [66] and adenosine [71,72]. In turn, HCRT neurons project diffusely 

throughout the brain, with especially dense excitatory projections to brain areas regulating 

arousal (e.g. locus coeruleus [LC] and TMN), reward (e.g. ventral tegmental area [VTA] 

and nucleus accumbens [NAc]) and autonomic function (e.g. brainstem sympathetic and 

respiratory control centers). An open question remains as to whether there are distinct HCRT 

cell clusters that exhibit different afferent and efferent projection maps?

To systematically determine the afferents to the HCRT neurons, researchers used retrograde 

and anterograde tracing to identify direct inputs to HCRT neurons in rat. They found that 

anterograde tracers injected into the brainstem and reward-related nuclei preferentially mark 

the lateral part of the HCRT field, while injections into the ventromedial hypothalamus 

(VMH) and other hypothalamic regions preferentially stain HCRT neurons in the medial and 

PeFLH field [65].

Output projections from HCRT neurons also demonstrate a preference between brain 

regions. A number of studies have shown that HCRT neurons can be anatomically 

subdivided into at least two separate subpopulations: one subpopulation is thought to reside 

in the medial HCRT field in the PeFLH and dorsomedial hypothalamus (DMH), sending 
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projections to the LC and TMN, while the other subpopulation is thought to reside in the 

lateral HCRT field in the LHA, sending projections to the VTA and NAc (Figure 1) [73–77]. 

Moreover, only a portion of HCRT neurons project to the sublaterodorsal tegmental nucleus 

(SLD) and regulate the activation of REM sleep [78]. In contrast, a study in mice suggests 

that although HCRT neurons can be classified based on their downstream projections, these 

classifications do not show a lateral/medial topographic location within the hypothalamus. 

Based on retrograde tracing of target neurons, HCRT neurons that project to both the LC 

and TMN or to both the VTA and NAc were identified, however, these subpopulations were 

intermingled [79].

In agreement with findings in rodents, in zebrafish, HCRT neurons have been shown to 

innervate and functionally interact with noradrenergic neurons [80] and the histaminergic 

system [81] in the LC and TMN, respectively. Further study in mammals and comparison 

to simpler vertebrates can shed light on the projection variabilities within the HCRT 

neuronal populations. Segregated HCRT neuronal projections may interact with their targets 

selectively. Whether these anatomically distinct HCRT populations display autonomous 

activity patterns, physiological and behavioral characteristics, require further investigation.

The diverse functions of HCRT neurons

Considering the heterogeneity of gene expression and neuronal connectivity, the diverse 

functions of HCRT neurons in regulating various behaviors such as feeding, sleep, 

stress, motivation and reward, might indeed be regulated by different subpopulations. 

Accumulating data suggest that HCRT neurons are divided into distinct functional 

subpopulations because of variability in intrinsic electrical and synaptic properties [82], 

or because of differential regulation by drugs and behavioral paradigms [74]. In this section, 

we discuss data that suggest that HCRT neurons are functionally diverse.

At the cellular level, HCRT neurons can be functionally subdivided into two populations 

based on their electrophysiological properties. Unbiased statistical analysis of electrical 

properties of HCRT neurons in combination with 3-D analysis of their shape, pointed to an 

existence of two subgroups of HCRT neurons in the mouse brain that have unique ‘electrical 

fingerprints’ and distinct ways of receiving information from other neurons [82]. Moreover, 

electrophysiological and calcium imaging data have demonstrated a wide array of neuronal 

activity patterns in HCRT neurons, although retrograde tracers injected into either the LC or 

VTA do not seem to preferentially label specific active classes of HCRT neurons [83].

It has been proposed that HCRT neurons in the LH regulate motivation and reward, whereas 

HCRT neurons located in the PeFLH and DMH regulate arousal and response to stress 

(Figure 1) [73]. For example, during wakefulness, the expression of the neuronal activity 

marker Fos is increased in PeFLH HCRT neurons, but not in the lateral HCRT neurons [84]. 

In a rodent model of depression, HCRT neurons located in the PeFLH and DMH regions are 

found to be more sensitive to unpredictable chronic mild stress than HCRT neurons located 

in the LH [85]. In contrast, the reward of food or drug induces activity in the lateral HCRT 

neurons [74]. Studies have shown that morphine administration increase Fos expression in 

the lateral HCRT neurons [75] and intermittent access to cocaine activates the lateral HCRT 
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subpopulation, while selective knock-down of lateral HCRT neurons reduces motivation for 

cocaine [86].

Similar to mammals, the HCRT system in zebrafish consolidates sleep and wakefulness [15], 

induces food intake [87], and modulates neural circuitry of stress [88]. Neural activity of 

freely behaving larvae, monitored using Ca2+-dependent bioluminescence, was associated 

with periods of increased locomotor activity [89]. However, functional differences between 

subclasses of HCRT neurons in zebrafish is unknown and require further research.

