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A B S T R A C T

Narcolepsy type 1 is a sleep-wake disorder characterized by hypocretin deficiency. It has been considered an 
autoimmune disorder for decades due to the strong associating with the HLA-DQB1*06:02 allele and possible 
relations to the H1N1 pandemic in 2009. However, the pathophysiological mechanisms underlying the loss of 
hypocretin neurons is not understood. We hypothesize that a hypocretin neuron-specific antigen, other than 
hypocretin itself but sharing an expression pattern, may be the target of the autoimmune response leading to the 
development in individuals with narcolepsy type 1. In this study, we employed an in silico method to identify 
novel candidate antigens for an autoimmune response leading to the destruction of hypocretin cells. A combi
nation of multiple publicly available datasets, based on human brain tissue from healthy individuals, was used to 
map the expression profile of hypocretin. Genes were categorized based on their expression pattern and its as
sociation with hypocretin expression. 15 candidate genes were identified as potentially relevant targets in the 
development of NT1, with varying degrees of confidence regarding the likelihood of their involvement. Six 
candidate genes also showed higher expression within hypocretin cells compared to other cells in the hypo
thalamus of which NPVF seems most promising. This study provides important new directions and potential 
targets for investigating and understanding the pathophysiology of narcolepsy type 1.

1. Introduction

Narcolepsy type 1 (NT1) is a sleep-wake disorder characterized by 
excessive daytime sleepiness, cataplexy, hypnagogic hallucinations, 
sleep paralysis, fragmented night sleep and decreased vigilance. The 
prevalence of NT1 is estimated to be 1 in 2000 individuals, although this 
figure might be underestimated because NT1 is frequently not recog
nized by caregivers that assess patients' symptoms (Bassetti et al., 2019; 
Ohayon et al., 2002). NT1 has been suspected to be an auto-immune 
disorder since the 1980s when an HLA-association with the HLA-DR2 
allele was discovered (Juji et al., 1984). In the 90s, an unprecedentedly 
strong association with the HLA-DQB1*06:02 allele was found (Rogers 
et al., 1997). It took until 1998 for a new discovery when two groups 
simultaneously discovered hypocretin (HCRT, also known as orexin) (de 

Lecea et al., 1998; Sakurai et al., 1998). The specific loss of HCRT pro
duction by HCRT neurons in people with NT1 further supports the hy
pothesis of an auto-immune cause in the NT1 development (Peyron 
et al., 2000; Thannickal et al., 2000). Although the autoimmune hy
pothesis assumes that HCRT neurons are lost due to an immune 
response, other hypotheses for HCRT deficiency could still be consid
ered. For example the hypothesis that HCRT neurons still exist, but are 
unable to produce HCRT due to epigenetic silencing of the HCRT gene 
(Seifinejad et al., 2023).

HCRT neurons are exclusively and specifically located within the 
hypothalamus (Diaz et al., 2023; Peyron et al., 1998; Sakurai et al., 
1998) and project to many extrahypothalamic brain regions, except the 
cerebellum (Peyron et al., 1998). Two different HCRT peptides were 
identified: HCRT1 and HCRT2, originating from the same prepro- 
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hypocretin precursor protein. HCRT1 fit two receptors, HCRT-R1 and 
HCRT-R2, whereas HCRT2 binds only HCRT-R2. Evidence for a rela
tionship between NT1 and HCRT deficiency has been derived from an
imal models and patients with NT1. Neural HCRT projections suggest a 
role in the sleep-wake regulation (Hagan et al., 1999; Peyron et al., 
1998). Animal models show that loss of HCRT production or HCRT-R2 
results in a narcolepsy phenotype (Chemelli et al., 1999; Lin et al., 
1999). Low or undetectable HCRT1 concentrations in human cerebro
spinal fluid are closely related to NT1 symptoms (Hansen et al., 2017; 
Nishino et al., 2000). Furthermore, post-mortem brain tissue from pa
tient with NT1 show reduced amounts of HCRT-producing neurons 
(Shan et al., 2022; Thannickal et al., 2000) and neurons producing 
corticotrophin-releasing hormone (CRH) (Shan et al., 2022). HCRT has 
wake-promoting effects and can, among other things, influence appetite. 
Besides sleep related symptoms, NT1 has been associated with increased 
body weight, which does correlate with HCRT levels in CSF (Kok et al., 
2003; Santiago et al., 2018).

More indications of an auto-immune mediated cause for NT1 comes 
from observations in some countries that reported an increased inci
dence of NT1 during and after the H1N1 pandemic and vaccination 
campaign in 2009–2010 (Han et al., 2011; Sarkanen et al., 2018). The 
hypothesis that NT1 might be caused by cross-reactive immune cells 
targeting both the H1N1 virus and HCRT neurons became a central focus 
in research on the pathophysiology of NT1. The most probable antigen 
was HCRT. However, more than two decades later, no definite proof of 
the existence of cross-reactivity (through antibodies or T cells) has been 
found (Luo et al., 2018; Schinkelshoek et al., 2019). Autoreactive CD4+
and CD8+ T cells to HCRT peptides have been described by several 
groups (Jiang et al., 2019; Latorre et al., 2018; Pedersen et al., 2019; 
Ramberger et al., 2017). Nevertheless, a consensus on the precise role 
for HLA-DQB1*06:02 is lacking (Latorre et al., 2018). Furthermore, the 
loss of HCRT may be a secondary effect of an immune reaction against a 
different antigen. Importantly, lower concentrations of these autor
eactive immune cells were also found in healthy individuals (Kornum, 
2020; Pedersen et al., 2019). Evidence for a HCRT-directed autoimmune 
response thus remains elusive.

Several other hypotheses on the pathophysiology of NT1 exist, 
among which one that suggests that a different antigen specific for HCRT 
neurons may be the target of the autoimmune response leading to the 
development of NT1. Several studies describe genes, other than the 
hypocretin (HCRT) gene, that relate to NT1 (Degn et al., 2017; Faraco 
et al., 2013; Han et al., 2013; Holm et al., 2015; Miyagawa et al., 2008; 
Toyoda et al., 2015). However, this data is mostly derived from genome- 
wide association studies and information on the spatial expression data 
of these genes is mostly lacking. Therefore, it is unclear whether these 
genes are specific to HCRT neurons and potential targets in an auto- 
immune response leading to NT1.

In this study we used an in silico approach to find novel candidate 
target antigens involved in the development of human NT1. Our 
approach is exclusively based on human data since expression patterns 
can slightly vary between different species. We combine multiple pub
licly available online resources to determine the expression profile of 
HCRT-producing neurons in healthy individuals. Subsequently, we 
aimed to identify genes of interest that might be candidate antigens for 
the auto-immune response leading to the destruction of the HCRT- 
producing neurons, based on associations with the HCRT expression 
profile. Potential co-expression is an important element but the 
expression of alternative antigens also needs to be specific to the regions 
were HCRT is expressed.

2. Methods

2.1. Human hypocretin expression data

To identify candidate antigens that are specific to HCRT neurons, it is 
essential to map the HCRT expression profile, based on human samples. 

Spatially-mapped gene expression data from post-mortem samples from 
six healthy adult human brain donors (5 male vs 1 female; mean age 42 
years, range 24–57) was obtained from the Allen Human Brain Atlas 
(AHBA; https://human.brain-map.org/) (Hawrylycz et al., 2012). A 
total of 3702 RNA samples were extracted from different brain areas and 
measured using Agilent microarrays that contained 16,000 custom 
probes in addition to the 4 × 44 K Agilent Whole Human Genome 
probes. For each probe, the sum of its Pearson correlations to all other 
probes was calculated in each brain separately. Connectivity of a probe 
was defined as the average of these six calculations. When genes were 
targeted by two probes or more, the one with the highest connectivity 
was selected. Expression data of the 20,097 genes was normalized to a z- 
score per brain (Hawrylycz et al., 2015; Hawrylycz et al., 2012; Keo 
et al., 2020). More methodological details about the initial data pro
cessing can be found in the ‘Microarray Survey’ and ‘Microarray Data 
Normalization’ technical white papers provided by the Allen Institute, 
which are available on their website (https://community.brain-map.org 
/t/documentation-human-brain-atlas/2879). The expression of the 
HCRT gene was measured using two probes, of which 
CUST_14616_PI416261804 (probe 1) has the highest connectivity, and 
is most consistent with the specific HCRT expression pattern, as shown 
in earlier research (Diaz et al., 2023; Peyron et al., 1998; Sakurai et al., 
1998). This probe is located at the 5′ untranslated region of the HCRT 
gene (Fig. 1, see Fig. S1 for more details) with a sequence length of 60 bp 
and GC-content of 51,67%. The second probe is A_23P129989 and is 
located at the 3′ untranslated region. This probe has as a sequence length 
of 60 bp and GC-content of 71.67%. The Z-score values of HCRT gene 
expression were mapped to images of an anatomical atlas that was ac
quired from the AHBA (Hawrylycz et al., 2012).

HCRT gene expression was also provided by the Genotype Tissue 
Expression (GTEx) project and its portal (https://www.gtexportal.org). 
The portal contains gene expression information on the post-mortem 
tissue of 946 healthy human individuals over 54 tissues (GTEx version 
10) (Consortium, 2013, 2020). More information on the methods of 
processing, expression quantification and number of donors per tissue 
are described in detail in the GTEx portal.

2.2. Gene co-expression analysis

To identify candidate genes that are specifically expressed in HCRT 
neurons, we focused on genes co-expressing with HCRT. Our approach is 
based on the assumption that genes with expression patterns that are 
similar over a set of samples are more likely to be expressed in the same 
cell types (Mahfouz et al., 2016; Stuart et al., 2003). We aim to identify 
candidate genes co-expressing with HCRT by using the spatially-mapped 
HCRT expression profile, as described in section 2.1, to explore their 
potential role in an autoimmune response against HCRT neurons leading 
to NT1.

