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Early in 1998, we (de Lecea et al., 1998) and others (Sakurai et al., 1998) described the same hypothalamic neuropeptides, respectively
called the hypocretins or orexins, which were discovered using two different approaches. In December of that year, we published the
subject of this commentary in the Journal of Neuroscience: a highly detailed anatomical description of the extensive axonal projections of
the hypocretin/orexin neurons. Although the function of this system was unknown at the time, a large body of literature today attests that
the hypocretin/orexin neuropeptides play important roles in multiple physiological functions, particularly in sleep/wake regulation.
Neuroanatomical studies are rarely frontline news, but the citation rate of this paper underscores the critical nature of such basic
research. Based in part on this detailed description, the hypocretin/orexin neuropeptides have since been studied in many different areas
of neuroscience research, including sleep/wake regulation, feeding, addiction, reward and motivation, anxiety and depression, cardio-
vascular regulation, pain, migraine, and neuroendocrine regulation, including reproduction. Thus, this paper has had a surprisingly
broad impact on neuroscience research, particularly since it was originally rejected by the Journal!

Neuroanatomists are fortunate researchers: their role is to image
the beauty of nature and reveal its complexity. Images obtained
from their observations are often truly amazing, and their inter-
pretations are often critical for subsequent functional studies.
Unfortunately, with the exception of ground-breaking tech-
niques, such as Brainbow mice or Clarity, neuroanatomy rarely
appears to be high-profile news to editors or publishers. Conse-
quently, neuroanatomical descriptions are often published in
lower impact journals, although they are frequently highly cited.
However, knowledge of the interactions among neuronal struc-
tures and subgroups of neurons (the connectome) is clearly es-
sential for the understanding of brain function. As described
below, our paper “Neurons containing the hypocretin (orexin)
precursor project to multiple neuronal systems” exemplifies
many of these points (Peyron et al., 1998).

Our December 1998 paper provided the other “bookend” for
the description of the hypocretins (de Lecea et al., 1998) and the
orexins (Sakurai et al., 1998), which had occurred in January and

February, respectively, of that year. In this paper, we provided the
first detailed description of the extensive axonal arborization of
the neurons expressing the hypocretin/orexin neuropeptides. Al-
though an unequivocal functional role for these neuropeptides
had yet to be demonstrated at the time of our submission in May
1998, we were convinced of the fundamental importance of this
system because of the very restricted localization of its cell bodies
to the tuberal hypothalamus, a brain region with a key role in
multiple physiological functions, and the extensive distribution
of their axonal projections. Indeed, Reviewer 1 of our paper
stated that “the discussion is rather speculative since no func-
tional data are available,” and Reviewer 2 stated that “the authors
have only done an immunocytochemical study . . . It is descrip-
tive, and provides some handwaving arguments in the discussion
to try to bring some functional relevance. As a result, this is the
sort of paper that one typically finds in subspecialty journals, but
perhaps a rung or two short of what is expected in the Journal of
Neuroscience.” Consequently, on June 24, our manuscript was
rejected and we were devastated!

Ordinarily, one would take such criticisms at face value and
seek a “more appropriate venue” for publication. However, Re-
viewer 2 had also stated, “. . . this is a very competitive field and
other papers reporting similar findings may already be some-
where in the publishing process,” suggesting to us that Reviewer 2
was undoubtedly privy to other information and may even have
had a conflict of interest in this review. Consequently, T.S.K.
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submitted an appeal to the Journal of Neuroscience. Prof. T.
Carew, senior editor at that time, agreed to send the manuscript
to a third reviewer, and the resultant delay allowed us to add
critical information (suggested by Reviewer 2) showing that the
hypocretin neurons are intermingled with, but distinct from,
neurons expressing the neuropeptide melanin-concentrating
hormone (MCH) (Fig. 1). The third reviewer was highly support-
ive — thank you Reviewer 3, wherever you are! — and our paper
was finally accepted for publication and appeared in the Decem-
ber 1, 1998 issue of the Journal of Neuroscience. That same month,
two papers were published in the Journal of Comparative Neurol-
ogy that also demonstrated that the hypocretin/orexin and MCH
cell bodies were coextensive but distinct populations (Broberger
et al., 1998; Elias et al., 1998). The following month, a paper
mapping the projections of the hypocretin/orexin neurons was
published in Proceedings of the National Academy of Sciences of the
United States of America (Date et al., 1999). To this day, we re-
main very grateful to Professor Carew and Reviewer 3 for exer-
cising such good judgment!