Future directions

The HCRT system has been extensively studied in humans and multiple animal models, 

ranging from zebrafish and cavefish to rodents and primates [15,90–92]. Since their 

discovery, HCRT neurons have been defined based on their cellular marker – the HCRT 

neuropeptides – and largely treated as one homogenous population. However, accumulating 

data suggest functional, anatomical, and genetic heterogeneity of HCRT neurons because 

of the diverse expression profiles of molecular actors and synaptic connections, as well as 

cell-specific activity. These findings offer new interpretations for previous studies in the field 

and may help to understand the role of the HCRT system in health and disease.

Further studies are required in order to decipher and characterize the anatomy and function 

of subpopulations of HCRT neurons. For example, single-cell RNA-seq experiments can 

identify and profile genetically defined HCRT neuronal subpopulations. These genetically 

distinct subpopulations can be functionally characterized using imaging of neural activity 

markers during the sleep/wake cycle, feeding, stress and reward states. These experiments 

can be followed by manipulation of HCRT neuronal subpopulations using optogenetics, 

synaptic silencing, and genetically-induced neuron ablation, in order to understand the 

unique role of each HCRT neuronal networks.
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Key Take-Home Points

• The hypothalamic hypocretin/orexin (HCRT) system regulates diverse 

functions, ranging from arousal and feeding to stress and reward.

• Based on their unique gene expression profile, connections, and activity, 

we propose that the HCRT neurons are divided into distinct functional 

subpopulations in all vertebrates.

• The relatively simple zebrafish is an attractive model to study the structure 

and function of subpopulation of HCRT neurons in single neuron resolution.
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Fig. 1. Possible functional heterogeneity of HCRT neurons.
Schematic illustration of proposed functional heterogeneity of HCRT neurons. The unique 

transcriptional profile, neuronal activity, and synaptic processing and connectivity of HCRT 

neurons suggest that the multi-functional HCRT neurons can be divided into distinct 

functional subpopulations in all vertebrates.
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Table 1.

The HCRT system in zebrafish, rodents, and humans

Zebrafish Rodents Humans

Number of HCRT 
neurons

~20–60 ~5,000 ~70,000 [12]

Type of peptides HCRT1 and HCRT2 HCRT1 and HCRT2 HCRT1 and HCRT2 [2]

Type of receptors HCRTR2 HCRTR1 and HCRTR2 HCRTR1 and HCRTR2 [2]

Brain regions LHA LHA, DMH and PeFLH LHA and PHA [93]

Main functions studied Sleep and wakefulness, 
feeding

Sleep and wakefulness, feeding, 
energy homeostasis, emotions, stress 
response, and reward

Sleep and wakefulness, feeding, 
emotions, social interaction, and reward 
[94,95]

DMH, dorsomedial hypothalamus; HCRT, hypocretin; HCRTR, hypocretin receptor; LHA, lateral hypothalamic area; PeFLH, perifornical part of 
lateral hypothalamus area; PHA, posterior hypothalamic area.
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Table 2.

Specific gene and protein expression signatures that define HCRT neuron populations in rodents

Proteins and mRNAs expressed in most HCRT neurons Proteins and mRNAs expressed in a subset of HCRT neurons

PDYN Chou et al., 2001 [37] IGFBP3 Honda et al., 2009 [47]

NARP/NPTX2* Reti et al., 2002 [38] TRIB2 Cvetkovic-Lopes et al., 2010 [48]

CCKAR Tsujino et al., 2005 [42] PCSK1, NGB, DLK1, GPX3, LGALS3, 
LHX9*

Dalal et al., 2013 [50]

ENTPD3/NTPDase3* Belcher et al., 2006 [46] CART, PENK Mickelsen et al., 2017 [40]

NNAT, CELF6, STAT5B, 
RFX4*

Dalal et al., 2013 [50] PEG3, TLR2, ARHGAP36, IRS4 Seifinejad et al., 2019 [55]

NUCB2 Mickelsen et al., 2017 [40] QRFP Takahashi et al., 2020 [53]

Only mRNAs/proteins that were anatomically verified are listed. Proteins/mRNAs that are expressed in HCRT neurons of both zebrafish and 
rodents are marked with *.

ARHGAP36, Rho GTPase-activating protein 36; CART, cocaine and amphetamine regulatory transcript; CCKAR, cholecystokinin A receptor; 

CELF6, CUGBP elav-like family member 6; DLK1, delta like non-canonical notch ligand 1; ENTPD3/NTPDase3, ectonucleoside triphosphate 
diphosphohydrolase 3; GPX3, glutathione peroxidase 3; IGFBP3, insulin-like growth factor-binding protein 3; IRS4, insulin receptor substrate 
4; LGALS3, galectin 3; LHX9, LIM homeobox 9; NARP/NPTX2, neuronal pentraxin 2; NGB, neuroglobin; NNAT, neuronatin; NUCB2, 
nucleobindin 2; PCSK1, proprotein convertase subtilisin/kexin type 1; PDYN, prodynorphin; PEG3, paternally-expressed gene 3; PENK, 
proenkephalin; QRFP, pyroglutamylated RFamide peptide; RFX4, regulatory factor X4; STAT5B, signal transducer and activator of transcription 
5B; TLR2, toll-like receptor 2; TRIB2, tribbles homolog 2.
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