BrainScope portal (www.brainscope.nl) was used as starting point 
for the selection of candidate genes. The BrainScope portal clusters all 
genes within the AHBA based on the expression level and location of a 
certain gene (Huisman et al., 2017). The genes are mapped and evalu
ated for similarity with HCRT gene within the human brain. The asso
ciations with HCRT have been computed by calculating the spatial 
Pearson's correlation between each gene in the AHBA and the HCRT 
gene (Huisman et al., 2017). The 142 genes (the limit in BrainScope 
portal) with the highest association with the HCRT gene, as identified in 
the BrainScope portal, were selected for further analysis.

Subsequently, the identified 142 genes were scored based on their 
expression patterns and specificity to HCRT expression regions. Speci
ficity within the brain was evaluated in the BrainScope portal. The GTEx 
portal was used to evaluate expression levels and specificity within 
various brain tissues and specificity to the brain tissue. The scoring rules 
are shown in Table 1. The GTEx score and BrainScope score are summed 
and genes with a score ≥ 5 were identified as candidate genes to be co- 
expressing with HCRT if the GTEx and BrainScope scores are both 
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minimal 1. This means that genes with GTEx scores of 4 and 5 are 
selected when their BrainScope score is 1 or higher, and genes with 
GTEx scores of 2 and 3 when their BrainScope score is 3 or 2 or higher, 
respectively.

2.2.1. Evaluation of candidate gene expression within the hypothalamus 
using single-nuclei RNA-sequencing data

To verify the association between the selected candidate genes and 
HCRT, the genes were evaluated for their expression within HCRT 
neurons within the publicly available human HYPOMAP dataset 
(Tadross et al., 2025). For this dataset, sequencing was performed on 
single nuclei that were isolated from post-mortem brains from eleven 

donors (4 female, 7 male), and includes 433,369 hypothalamic cells.
The dataset was retrieved from CELLxGENE and analyzed using 

Seurat v5 (Hao et al., 2024) and R v4.3.3 (Team, 2024). Genes enriched 
in HCRT positive neurons were calculated using the FindMarkers func
tion, with default argument except logfc.threshold = 0. The cluster “C4- 
331 Mid-2 GLU-1 LHX9 HCRT” was compared against all other clusters 
in the “C4_named” annotation level. The Bonferroni correction method 
was used to correct for multiple testing, and the adjusted p-value is 
significant with α ≤ 0.01. A difference in expression level is considered 
biologically relevant when the log2(FC) > 0.5 or < − 0.5.

2.3. Literature search for genes associated with HCRT neurons or NT1

Multiple genes have been described by earlier literature to be asso
ciated with HCRT cells or NT1, but often information on their expression 
data was missing. To determine if we should consider these genes as 
involved in the loss of HCRT cells in NT1, we evaluated their expression 
profiles by comparing them to the HCRT expression. A literature search 
was performed to find associating genes from earlier literature. A 
PubMed search on genes associated with HCRT-producing neurons was 
built using guidelines on performing an exhaustive literature review as 
published before (McKeever et al., 2015). The following PubMed search 
was performed: ‘(hypocretin neurons OR hypocretin producing neurons 
OR orexin neurons OR orexin producing neurons) AND (gene expression 
OR genes) Filter: Humans, English’ (retrieved May 2024). The ‘Humans’ 
filter was used to ensure that our results are exclusively based on human 
data. Citation chaining was used to find additional references cited by 
results of the PubMed search to add missing publications to the search 
results.

In addition, a list of genes associated with NT1 was retrieved from 
DisGeNet v7.0, a database that integrates human gene-disease associa
tions from different expert curated sources and text-mining of literature 
(Pinero et al., 2015). The DisGeNet database was used to identify genes 
that are associated with NT1. All genes in the database are assigned a 
‘gene disease association score’ (gda-score). This score is calculated 
based on the number of publications or sources in various databases that 
support the association. A score ≥ 0.2 is considered as relevant in this 
manuscript.

The genes identified as associated with HCRT neurons or NT1 were 
evaluated for their expression similarity with the HCRT gene using the 
expression data from BrainScope portal. All genes resulting from the 
selection in PubMed search and DisGeNet were assessed for their cor
relation with HCRT. A gene was considered relevant if it overlaps with 

Fig. 1. Schematic visualization of probe location.

Table 1 
Scoring rules for Genotype-Tissue Expression (GTEx) portal and BrainScope 
portal.

GTEx portal BrainScope 
portal

Scoring rule GTEx 
score

Scoring rule BrainScope 
score

If only present in hypothalamic 
tissue (all other tissues <2.0 
TPM).

5 If only present in 
HCRT regions, not in 
other regions.

3

If highest expression level in 
hypothalamic region.

4 If more present in 
HCRT regions than 
any other region.

2

If present in hypothalamic 
tissue and there are only 1–3 
other tissues with higher 
expression level.

3 If present in HCRT 
regions, but equal or 
less than in other 
regions.

1

If present in hypothalamic 
tissue and there are only 4–5 
other tissues with higher 
expression level.

2 If (almost) not 
present in HCRT 
regions.

0

If present in hypothalamic 
tissue and there are 6+ other 
tissues with higher 
expression level.

1

If not present in hypothalamic 
region (TPM <0.3) OR if 
more present in (almost) all 
tissues outside brain than 
brain tissues.

0

HCRT = hypocretin, TPM = transcripts per million, ‘HCRT regions’ refers to the 
‘posterior hypothalamic area’ and the ‘lateral hypothalamic area, mammillary 
region’ in the BrainScope portal.
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the 142 genes that show the highest correlation to the HCRT gene in the 
BrainScope portal.

3. Results

3.1. Hypocretin expression in the brain and other tissues

Expression patterns of HCRT in the healthy human body were 
derived from the GTEx portal that assessed RNA expression in 13 brain 
areas and 41 other tissues (Fig. 2C). As expected, HCRT was expressed 
almost exclusively in the hypothalamus with a median count of 34.91 
transcripts per million (TPM) (n = 257) compared to 0.50 TPM (n = 285) 
in the nucleus accumbens, the tissue with the second highest hypocretin 
expression (Fig. 2C). As expected, there is no significant expression of 

HCRT outside the brain (Fig. 2C). The AHBA data provides a higher 
resolution on HCRT expression in different human brain regions. The 
relative expression levels of HCRT varied per nucleus and per donor but 
were highest in the posterior hypothalamic area, various regions in the 
lateral hypothalamus dorsomedial hypothalamic nucleus and the peri
fornical nucleus (Fig. 2A and B).

3.2. Identification of novel genes potentially co-expressing with hypocretin

To identify new candidate targets that may be responsible for NT1, 
we first selected genes that are associated with HCRT expression level 
and location. The selected genes were scored based on their specificity to 
the hypothalamic region (section 2.2). Using this strategy, we prioritized 
a list of 15 genes as candidate genes for co-expression with HCRT- 

Fig. 2. Hypocretin expression. (A) Data retrieved from the Allen Human Brain Atlas (AHBA) showing the relative HCRT expression within the brain for all six donors 
donor. (B) The average HCRT expression level over all six donors in the AHBA. (C) Data retrieved from Genotype-Tissue Expression (GTEx) portal showing HCRT 
expression per tissue. Probe CUST_14616_PI416261804 was used in the AHBA. HCRT = hypocretin, FL = frontal lobe, INS = insula, CC = cingulate cortex, OL =
occipital lobe, PL = parietal lobe, TL = temporal lobe, Amg = amygdala, BG = basal ganglia, BF = Basal Forebrain, HiF = hippocampal formation, ET = epithalamus, 
Hy = hypothalamus, TH = thalamus, MES = mesencephalon, MET = metencephalon, MY = myelencephalon, BA9 = Brodmann area 9, TPM = transcripts per million.
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producing neurons (Table 2). Our strategy was validated by the fact that 
HCRT itself was in the highest scoring category with a GTEx score of 5 
and a BrainScope score of 2 (summed score of 7). Next to this, NPVF was 
the highest scoring genes (summed score of 7). We furthermore identi
fied 4 genes with a total score of 6, and 10 genes with a summed score of 
5. Since those 15 genes had a summed score ≥ 5, we recognized them as 
most relevant candidate antigens. Five genes could not be scored 
because they did not exist in GTEx portal. These genes were AC099759.1 
(BrainScope score 1), LOC100286952 (BrainScope score 1), 
LOC100294396 (BrainScope score 1), LOC283867 (BrainScope score 1) 
and LOC442381 (BrainScope score 2). In Table S1, we show the scoring 
of all 142 genes that have the highest association with HCRT in the 
BrainScope portal.

To further delineate which candidate antigens may be associated 
with NT1 due to a strong co-expression correlation with HCRT we 
evaluated the expression of the 15 candidate genes in HCRT positive 
neurons using the single-nuclei RNA-sequencing (snRNA-seq) HYPO
MAP dataset generated from hypothalamic brain tissue from eleven 
unique donors (Tadross et al., 2025). We found that HCRT positive 
neurons express significantly higher levels of NPVF, AVP, MGC4294/ 
LINC01711, OXT, NPB and C22orf42 than other HCRT negative cells 
within the HYPOMAP dataset. The remaining nine candidate genes show 
no biologically relevant difference in expression level when comparing 

HCRT positive cells to HCRT negative cells (Table 3 and Fig. 3). While 
the differential expression analysis identifies many additional genes 
with significant enrichment in HCRT positive cells (Fig. 3 upper right 
dots), those are not per se relevant since this analysis does not consider 
their expression levels outside the hypothalamus. In conclusion, six out 
of 15 candidate target antigens are highly specific for expression in 
HCRT positive cells and share a brain expression pattern highly similar 
to HCRT. Both AVP and NPVF are, like the GTEx and BrainScope scoring, 
two of the strongest associations and form interesting candidates.

3.3. Associated genes described in literature do not co-express with 
hypocretin

Next to our in silico analysis of transcriptomic databases, we per
formed a literature search for genes associating with HCRT-producing 
neurons or NT1, and evaluated their expression similarity with the 
HCRT gene using the expression data from the BrainScope portal. The 
literature search consisted of evaluating results from a PubMed search 
and the gene-disease association scores in the DisGeNet database. The 
PubMed search resulted in 94 articles, of which 9 articles were original 
studies that linked expression of specific genes to HCRT neurons (Degn 
et al., 2017; Dommer et al., 2019; Holm et al., 2015; Honda et al., 2009; 
Khajavi et al., 2023; Sasson et al., 2006; Shimada et al., 2020; Tanaka 
et al., 2010; Wiemerslage et al., 2017). An additional 9 articles were 
added by the citation chaining method (Blouin et al., 2005; Crocker 
et al., 2005; Faraco et al., 2013; Han et al., 2013; Hohjoh et al., 2000; 
Juji et al., 1984; Miyagawa et al., 2008; Seifinejad et al., 2023; Toyoda 
et al., 2015). As a result of the PubMed search, the 18 articles indicated a 
total of 37 genes as being associated with HCRT neurons or NT1 
(Table S2). Data from the DisGeNet database was used to find genes that 
have previously been described in the literature to be associating with 
NT1. DisGeNet indicated 17 genes, other than HCRT, that associate with 
NT1 with a gda-score ≥ 0.2 (Table S2). Nine of these genes overlap with 
the outcomes of the PubMed search (Fig. 4 and Table S2).

The genes described in literature have been evaluated for their 
expression pattern in BrainScope portal and GTEx to evaluate similarity 
with the HCRT gene. None of the genes identified from the PubMed 
search or DisGeNet selection overlap with the 15 candidate genes 
resulting from section 3.2 or all the 142 genes that were indicated by 
BrainScope portal to have the most similar expression pattern with 
HCRT (Table S2 and Fig. S2). Nevertheless, visual inspection of all genes 
resulting from the literature search in the BrainScope data reveals that 
the genes PENK (only identified by DisGeNet), PDYN and IL10RB (only 
identified by the PubMed search) show an expression pattern that is 
relatively close to the 142 selection (Fig. S2). However, these genes 

Table 3 
Expression level of candidate genes in HCRT positive and HCRT negative cells.

Gene log2(FC): (HCRT positive vs negative) Expressed in % of HCRT positive cells Expressed in % of HCRT negative cells Adjusted 
P-value

NPVF 5.72 1.6 0.1 1.18 × 10− 28 *
AVP 2.04 49.6 9.2 6.47 × 10− 189*
CALCR − 2.80 3.3 8.8 1
GHRH − 0.49 1.6 0.6 1
HDC 0.04 17.9 3.8 4.23 × 10− 47 *
MGC4294 / LINC01711 3.75 1.2 0.1 9.19 × 10− 10 *
NTS − 1.37 4.7 3.1 1
OTP − 0.24 1.6 2.4 1
ST8SIA2 − 2.35 1.2 4.2 1
KISS1R 0.92 3.5 2.8 1
OXT 1.89 25.9 4.1 3.56 × 10− 110 *
NPB 2.80 14.8 3.0 8.34 × 10–43 *
ZNF114 − 1.49 0.5 1.2 1
C22orf42 1.22 6.8 2.6 5.31 × 10− 4 *
TLE6 1.06 5.4 3.7 1

The 15 candidate genes within the single-nuclei HYPOMAP are listed and their expression levels in HCRT positive and HCRT negative cells are compared. *adjusted p- 
value is significant with α ≤ 0.01. A difference in expression level is considered biologically relevant when the log2(FC) > 0.5 or < − 0.5.

Table 2 
List of candidate genes for co-expression with HCRT-producing neurons in whole 
human brain.

Summed 
score

Gene Description

7 (HCRT) 
NPVF

(Hypocretin) 
Neuropeptide VF precursor

6 AVP 
CALCR 
GHRH 
HDC

Arginine Vasopressin 
Calcitonin Receptor 
Growth Hormone Releasing Hormone 
Histidine Decarboxylase

5 MGC4294 / 
LINC01711 
NTS 
OTP 
ST8SIA2  

KISS1R 
OXT 
NPB 
ZNF114 
C22orf42 
TLE6

Long Intergenic Non-Protein Coding RNA 
1711 
Neurotensin 
Orthopedia Homeobox 
ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8- 
Sialyltransferase 2 
KISS1 Receptor 
Oxytocin / Neurophysin I Prepropeptide 
Neuropeptide B 
Zinc Finger Protein 114 
Chromosome 22 Open Reading Frame 42 
TLE Family Member 6, Subcortical Maternal 
Complex Member
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show no specific expression in the hypothalamic structures. The data 
from three genes (TCRA, TPGS2/PGs2 and TCRB) where not available in 
the BrainScope portal and therefore not further investigated. The genes 
CHKB (indicated by both the PubMed search and DisGeNet database) 
and PDYN (indicated by the PubMed search, not by DisGeNet) show 
higher expression levels in HCRT positive neurons compared to HCRT 
negative cells in the hypothalamus, based on the snRNA-seq HYPO
MAP dataset (Fig. 4). CHKB and PDYN do not appear in the results from 
the combined BrainScope-GTEx strategy, nor within the 142 genes with 
the highest HCRT expression similarity in BrainScope portal. In 
conclusion, the literature based search shows very limited overlap with 
the expression atlas data, with CHKB and PDYN forming the only 
overlap between datasets.

4. Discussion

Here we present a new strategy to search for potential autoimmune 
targets in narcolepsy combining expression pattern overlap with HCRT 
in the human brain from publicly available in silico databases with 
literature-based candidate selection. Consistent with earlier reports 
HCRT expression is mostly limited to hypothalamic tissues. We hy
pothesized that alternative targets for an autoimmune response leading 
to the development of NT1 can be identified by searching for genes with 
a HCRT-like expression profile. We employed multiple independent 
expression databases and identified 15 candidate genes: NPVF, AVP, 
CALCR, GHRH, HDC, MGC4294/LINC01711, NTS, OTP, ST8SIA2, 
KISS1R, OXT, NPB, ZNF114, C22orf42 and TLE6, of which the first five 
show an expression pattern most similar to HCRT. A snRNA-seq dataset 

showed more expression of NPVF, AVP, MGC4294/LINC01711, OXT, 
NPB and C22orf42 within HCRT positive cells than in other cells, which 
increases interest in these six candidate genes. HDC, OTP, ZNF114 and 
C22orf42 are expressed intracellularly. Because NT1 has a strong HLA- 
association (Juji et al., 1984), intracellular antigens could be consid
ered of special interest. Intracellular antigens can only be targeted by T- 
cells after presentation through the HLA system, whereas extracellular 
antigens are rather targets for B cells (Janeway et al., 2001). However, 
extracellular antigens cannot be excluded.

The presence or absence of some candidate antigens seems to 
contradict earlier (rodent) research. On the one hand, several genes 
emerge as candidates in our in silico approach using human data, due to 
their specific and localized expression near HCRT, even though they are 
described to be present in other cell types close to, but probably different 
from, HCRT neurons in rodent data. For example OXT and AVP are 
mainly expressed in the PVN and the supraoptic nucleus (Grinevich and 
Ludwig, 2021). On the other hand, some expected genes described to be 
colocalizing with HCRT, like NARP, PDYN and QRFP (Chou et al., 2001; 
Crocker et al., 2005; Seifinejad et al., 2023), do not appear in the results 
because they are also expressed in other brain regions and therefore lack 
specificity. Furthermore, some candidate antigen genes are described in 
earlier literature and show functional consistency or inconsistency with 
the NT1 phenotype, as is detailed below.

Even though not all 15 candidate genes are extensively described in 
the literature, there are some studies that show functional consequences 
of gene expression that are in line with the NT1 phenotype. Functions of 
NPVF gene products are described in several animal models. They are 
related to sleep duration (Lee et al., 2017; Madelaine et al., 2017), 

Fig. 3. Expression of candidate genes within hypocretin cells. NPVF, AVP, MGC4294/LINC01711, OXT, NPB and C22orf42 are more expressed in HCRT positive than 
in HCRT negative hypothalamic cells within the single-nuclei HYPOMAP dataset. The adjusted p-value is significant with α ≤ 0.01. A difference in expression level is 
considered biologically relevant when the log2(FC) > 0.5 or < − 0.5.
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feeding, energy metabolism (Koller et al., 2021) and sensitivity to pain 
(Ubuka, 2023). Additionally, administration of Npvf's products leads to 
increased CRH-production. A massive reduction of CRH-positive neu
rons within the paraventricular nucleus (PVN) have been observed in 
the post-mortem brain tissue of people with NT1 (Shan et al., 2022). 
Therefore, potential loss of NPVF expression in NT1 may be involved in 
this reduction of CRH neurons within the PVN. In vivo experiments on 
the co-expression with HCRT is an important indicator for the plausi
bility of the 15 candidate genes to be a target in an auto-immune 
response in NT1 as an alternative for HCRT. In zebrafish, Hcrt and 
Npvf are both expressed in the dorsomedial periventricular zone of the 
hypothalamus (Sagi et al., 2024). Earlier studies in zebrafish show that 
Npvf is specifically expressed next to the Hcrt-producing neurons but co- 
localization was not detected (Madelaine et al., 2017; Yelin-Bekerman 
et al., 2015). However, a recent study (Sagi et al., 2024) using snRNA- 
seq demonstrates that a subset of Hcrt positive neurons do colocalize 
Npvf and show that those Hcrt-positive-Npvf-positive cells differ from 
other Hcrt-producing neurons – without Npvf expression – regarding 
genetic profile, projections and activity patterns. In mice, Hcrt is mostly 
expressed in the lateral hypothalamus while Npvf is expressed in the 
dorsomedial hypothalamus. Consistently, colocalization was not 
observed in mice (Sagi et al., 2024) and rats (Legagneux et al., 2009). Nts 

is in zebrafish expressed in cells close to the Hcrt positive neurons in the 
lateral hypothalamus, but also expressed in 10%–25% of Hcrt-producing 
neurons itself (Leinninger et al., 2009; Levitas-Djerbi et al., 2015). A 
mouse study revealed that 82% of the Hcrt positive cells in the lateral 
hypothalamus co-express Nts' gene product neurotensin and showed that 
84% of Hcrt positive cells express Nts mRNA. Also, 27% of the neuro
tensin producing neurons in lateral hypothalamus expressed Hcrt mRNA 
(Furutani et al., 2013). This favors the possibility that NTS has a role in 
the destruction of HCRT-producing neurons in an autoimmune attack.

Besides NPVF, no co-localization experiments have been performed 
regarding the other 14 candidate genes but relevant literature about 
AVP, GHRH and HDC is available. Similar to NPVF, AVP is also linked to 
CRH in the PVN since a subset of these CRH neurons co-express AVP 
(Scott and Dinan, 1998). However, the AVP-positive cells in the post- 
mortem tissue of people with NT1 are mostly spared (Shan et al., 
2022), which makes AVP less plausible as candidate gene target.

Despite the existing literature describing a role for GHRH in sleep 
regulation, most literature point towards effects that are not in line with 
an autoimmune hypothesis with GHRH as target gene in NT1 develop
ment. GHRH shows to have sleep promoting effects (Steiger, 2003) and 
the secretion of growth hormone – which is released by GHRH's gene 
product– correlates with slow-wave sleep (Overeem et al., 2003). 

Fig. 4. Venn diagram from genes associating with hypocretin in literature and expression datasets. The genes resulting from the literature search do not overlap with 
the 15 candidate genes most similar in expression to hypocretin in BrainScope portal.
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Furthermore, rat studies with Hcrt peptide administration show inhi
bition of Ghrh expression and release of growth hormone (Lopez et al., 
2004; Seoane et al., 2004). However, antibodies against Ghrh in rodents 
reduces both non-REM and REM sleep periods during the inactive light 
period of the day (Obal Jr. et al., 1992) and suppressed growth hormone 
secretion has been observed during sleep onset in people with NT1 while 
having sleep onset REM periods (SOREMPs) (Higuchi et al., 1979).

Furthermore, Hdc-knock out (KO) mice show an overall normal 
development, but they seem less reactive and have greater body weight 
than WT mice. Furthermore, the Hdc-KO mice had a shorter sleep onset 
time, and their wake and slow wave sleep periods are more fragmented. 
HDC seems important for maintaining the wake state (Parmentier et al., 
2002). Pathway analysis also show its involvement in the synthesis of 
the wake-promoting neurotransmitter histamine, which is decreased in 
the CSF of people with NT1 (Bassetti et al., 2010; Kanbayashi et al., 
2009). However, investigation of postmortem brain tissue of individuals 
with NT1 show rather an enhancement of histaminergic cells (Shan 
et al., 2023). Since these observations partially overlap with the NT1 
phenotype, HDC remains a relevant target gene in the autoimmune 
response in NT1 development. NTS is also related to the NT1 phenotype 
since its gene product neurotensin is involved in metabolism, pain 
modulation and stimulates CRH release (Leinninger et al., 2011; Maz
zocchi et al., 1997). Blocking the Nts receptor effects in rodent models 
results in reduced Hcrt cell activity, reduced wake time (Furutani et al., 
2013) and increased REM sleep during the active dark phase (Fitzpatrick 
et al., 2012).

Additionally to the identification of candidate genes, we assessed the 
expression pattern of genes that were suggested by earlier (genome-wide 
association) studies (Degn et al., 2017; Dommer et al., 2019; Faraco 
et al., 2013; Han et al., 2013; Hohjoh et al., 2000; Holm et al., 2015; 
Honda et al., 2009; Juji et al., 1984; Khajavi et al., 2023; Miyagawa 
et al., 2008; Sasson et al., 2006; Shimada et al., 2020; Tanaka et al., 
2010; Toyoda et al., 2015; Wiemerslage et al., 2017) to potentially co- 
express with HCRT. None of the genes resulted from these studies 
described in the literature showed an expression pattern close to HCRT 
in either the AHBA (BrainScope portal) or GTEx portal. This suggests 
that their gene products are unlikely to be involved in eliciting an auto- 
immune response specifically targeting HCRT neurons, and they were 
not selected using our approach. However, some showed an expression 
pattern that was still relatively close to our selection in BrainScope (see 
Fig. S2). For example PDYN, PENK and IL10RB. PDYN and PENK encode 
precursor proteins for several opioid neuropeptides and are mainly 
expressed in the brain (Benko et al., 2021; Horikawa et al., 1983; Konig 
et al., 1996). IL10RB encodes a cytokine receptor and is therefore related 
to the immune system (Sheppard et al., 2003). See Table S3 for more 
details on the genes resulting from the literature search.

Combining our findings NPVF is the most promising candidate 
because it demonstrates the most similar expression pattern to HCRT 
based on BrainScope and GTEx portal data, it shows increased expres
sion within HCRT cells according to a snRNA-seq dataset and earlier 
findings in the literature are in line with a hypothesis of deficient NPVF 
in NT1.

Our strategy also holds important limitations. For example, the 
AHBA contains data from only six individuals, of which five were fe
male. Furthermore, in this exploratory study, we devised a scoring 
system to evaluate all genes in the same way. We have used the 
HYPOMAP dataset as a first validation step, but further research is 
necessary to determine the extent to which the current rules are bio
logically relevant. Moreover, among the 142 genes that most strongly 
correlate with the expression of the HCRT gene in BrainScope, there 
were five that did not exist in the GTEx portal: AC099759.1, 
LOC100286952, LOC100294396, LOC283867 and LOC442381. Also, the 
data for three out of 42 genes resulting from the literature search and 
DisGeNet was not available in the BrainScope portal: TCRA, TPGS2/ 
PGs2 and TCRB. Therefore, these genes could not be further analyzed 
with our approach. However, expression information of the TPGS2/ 

PGs2 gene is available in GTEx portal and does not show any specificity 
to the hypothalamic region in the brain. Therefore, TPGS2/PGs2 is not a 
likely candidate. Furthermore, TCRA and TCRB are also unlikely targets 
for an autoimmune reaction, as they both encode proteins that are part 
of the T-cell receptor protein complex.

To conclude, the in silico methods used in this study yielded novel 
genes of interest in the context of NT1. The identified candidate genes 
may potentially play a role in the auto-immune process of NT1. It will be 
important to validate our candidate targets by for example co- 
localization studies of HCRT in post-mortem brain tissue of healthy 
people and people with NT1 and through identification of B- or T-cells 
that recognize the gene products of these candidate genes in NT1 pa
tients. Furthermore, it should be noted that our in silico approach is a 
dynamic technique since it depends on the data that is available in any of 
the databases used in this process. The more data will become available, 
the more detailed the information will be that can be retrieved by using 
our methodology.

5. Conclusion

Using a unique combination of in silico methods, we were able to map 
the human expression profile of HCRT and identify 15 candidate genes 
that have expression patterns associating HCRT expression, of which 6 
also showed higher expression within hypocretin cells compared to 
other cells in the hypothalamus. Those genes may be alternative targets 
for an auto-immune response in the destruction of HCRT-producing 
neurons as seen in NT1. Based on our analysis, NPVF is the most 
promising candidate gene since its expression pattern is most similar to 
HCRT, the gene shows enhanced expression in HCRT-positive cells, and 
earlier findings show its involvement in various aspects of the NT1 
phenotype. Future experiments should confirm whether the identified 
candidate genes are indeed targets of an autoimmune response causative 
of NT1.

Data statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

CRediT authorship contribution statement

Marieke Vringer: Writing – review & editing, Writing – original 
draft, Visualization, Methodology, Investigation, Formal analysis, Data 
curation. Ahmed Mahfouz: Writing – review & editing, Resources, 
Methodology, Conceptualization. Maartje G. Huijbers: Writing – re
view & editing, Visualization, Conceptualization. Gert Jan Lammers: 
Writing – review & editing, Conceptualization. Jari Berkhout: Visual
ization, Formal analysis, Data curation. Frits Koning: Writing – review 
& editing, Conceptualization. Rolf Fronczek: Writing – review & edit
ing, Conceptualization. Mink Schinkelshoek: Writing – review & 
editing, Writing – original draft, Supervision, Methodology, Investiga
tion, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

None.

Acknowledgements

The Genotype-Tissue Expression (GTEx) Project was supported by 
the Common Fund of the Office of the Director of the National Institutes 
of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The 
data used for the analyses described in this manuscript were obtained 
from the GTEx portal on 19 December 2024.

M. Vringer et al.                                                                                                                                                                                                                                Journal of Neuroimmunology 417 (2026) 578936 

8 



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jneuroim.2026.578936.

Data availability

Data will be made available on request.

References

Bassetti, C.L., Baumann, C.R., Dauvilliers, Y., Croyal, M., Robert, P., Schwartz, J.C., 
2010. Cerebrospinal fluid histamine levels are decreased in patients with narcolepsy 
and excessive daytime sleepiness of other origin. J. Sleep Res. 19 (4), 620–623. 
https://doi.org/10.1111/j.1365-2869.2010.00819.x.

Bassetti, C.L.A., Adamantidis, A., Burdakov, D., Han, F., Gay, S., Kallweit, U., 
Khatami, R., Koning, F., Kornum, B.R., Lammers, G.J., Liblau, R.S., Luppi, P.H., 
Mayer, G., Pollmacher, T., Sakurai, T., Sallusto, F., Scammell, T.E., Tafti, M., 
Dauvilliers, Y., 2019. Narcolepsy - clinical spectrum, aetiopathophysiology, 
diagnosis and treatment. Nat. Rev. Neurol. 15 (9), 519–539. https://doi.org/ 
10.1038/s41582-019-0226-9.

Benko, A.L., Wright, A.D., Sunyer, T., Kovacs, W.J., Olsen, N.J., 2021. Pituitary 
neuropeptides and b lymphocyte function. Scand. J. Immunol. 94 (2), e13041. 
https://doi.org/10.1111/sji.13041.

Blouin, A.M., Thannickal, T.C., Worley, P.F., Baraban, J.M., Reti, I.M., Siegel, J.M., 2005. 
Narp immunostaining of human hypocretin (orexin) neurons: loss in narcolepsy. 
Neurology 65 (8), 1189–1192. https://doi.org/10.1212/01.wnl.0000175219.01544. 
c8.

Chemelli, R.M., Willie, J.T., Sinton, C.M., Elmquist, J.K., Scammell, T., Lee, C., 
Richardson, J.A., Williams, S.C., Xiong, Y., Kisanuki, Y., Fitch, T.E., Nakazato, M., 
Hammer, R.E., Saper, C.B., Yanagisawa, M., 1999. Narcolepsy in orexin knockout 
mice: molecular genetics of sleep regulation. Cell 98 (4), 437–451. https://doi.org/ 
10.1016/s0092-8674(00)81973-x.

Chou, T.C., Lee, C.E., Lu, J., Elmquist, J.K., Hara, J., Willie, J.T., Beuckmann, C.T., 
Chemelli, R.M., Sakurai, T., Yanagisawa, M., Saper, C.B., Scammell, T.E., 2001. 
Orexin (hypocretin) neurons contain dynorphin. J. Neurosci. 21 (19), RC168. 
https://doi.org/10.1523/JNEUROSCI.21-19-j0003.2001.

Consortium, G. T, 2013. The genotype-tissue expression (GTEx) project. Nat. Genet. 45 
(6), 580–585. https://doi.org/10.1038/ng.2653.

Consortium, G. T, 2020. The GTEx consortium atlas of genetic regulatory effects across 
human tissues. Science 369 (6509), 1318–1330. https://doi.org/10.1126/science. 
aaz1776.

Crocker, A., Espana, R.A., Papadopoulou, M., Saper, C.B., Faraco, J., Sakurai, T., 
Honda, M., Mignot, E., Scammell, T.E., 2005. Concomitant loss of dynorphin, NARP, 
and orexin in narcolepsy. Neurology 65 (8), 1184–1188. https://doi.org/10.1212/ 
01.wnl.0000168173.71940.ab.

de Lecea, L., Kilduff, T.S., Peyron, C., Gao, X., Foye, P.E., Danielson, P.E., Fukuhara, C., 
Battenberg, E.L., Gautvik, V.T., Bartlett 2nd, F.S., Frankel, W.N., van den Pol, A.N., 
Bloom, F.E., Gautvik, K.M., Sutcliffe, J.G., 1998. The hypocretins: hypothalamus- 
specific peptides with neuroexcitatory activity. Proc. Natl. Acad. Sci. U. S. A. 95 (1), 
322–327.

Degn, M., Dauvilliers, Y., Dreisig, K., Lopez, R., Pfister, C., Pradervand, S., Rahbek 
Kornum, B., Tafti, M., 2017. Rare missense mutations in P2RY11 in narcolepsy with 
cataplexy. Brain 140 (6), 1657–1668. https://doi.org/10.1093/brain/awx093.

Diaz, C., de la Torre, M.M., Rubenstein, J.L.R., Puelles, L., 2023. Dorsoventral 
arrangement of lateral hypothalamus populations in the mouse hypothalamus: A 
prosomeric genoarchitectonic analysis. Mol. Neurobiol. 60 (2), 687–731. https:// 
doi.org/10.1007/s12035-022-03043-7.

Dommer, M.W., Dreisig, K., Kornum, B.R., 2019. Altered surface expression of P2Y11 
receptor with narcolepsy-associated mutations. Pharmacol. Rep. 71 (5), 926–928. 
https://doi.org/10.1016/j.pharep.2019.05.005.

Faraco, J., Lin, L., Kornum, B.R., Kenny, E.E., Trynka, G., Einen, M., Rico, T.J., 
Lichtner, P., Dauvilliers, Y., Arnulf, I., Lecendreux, M., Javidi, S., Geisler, P., 
Mayer, G., Pizza, F., Poli, F., Plazzi, G., Overeem, S., Lammers, G.J., Mignot, E., 
2013. ImmunoChip study implicates antigen presentation to t cells in narcolepsy. 
PLoS Genet. 9 (2), e1003270. https://doi.org/10.1371/journal.pgen.1003270.

Fitzpatrick, K., Winrow, C.J., Gotter, A.L., Millstein, J., Arbuzova, J., Brunner, J., 
Kasarskis, A., Vitaterna, M.H., Renger, J.J., Turek, F.W., 2012. Altered sleep and 
affect in the neurotensin receptor 1 knockout mouse. Sleep 35 (7), 949–956. https:// 
doi.org/10.5665/sleep.1958.

Furutani, N., Hondo, M., Kageyama, H., Tsujino, N., Mieda, M., Yanagisawa, M., 
Shioda, S., Sakurai, T., 2013. Neurotensin co-expressed in orexin-producing neurons 
in the lateral hypothalamus plays an important role in regulation of sleep/ 
wakefulness states. PloS One 8 (4), e62391. https://doi.org/10.1371/journal. 
pone.0062391.

Grinevich, V., Ludwig, M., 2021. The multiple faces of the oxytocin and vasopressin 
systems in the brain. J. Neuroendocrinol. 33 (11), e13004. https://doi.org/10.1111/ 
jne.13004.

Hagan, J.J., Leslie, R.A., Patel, S., Evans, M.L., Wattam, T.A., Holmes, S., Benham, C.D., 
Taylor, S.G., Routledge, C., Hemmati, P., Munton, R.P., Ashmeade, T.E., Shah, A.S., 
Hatcher, J.P., Hatcher, P.D., Jones, D.N., Smith, M.I., Piper, D.C., Hunter, A., J.,… 
Upton, N., 1999. Orexin a activates locus coeruleus cell firing and increases arousal 

in the rat. Proc. Natl. Acad. Sci. U. S. A. 96 (19), 10911–10916. https://doi.org/ 
10.1073/pnas.96.19.10911.

Han, F., Lin, L., Warby, S.C., Faraco, J., Li, J., Dong, S.X., An, P., Zhao, L., Wang, L.H., 
Li, Q.Y., Yan, H., Gao, Z.C., Yuan, Y., Strohl, K.P., Mignot, E., 2011. Narcolepsy onset 
is seasonal and increased following the 2009 H1N1 pandemic in China. Ann. Neurol. 
70 (3), 410–417. https://doi.org/10.1002/ana.22587.

Han, F., Faraco, J., Dong, X.S., Ollila, H.M., Lin, L., Li, J., An, P., Wang, S., Jiang, K.W., 
Gao, Z.C., Zhao, L., Yan, H., Liu, Y.N., Li, Q.H., Zhang, X.Z., Hu, Y., Wang, J.Y., Lu, Y. 
H., Lu, C.J., Mignot, E., 2013. Genome wide analysis of narcolepsy in China 
implicates novel immune loci and reveals changes in association prior to versus after 
the 2009 H1N1 influenza pandemic. PLoS Genet. 9 (10), e1003880. https://doi.org/ 
10.1371/journal.pgen.1003880.

Hansen, M.H., Kornum, B.R., Jennum, P., 2017. Sleep-wake stability in narcolepsy 
patients with normal, low and unmeasurable hypocretin levels. Sleep Med. 34, 1–6. 
https://doi.org/10.1016/j.sleep.2017.01.021.

Hao, Y., Stuart, T., Kowalski, M.H., Choudhary, S., Hoffman, P., Hartman, A., 
Srivastava, A., Molla, G., Madad, S., Fernandez-Granda, C., Satija, R., 2024. 
Dictionary learning for integrative, multimodal and scalable single-cell analysis. Nat. 
Biotechnol. 42 (2), 293–304. https://doi.org/10.1038/s41587-023-01767-y.

Hawrylycz, M.J., Lein, E.S., Guillozet-Bongaarts, A.L., Shen, E.H., Ng, L., Miller, J.A., van 
de Lagemaat, L.N., Smith, K.A., Ebbert, A., Riley, Z.L., Abajian, C., Beckmann, C.F., 
Bernard, A., Bertagnolli, D., Boe, A.F., Cartagena, P.M., Chakravarty, M.M., 
Chapin, M., Chong, J., Jones, A.R., 2012. An anatomically comprehensive atlas of 
the adult human brain transcriptome. Nature 489 (7416), 391–399. https://doi.org/ 
10.1038/nature11405.

Hawrylycz, M., Miller, J.A., Menon, V., Feng, D., Dolbeare, T., Guillozet-Bongaarts, A.L., 
Jegga, A.G., Aronow, B.J., Lee, C.K., Bernard, A., Glasser, M.F., Dierker, D.L., 
Menche, J., Szafer, A., Collman, F., Grange, P., Berman, K.A., Mihalas, S., Yao, Z., 
Lein, E., 2015. Canonical genetic signatures of the adult human brain. Nat. Neurosci. 
18 (12), 1832–1844. https://doi.org/10.1038/nn.4171.

Higuchi, T., Takahashi, Y., Takahashi, K., Niimi, Y., Miyasita, A., 1979. Twenty-four- 
hour secretory patterns of growth hormone, prolactin, and cortisol in narcolepsy. 
J. Clin. Endocrinol. Metab. 49 (2), 197–204. https://doi.org/10.1210/jcem-49-2- 
197.

Hohjoh, H., Terada, N., Kawashima, M., Honda, Y., Tokunaga, K., 2000. Significant 
association of the tumor necrosis factor receptor 2 (TNFR2) gene with human 
narcolepsy. Tissue Antigens 56 (5), 446–448. https://doi.org/10.1034/j.1399- 
0039.2000.560508.x.

Holm, A., Lin, L., Faraco, J., Mostafavi, S., Battle, A., Zhu, X., Levinson, D.F., Han, F., 
Gammeltoft, S., Jennum, P., Mignot, E., Kornum, B.R., 2015. EIF3G is associated 
with narcolepsy across ethnicities. Eur. J. Hum. Genet. 23 (11), 1573–1580. https:// 
doi.org/10.1038/ejhg.2015.4.

Honda, M., Eriksson, K.S., Zhang, S., Tanaka, S., Lin, L., Salehi, A., Hesla, P.E., 
Maehlen, J., Gaus, S.E., Yanagisawa, M., Sakurai, T., Taheri, S., Tsuchiya, K., 
Honda, Y., Mignot, E., 2009. IGFBP3 colocalizes with and regulates hypocretin 
(orexin). PloS One 4 (1), e4254. https://doi.org/10.1371/journal.pone.0004254.

Horikawa, S., Takai, T., Toyosato, M., Takahashi, H., Noda, M., Kakidani, H., Kubo, T., 
Hirose, T., Inayama, S., Hayashida, H., et al., 1983. Isolation and structural 
organization of the human preproenkephalin b gene. Nature 306 (5943), 611–614. 
https://doi.org/10.1038/306611a0.

Huisman, S.M.H., van Lew, B., Mahfouz, A., Pezzotti, N., Hollt, T., Michielsen, L., 
Vilanova, A., Reinders, M.J.T., Lelieveldt, B.P.F., 2017. BrainScope: interactive 
visual exploration of the spatial and temporal human brain transcriptome. Nucleic 
Acids Res. 45 (10), e83. https://doi.org/10.1093/nar/gkx046.

Janeway, C., Travers, P., Walport, M., & Shlomchik, M. J. (2001). The recognition and 
effector mechanisms of adaptive immunity. In Immunobiology: The Immune System 
in Health and Disease, 5th ed. (vol. 2). Garland Science. https://www.ncbi.nlm.nih. 
gov/books/NBK27124/.

Jiang, W., Birtley, J.R., Hung, S.C., Wang, W., Chiou, S.H., Macaubas, C., Kornum, B., 
Tian, L., Huang, H., Adler, L., Weaver, G., Lu, L., Ilstad-Minnihan, A., 
Somasundaram, S., Ayyangar, S., Davis, M.M., Stern, L.J., Mellins, E.D., 2019. In 
vivo clonal expansion and phenotypes of hypocretin-specific CD4(+) t cells in 
narcolepsy patients and controls. Nat. Commun. 10 (1), 5247. https://doi.org/ 
10.1038/s41467-019-13234-x.

Juji, T., Satake, M., Honda, Y., Doi, Y., 1984. HLA antigens in japanese patients with 
narcolepsy. All the patients were DR2 positive. Tissue Antigens 24 (5), 316–319.

Kanbayashi, T., Kodama, T., Kondo, H., Satoh, S., Inoue, Y., Chiba, S., Shimizu, T., 
Nishino, S., 2009. CSF histamine contents in narcolepsy, idiopathic hypersomnia and 
obstructive sleep apnea syndrome. Sleep 32 (2), 181–187. https://doi.org/10.1093/ 
sleep/32.2.181.

Keo, A., Mahfouz, A., Ingrassia, A.M.T., Meneboo, J.P., Villenet, C., Mutez, E., 
Comptdaer, T., Lelieveldt, B.P.F., Figeac, M., Chartier-Harlin, M.C., van de Berg, W. 
D.J., van Hilten, J.J., Reinders, M.J.T., 2020. Transcriptomic signatures of brain 
regional vulnerability to Parkinson’s disease. Commun Biol 3 (1), 101. https://doi. 
org/10.1038/s42003-020-0804-9.

Khajavi, L., Nguyen, X.H., Queriault, C., Chabod, M., Barateau, L., Dauvilliers, Y., 
Zytnicki, M., Liblau, R., 2023. The transcriptomics profiling of blood CD4 and CD8 t- 
cells in narcolepsy type i. Front. Immunol. 14, 1249405. https://doi.org/10.3389/ 
fimmu.2023.1249405.

Kok, S.W., Overeem, S., Visscher, T.L., Lammers, G.J., Seidell, J.C., Pijl, H., Meinders, A. 
E., 2003. Hypocretin deficiency in narcoleptic humans is associated with abdominal 
obesity. Obes. Res. 11 (9), 1147–1154. https://doi.org/10.1038/oby.2003.156.

Koller, J., Herzog, H., Zhang, L., 2021. The distribution of neuropeptide FF and 
neuropeptide VF in central and peripheral tissues and their role in energy 
homeostasis control. Neuropeptides 90, 102198. https://doi.org/10.1016/j. 
npep.2021.102198.

M. Vringer et al.                                                                                                                                                                                                                                Journal of Neuroimmunology 417 (2026) 578936 

9 

https://doi.org/10.1016/j.jneuroim.2026.578936
https://doi.org/10.1016/j.jneuroim.2026.578936
https://doi.org/10.1111/j.1365-2869.2010.00819.x
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1111/sji.13041
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1212/01.wnl.0000175219.01544.c8
https://doi.org/10.1016/s0092-8674(00)81973-x
https://doi.org/10.1016/s0092-8674(00)81973-x
https://doi.org/10.1523/JNEUROSCI.21-19-j0003.2001
https://doi.org/10.1038/ng.2653
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1212/01.wnl.0000168173.71940.ab
https://doi.org/10.1212/01.wnl.0000168173.71940.ab
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0050
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0050
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0050
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0050
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0050
https://doi.org/10.1093/brain/awx093
https://doi.org/10.1007/s12035-022-03043-7
https://doi.org/10.1007/s12035-022-03043-7
https://doi.org/10.1016/j.pharep.2019.05.005
https://doi.org/10.1371/journal.pgen.1003270
https://doi.org/10.5665/sleep.1958
https://doi.org/10.5665/sleep.1958
https://doi.org/10.1371/journal.pone.0062391
https://doi.org/10.1371/journal.pone.0062391
https://doi.org/10.1111/jne.13004
https://doi.org/10.1111/jne.13004
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1002/ana.22587
https://doi.org/10.1371/journal.pgen.1003880
https://doi.org/10.1371/journal.pgen.1003880
https://doi.org/10.1016/j.sleep.2017.01.021
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.1038/nature11405
https://doi.org/10.1038/nature11405
https://doi.org/10.1038/nn.4171
https://doi.org/10.1210/jcem-49-2-197
https://doi.org/10.1210/jcem-49-2-197
https://doi.org/10.1034/j.1399-0039.2000.560508.x
https://doi.org/10.1034/j.1399-0039.2000.560508.x
https://doi.org/10.1038/ejhg.2015.4
https://doi.org/10.1038/ejhg.2015.4
https://doi.org/10.1371/journal.pone.0004254
https://doi.org/10.1038/306611a0
https://doi.org/10.1093/nar/gkx046
https://doi.org/10.1038/s41467-019-13234-x
https://doi.org/10.1038/s41467-019-13234-x
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0160
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0160
https://doi.org/10.1093/sleep/32.2.181
https://doi.org/10.1093/sleep/32.2.181
https://doi.org/10.1038/s42003-020-0804-9
https://doi.org/10.1038/s42003-020-0804-9
https://doi.org/10.3389/fimmu.2023.1249405
https://doi.org/10.3389/fimmu.2023.1249405
https://doi.org/10.1038/oby.2003.156
https://doi.org/10.1016/j.npep.2021.102198
https://doi.org/10.1016/j.npep.2021.102198


Konig, M., Zimmer, A.M., Steiner, H., Holmes, P.V., Crawley, J.N., Brownstein, M.J., 
Zimmer, A., 1996. Pain responses, anxiety and aggression in mice deficient in pre- 
proenkephalin. Nature 383 (6600), 535–538. https://doi.org/10.1038/383535a0.

Kornum, B.R., 2020. Narcolepsy type 1: what have we learned from immunology? Sleep 
43 (10). https://doi.org/10.1093/sleep/zsaa055.

Latorre, D., Kallweit, U., Armentani, E., Foglierini, M., Mele, F., Cassotta, A., Jovic, S., 
Jarrossay, D., Mathis, J., Zellini, F., Becher, B., Lanzavecchia, A., Khatami, R., 
Manconi, M., Tafti, M., Bassetti, C.L., Sallusto, F., 2018. T cells in patients with 
narcolepsy target self-antigens of hypocretin neurons. Nature. https://doi.org/ 
10.1038/s41586-018-0540-1.

Lee, D.A., Andreev, A., Truong, T.V., Chen, A., Hill, A.J., Oikonomou, G., Pham, U., 
Hong, Y.K., Tran, S., Glass, L., Sapin, V., Engle, J., Fraser, S.E., Prober, D.A., 2017. 
Genetic and neuronal regulation of sleep by neuropeptide VF. Elife 6. https://doi. 
org/10.7554/eLife.25727.

Legagneux, K., Bernard-Franchi, G., Poncet, F., La Roche, A., Colard, C., Fellmann, D., 
Pralong, F., Risold, P.Y., 2009. Distribution and genesis of the RFRP-producing 
neurons in the rat brain: comparison with melanin-concentrating hormone- and 
hypocretin-containing neurons. Neuropeptides 43 (1), 13–19. https://doi.org/ 
10.1016/j.npep.2008.11.001.

Leinninger, G.M., Jo, Y.H., Leshan, R.L., Louis, G.W., Yang, H., Barrera, J.G., Wilson, H., 
Opland, D.M., Faouzi, M.A., Gong, Y., Jones, J.C., Rhodes, C.J., Chua Jr., S., 
Diano, S., Horvath, T.L., Seeley, R.J., Becker, J.B., Munzberg, H., Myers Jr., M.G., 
2009. Leptin acts via leptin receptor-expressing lateral hypothalamic neurons to 
modulate the mesolimbic dopamine system and suppress feeding. Cell Metab. 10 (2), 
89–98. https://doi.org/10.1016/j.cmet.2009.06.011.

Leinninger, G.M., Opland, D.M., Jo, Y.H., Faouzi, M., Christensen, L., Cappellucci, L.A., 
Rhodes, C.J., Gnegy, M.E., Becker, J.B., Pothos, E.N., Seasholtz, A.F., Thompson, R. 
C., Myers Jr., M.G., 2011. Leptin action via neurotensin neurons controls orexin, the 
mesolimbic dopamine system and energy balance. Cell Metab. 14 (3), 313–323. 
https://doi.org/10.1016/j.cmet.2011.06.016.

Levitas-Djerbi, T., Yelin-Bekerman, L., Lerer-Goldshtein, T., Appelbaum, L., 2015. 
Hypothalamic leptin-neurotensin-hypocretin neuronal networks in zebrafish. 
J. Comp. Neurol. 523 (5), 831–848. https://doi.org/10.1002/cne.23716.

Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., Qiu, X., de Jong, P.J., 
Nishino, S., Mignot, E., 1999. The sleep disorder canine narcolepsy is caused by a 
mutation in the hypocretin (orexin) receptor 2 gene. Cell 98 (3), 365–376.

Lopez, M., Seoane, L.M., Tovar, S., Nogueiras, R., Dieguez, C., Senaris, R., 2004. Orexin-A 
regulates growth hormone-releasing hormone mRNA content in a nucleus-specific 
manner and somatostatin mRNA content in a growth hormone-dependent fashion in 
the rat hypothalamus. Eur. J. Neurosci. 19 (8), 2080–2088. https://doi.org/ 
10.1111/j.0953-816X.2004.03318.x.

Luo, G., Ambati, A., Lin, L., Bonvalet, M., Partinen, M., Ji, X., Maecker, H.T., Mignot, E. 
J., 2018. Autoimmunity to hypocretin and molecular mimicry to flu in type 1 
narcolepsy. Proc. Natl. Acad. Sci. U. S. A. 115 (52), E12323–e12332. https://doi. 
org/10.1073/pnas.1818150116.

Madelaine, R., Lovett-Barron, M., Halluin, C., Andalman, A.S., Liang, J., Skariah, G.M., 
Leung, L.C., Burns, V.M., Mourrain, P., 2017. The hypothalamic NPVF circuit 
modulates ventral raphe activity during nociception. Sci. Rep. 7, 41528. https://doi. 
org/10.1038/srep41528.

Mahfouz, A., Lelieveldt, B.P., Grefhorst, A., van Weert, L.T., Mol, I.M., Sips, H.C., van den 
Heuvel, J.K., Datson, N.A., Visser, J.A., Reinders, M.J., Meijer, O.C., 2016. Genome- 
wide coexpression of steroid receptors in the mouse brain: identifying signaling 
pathways and functionally coordinated regions. Proc. Natl. Acad. Sci. U. S. A. 113 
(10), 2738–2743. https://doi.org/10.1073/pnas.1520376113.

Mazzocchi, G., Malendowicz, L.K., Rebuffat, P., Gottardo, G., Nussdorfer, G.G., 1997. 
Neurotensin stimulates CRH and ACTH release by rat adrenal medulla in vitro. 
Neuropeptides 31 (1), 8–11. https://doi.org/10.1016/s0143-4179(97)90011-1.

McKeever, L., Nguyen, V., Peterson, S.J., Gomez-Perez, S., Braunschweig, C., 2015. 
Demystifying the search button: A comprehensive PubMed search strategy for 
performing an exhaustive literature review. JPEN. J. Parenter. Enteral Nutr. 39 (6), 
622–635. https://doi.org/10.1177/0148607115593791.

Miyagawa, T., Kawashima, M., Nishida, N., Ohashi, J., Kimura, R., Fujimoto, A., 
Shimada, M., Morishita, S., Shigeta, T., Lin, L., Hong, S.C., Faraco, J., Shin, Y.K., 
Jeong, J.H., Okazaki, Y., Tsuji, S., Honda, M., Honda, Y., Mignot, E., Tokunaga, K., 
2008. Variant between CPT1B and CHKB associated with susceptibility to 
narcolepsy. Nat. Genet. 40 (11), 1324–1328. https://doi.org/10.1038/ng.231.

Nishino, S., Ripley, B., Overeem, S., Lammers, G.J., Mignot, E., 2000. Hypocretin 
(orexin) deficiency in human narcolepsy. Lancet 355 (9197), 39–40. https://doi.org/ 
10.1016/s0140-6736(99)05582-8.

Obal Jr., F., Payne, L., Opp, M., Alfoldi, P., Kapas, L., Krueger, J.M., 1992. Growth 
hormone-releasing hormone antibodies suppress sleep and prevent enhancement of 
sleep after sleep deprivation. Am. J. Physiol. 263 (5 Pt 2), R1078–R1085. https:// 
doi.org/10.1152/ajpregu.1992.263.5.R1078.

Ohayon, M.M., Priest, R.G., Zulley, J., Smirne, S., Paiva, T., 2002. Prevalence of 
narcolepsy symptomatology and diagnosis in the european general population. 
Neurology 58 (12), 1826–1833. https://doi.org/10.1212/wnl.58.12.1826.

Overeem, S., Kok, S.W., Lammers, G.J., Vein, A.A., Frolich, M., Meinders, A.E., 
Roelfsema, F., Pijl, H., 2003. Somatotropic axis in hypocretin-deficient narcoleptic 
humans: altered circadian distribution of GH-secretory events. Am. J. Physiol. 
Endocrinol. Metab. 284 (3), E641–E647. https://doi.org/10.1152/ 
ajpendo.00421.2002.

Parmentier, R., Ohtsu, H., Djebbara-Hannas, Z., Valatx, J.L., Watanabe, T., Lin, J.S., 
2002. Anatomical, physiological, and pharmacological characteristics of histidine 
decarboxylase knock-out mice: evidence for the role of brain histamine in behavioral 
and sleep-wake control. J. Neurosci. 22 (17), 7695–7711. https://doi.org/10.1523/ 
JNEUROSCI.22-17-07695.2002.

Pedersen, N.W., Holm, A., Kristensen, N.P., Bjerregaard, A.M., Bentzen, A.K., 
Marquard, A.M., Tamhane, T., Burgdorf, K.S., Ullum, H., Jennum, P., Knudsen, S., 
Hadrup, S.R., Kornum, B.R., 2019. CD8(+) t cells from patients with narcolepsy and 
healthy controls recognize hypocretin neuron-specific antigens. Nat. Commun. 10 
(1), 837. https://doi.org/10.1038/s41467-019-08774-1.

Peyron, C., Tighe, D.K., van den Pol, A.N., de Lecea, L., Heller, H.C., Sutcliffe, J.G., 
Kilduff, T.S., 1998. Neurons containing hypocretin (orexin) project to multiple 
neuronal systems. J. Neurosci. 18 (23), 9996–10015. https://doi.org/10.1523/ 
JNEUROSCI.18-23-09996.1998.

Peyron, C., Faraco, J., Rogers, W., Ripley, B., Overeem, S., Charnay, Y., Nevsimalova, S., 
Aldrich, M., Reynolds, D., Albin, R., Li, R., Hungs, M., Pedrazzoli, M., Padigaru, M., 
Kucherlapati, M., Fan, J., Maki, R., Lammers, G.J., Bouras, C., Mignot, E., 2000. 
A mutation in a case of early onset narcolepsy and a generalized absence of 
hypocretin peptides in human narcoleptic brains. Nat. Med. 6 (9), 991–997. https:// 
doi.org/10.1038/79690.

Pinero, J., Queralt-Rosinach, N., Bravo, A., Deu-Pons, J., Bauer-Mehren, A., Baron, M., 
Sanz, F., Furlong, L.I., 2015. DisGeNET: a discovery platform for the dynamical 
exploration of human diseases and their genes. Database (Oxford) 2015, bav028. 
https://doi.org/10.1093/database/bav028.

Ramberger, M., Hogl, B., Stefani, A., Mitterling, T., Reindl, M., Lutterotti, A., 2017. CD4 
+ T-cell reactivity to orexin/Hypocretin in patients with narcolepsy type 1. Sleep 40 
(3). https://doi.org/10.1093/sleep/zsw070.

Rogers, A.E., Meehan, J., Guilleminault, C., Grumet, F.C., Mignot, E., 1997. HLA DR15 
(DR2) and DQB1*0602 typing studies in 188 narcoleptic patients with cataplexy. 
Neurology 48 (6), 1550–1556. https://doi.org/10.1212/wnl.48.6.1550.

Sagi, D., Tibi, M., Admati, I., Lerer-Goldshtein, T., Hochgerner, H., Zeisel, A., 
Appelbaum, L., 2024. Single-cell profiling uncovers evolutionary divergence of 
Hypocretin/orexin neuronal subpopulations. J. Neurosci. 44 (36). https://doi.org/ 
10.1523/JNEUROSCI.0095-24.2024.

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, I., Chemelli, R.M., Tanaka, H., 
Williams, S.C., Richardson, J.A., Kozlowski, G.P., Wilson, S., Arch, J.R., 
Buckingham, R.E., Haynes, A.C., Carr, S.A., Annan, R.S., McNulty, D.E., Liu, W.S., 
Terrett, J.A., Elshourbagy, N.A., Yanagisawa, M., 1998. Orexins and orexin 
receptors: a family of hypothalamic neuropeptides and g protein-coupled receptors 
that regulate feeding behavior. Cell 92 (4), 573–585. https://doi.org/10.1016/ 
s0092-8674(00)80949-6.

Santiago, J.C.P., Otto, M., Kern, W., Baier, P.C., Hallschmid, M., 2018. Relationship 
between cerebrospinal fluid concentrations of orexin a/hypocretin-1 and body 
composition in humans. Peptides 102, 26–30. https://doi.org/10.1016/j. 
peptides.2018.02.005.

Sarkanen, T.O., Alakuijala, A.P.E., Dauvilliers, Y.A., Partinen, M.M., 2018. Incidence of 
narcolepsy after H1N1 influenza and vaccinations: systematic review and meta- 
analysis. Sleep Med. Rev. 38, 177–186. https://doi.org/10.1016/j. 
smrv.2017.06.006.

Sasson, R., Dearth, R.K., White, R.S., Chappell, P.E., Mellon, P.L., 2006. Orexin a induces 
GnRH gene expression and secretion from GT1-7 hypothalamic GnRH neurons. 
Neuroendocrinology 84 (6), 353–363. https://doi.org/10.1159/000098333.

Schinkelshoek, M.S., Fronczek, R., Kooy-Winkelaar, E.M.C., Petersen, J., Reid, H.H., van 
der Heide, A., Drijfhout, J.W., Rossjohn, J., Lammers, G.J., Koning, F., 2019. H1N1 
hemagglutinin-specific HLA-DQ6-restricted CD4+ t cells can be readily detected in 
narcolepsy type 1 patients and healthy controls. J. Neuroimmunol. 332, 167–175. 
https://doi.org/10.1016/j.jneuroim.2019.04.009.

Scott, L.V., Dinan, T.G., 1998. Vasopressin and the regulation of hypothalamic-pituitary- 
adrenal axis function: implications for the pathophysiology of depression. Life Sci. 
62 (22), 1985–1998. https://doi.org/10.1016/s0024-3205(98)00027-7.

Seifinejad, A., Ramosaj, M., Shan, L., Li, S., Possovre, M.L., Pfister, C., Fronczek, R., 
Garrett-Sinha, L.A., Frieser, D., Honda, M., Arribat, Y., Grepper, D., Amati, F., 
Picot, M., Agnoletto, A., Iseli, C., Chartrel, N., Liblau, R., Lammers, G.J., Tafti, M., 
2023. Epigenetic silencing of selected hypothalamic neuropeptides in narcolepsy 
with cataplexy. Proc. Natl. Acad. Sci. U. S. A. 120 (19), e2220911120. https://doi. 
org/10.1073/pnas.2220911120.

Seoane, L.M., Tovar, S.A., Perez, D., Mallo, F., Lopez, M., Senaris, R., Casanueva, F.F., 
Dieguez, C., 2004. Orexin a suppresses in vivo GH secretion. Eur. J. Endocrinol. 150 
(5), 731–736. https://doi.org/10.1530/eje.0.1500731.

Shan, L., Balesar, R., Swaab, D.F., Lammers, G.J., Fronczek, R., 2022. Reduced numbers 
of Corticotropin-releasing hormone neurons in narcolepsy type 1. Ann. Neurol. 91 
(2), 282–288. https://doi.org/10.1002/ana.26300.

Shan, L., Linssen, S., Harteman, Z., den Dekker, F., Shuker, L., Balesar, R., 
Breesuwsma, N., Anink, J., Zhou, J., Lammers, G.J., Swaab, D.F., Fronczek, R., 2023. 
Activated wake systems in narcolepsy type 1. Ann. Neurol. 94 (4), 762–771. https:// 
doi.org/10.1002/ana.26736.

Sheppard, P., Kindsvogel, W., Xu, W.F., Henderson, K., Schlutsmeyer, S., Whitmore, T.E., 
Kuestner, R., Garrigues, U., Birks, C., Roraback, J., Ostrander, C., Dong, D., Shin, J., 
Presnell, S., Fox, B., Haldeman, B., Cooper, E., Taft, D., Gilbert, T., Klucher, K.M., 
2003. IL-28, IL-29 and their class II cytokine receptor IL-28R. Nat. Immunol. 4 (1), 
63–68. https://doi.org/10.1038/ni873.

Shimada, M., Miyagawa, T., Takeshima, A., Kakita, A., Toyoda, H., Niizato, K., 
Oshima, K., Tokunaga, K., Honda, M., 2020. Epigenome-wide association study of 
narcolepsy-affected lateral hypothalamic brains, and overlapping DNA methylation 
profiles between narcolepsy and multiple sclerosis. Sleep 43 (1). https://doi.org/ 
10.1093/sleep/zsz198.

Steiger, A., 2003. Sleep and endocrinology. J. Intern. Med. 254 (1), 13–22. https://doi. 
org/10.1046/j.1365-2796.2003.01175.x.

Stuart, J.M., Segal, E., Koller, D., Kim, S.K., 2003. A gene-coexpression network for 
global discovery of conserved genetic modules. Science 302 (5643), 249–255. 
https://doi.org/10.1126/science.1087447.

M. Vringer et al.                                                                                                                                                                                                                                Journal of Neuroimmunology 417 (2026) 578936 

10 

https://doi.org/10.1038/383535a0
https://doi.org/10.1093/sleep/zsaa055
https://doi.org/10.1038/s41586-018-0540-1
https://doi.org/10.1038/s41586-018-0540-1
https://doi.org/10.7554/eLife.25727
https://doi.org/10.7554/eLife.25727
https://doi.org/10.1016/j.npep.2008.11.001
https://doi.org/10.1016/j.npep.2008.11.001
https://doi.org/10.1016/j.cmet.2009.06.011
https://doi.org/10.1016/j.cmet.2011.06.016
https://doi.org/10.1002/cne.23716
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0230
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0230
http://refhub.elsevier.com/S0165-5728(26)00084-6/rf0230
https://doi.org/10.1111/j.0953-816X.2004.03318.x
https://doi.org/10.1111/j.0953-816X.2004.03318.x
https://doi.org/10.1073/pnas.1818150116
https://doi.org/10.1073/pnas.1818150116
https://doi.org/10.1038/srep41528
https://doi.org/10.1038/srep41528
https://doi.org/10.1073/pnas.1520376113
https://doi.org/10.1016/s0143-4179(97)90011-1
https://doi.org/10.1177/0148607115593791
https://doi.org/10.1038/ng.231
https://doi.org/10.1016/s0140-6736(99)05582-8
https://doi.org/10.1016/s0140-6736(99)05582-8
https://doi.org/10.1152/ajpregu.1992.263.5.R1078
https://doi.org/10.1152/ajpregu.1992.263.5.R1078
https://doi.org/10.1212/wnl.58.12.1826
https://doi.org/10.1152/ajpendo.00421.2002
https://doi.org/10.1152/ajpendo.00421.2002
https://doi.org/10.1523/JNEUROSCI.22-17-07695.2002
https://doi.org/10.1523/JNEUROSCI.22-17-07695.2002
https://doi.org/10.1038/s41467-019-08774-1
https://doi.org/10.1523/JNEUROSCI.18-23-09996.1998
https://doi.org/10.1523/JNEUROSCI.18-23-09996.1998
https://doi.org/10.1038/79690
https://doi.org/10.1038/79690
https://doi.org/10.1093/database/bav028
https://doi.org/10.1093/sleep/zsw070
https://doi.org/10.1212/wnl.48.6.1550
https://doi.org/10.1523/JNEUROSCI.0095-24.2024
https://doi.org/10.1523/JNEUROSCI.0095-24.2024
https://doi.org/10.1016/s0092-8674(00)80949-6
https://doi.org/10.1016/s0092-8674(00)80949-6
https://doi.org/10.1016/j.peptides.2018.02.005
https://doi.org/10.1016/j.peptides.2018.02.005
https://doi.org/10.1016/j.smrv.2017.06.006
https://doi.org/10.1016/j.smrv.2017.06.006
https://doi.org/10.1159/000098333
https://doi.org/10.1016/j.jneuroim.2019.04.009
https://doi.org/10.1016/s0024-3205(98)00027-7
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1073/pnas.2220911120
https://doi.org/10.1530/eje.0.1500731
https://doi.org/10.1002/ana.26300
https://doi.org/10.1002/ana.26736
https://doi.org/10.1002/ana.26736
https://doi.org/10.1038/ni873
https://doi.org/10.1093/sleep/zsz198
https://doi.org/10.1093/sleep/zsz198
https://doi.org/10.1046/j.1365-2796.2003.01175.x
https://doi.org/10.1046/j.1365-2796.2003.01175.x
https://doi.org/10.1126/science.1087447


Tadross, J.A., Steuernagel, L., Dowsett, G.K.C., Kentistou, K.A., Lundh, S., Porniece, M., 
Klemm, P., Rainbow, K., Hvid, H., Kania, K., Polex-Wolf, J., Knudsen, L.B., Pyke, C., 
Perry, J.R.B., Lam, B.Y.H., Bruning, J.C., Yeo, G.S.H., 2025. A comprehensive spatio- 
cellular map of the human hypothalamus. Nature 639 (8055), 708–716. https://doi. 
org/10.1038/s41586-024-08504-8.

Tanaka, S., Kodama, T., Nonaka, T., Toyoda, H., Arai, M., Fukazawa, M., Honda, Y., 
Honda, M., Mignot, E., 2010. Transcriptional regulation of the hypocretin/orexin 
gene by NR6A1. Biochem. Biophys. Res. Commun. 403 (2), 178–183. https://doi. 
org/10.1016/j.bbrc.2010.11.001.

Team, R. C, 2024. In: R. F. f. S. Computing (Ed.), A Language and Environment for 
Statistical Computing.

Thannickal, T.C., Moore, R.Y., Nienhuis, R., Ramanathan, L., Gulyani, S., Aldrich, M., 
Cornford, M., Siegel, J.M., 2000. Reduced number of hypocretin neurons in human 
narcolepsy. Neuron 27 (3), 469–474.

Toyoda, H., Miyagawa, T., Koike, A., Kanbayashi, T., Imanishi, A., Sagawa, Y., 
Kotorii, N., Kotorii, T., Hashizume, Y., Ogi, K., Hiejima, H., Kamei, Y., Hida, A., 
Miyamoto, M., Imai, M., Fujimura, Y., Tamura, Y., Ikegami, A., Wada, Y., 
Tokunaga, K., 2015. A polymorphism in CCR1/CCR3 is associated with narcolepsy. 
Brain, Behavior, and Immunity 49, 148–155. https://doi.org/10.1016/j. 
bbi.2015.05.003.

Ubuka, T., 2023. A mammalian gonadotropin-inhibitory hormone homolog RFamide- 
related peptide 3 regulates pain and anxiety in mice. Cell Tissue Res. 391 (1), 
159–172. https://doi.org/10.1007/s00441-022-03695-w.

Wiemerslage, L., Islam, R., van der Kamp, C., Cao, H., Olivo, G., Ence-Eriksson, F., 
Castillo, S., Larsen, A.L., Bandstein, M., Dahlberg, L.S., Perland, E., Gustavsson, V., 

Nilsson, J., Vogel, H., Schurmann, A., Larsson, E.M., Rask-Andersen, M., 
Benedict, C., Schioth, H.B., 2017. A DNA methylation site within the KLF13 gene is 
associated with orexigenic processes based on neural responses and ghrelin levels. 
Int. J. Obes. (Lond) 41 (6), 990–994. https://doi.org/10.1038/ijo.2017.43.

Yelin-Bekerman, L., Elbaz, I., Diber, A., Dahary, D., Gibbs-Bar, L., Alon, S., Lerer- 
Goldshtein, T., Appelbaum, L., 2015. Hypocretin neuron-specific transcriptome 
profiling identifies the sleep modulator kcnh4a. Elife 4, e08638. https://doi.org/ 
10.7554/eLife.08638.

Glossary

AHBA: Allen Human Brain Atlas
CRH: Corticotrophin releasing hormone
Gda-score: Gene disease association-score
GTEx: Genotype Tissue Expression
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HLA: Human leukocyte antigen
KO: Knock-out
NT1: Narcolepsy type 1
PVN: Paraventricular nucleus
snRNA-seq: Single-nuclei RNA-sequencing
SOREMPs: Sleep onset REM periods
TPM: Transcripts per million
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