Our involvement in the discovery of the hypocretin
(orexin) neuropeptides was a conjunction of independent,
somewhat haphazard, events. In August 1995, senior author
T.S.K. took sabbatical leave from Stanford University to join
the laboratory of J. Gregor Sutcliffe at the Scripps Research
Institute in La Jolla, California. Sutcliffe’s laboratory was ac-
tively using the directional tag-PCR subtraction technique to
isolate brain region-specific mRNAs (Usui et al., 1994; Gaut-
vik et al., 1996). When T.S.K. entered the laboratory, a hypo-
thalamus versus hippocampus and cerebellum subtraction led
by Kaare Gautvik, was well underway. Gautvik suggested to
T.S.K. that he should characterize some of the anonymous
clones that were emerging from the hypothalamic subtraction,
one of which (H35) had a very specific localization within the
hypothalamus. Working with Sutcliffe laboratory members
Luis de Lecea, Patria Danielson, and Pam Foye, the full-length
clone for H35 was isolated from the rat, its cDNA sequence
was determined, and similar information was subsequently
obtained from the mouse. Whereas three dibasic cleavage sites
were found in rat preprohypocretin, only two were conserved
in the mouse, suggesting that two neuropeptides were encoded
by the mRNA precursor (de Lecea et al., 1998). This informa-
tion was critical as it enabled the design of antipeptide anti-

body 2050 that was used by Peyron et al. (1998) to map the
hypocretin cell bodies and their projections. It is a testament
both to the immunogenicity of the peptide sequence and the
skill within the Sutcliffe laboratory that such high-quality an-
tisera could be made by T.S.K., who had never made an anti-
serum previously.

After T.S.K. returned to Stanford in August 1996, C.P. joined
his group in the Stanford University Sleep Disorders Research
Center in October 1996. Because she had acquired a strong back-
ground in neuroanatomy during her PhD training with Dr.
Pierre-Hervé Luppi in Prof. Michel Jouvet’s laboratory (Lyon,
France), she was easily persuaded to lead the preprohypocretin
neuroanatomy effort, which resulted in our highly cited paper.
Because there was no Neurolucida system available for our use at
Stanford to draw the axonal fibers, Dr. Peter O’Hara of the Uni-
versity of California San Francisco graciously allowed C.P. and
Devin Tighe to use the system in his laboratory (a 30 mile drive
from Stanford). Drawing each of the sections in Peyron et al.
(1998) took a full day because of the high density of axonal fibers.
All sections were drawn in identical proportion from section to
section to provide an accurate visual representation of the fiber
density. This was tedious, time-consuming work, considering
that 18 brain sections, rostral to caudal, are reported in the paper
and many more were drawn than were published! C.P. had to
convince T.S.K. that these painstaking efforts were going to be
worth the investment. The beauty of the publication results from
the fact that the Journal of Neuroscience not only agreed to publish
so many figures but also kept them at the original size. As indi-
cated above, a study reporting the orexin projections in the rat
brain appeared (Date et al., 1999) shortly after our publication. If
our paper is cited 3 times more frequently than the Date et al.
(1999) paper, it is likely because we published a very detailed and
accurate mapping of the hypocretin/orexin neurons and that the
Journal of Neuroscience kindly agreed to follow our specifications.

Ironically, neither we nor the Sakurai/Date/Yanagisawa group
were actually the first to map the location and projection of the
hypocretin/orexin neurons. The Jouvet laboratory in Lyon,
France had been studying the effect of prolactin on sleep regula-
tion and, in 1993, published a neuroanatomical description of
“central prolactin neurons” for which they had used an antise-
rum to ovine prolactin (oPRL) that had been made in the 1970s
(Paut-Pagano et al., 1993). Shortly after mapping the mRNA dis-

Figure 1. Illustration of the neuronal populations hypocretin/orexin (orange) and MCH (green) in the tuberal hypothalamus on a coronal section of a mouse brain. 3V, Third ventricle; ic, internal
capsule; f, fornix; opt, optic tract.
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tribution of clone H35 in November 1995 while working in
Sutcliffe’s laboratory, T.S.K. noted its amazingly restricted local-
ization to the hypothalamus and discussed these results with Pro-
fessor Larry Swanson who referred him to the Paut-Pagano et al.
(1993) paper. T.S.K. then wrote to several individuals to obtain
an aliquot of this oPRL antiserum but, because of the limited
amount remaining, his request was unable to be fulfilled. Never-
theless, after the initial description of the hypocretins by de Lecea
et al. (1998), Dr. Pierre-Yves Risold of Centre National de la
Recherche Scientifique in France demonstrated the hypothesized
colocalization of preprohcrt mRNA and oPRL immunoreactivity
and determined that the prolactin peptide sequence used to pro-
duce the oPRL antiserum corresponded to an epitope of the pre-
prohypocretin peptide precursor (Risold et al., 1999). Thus,
Jouvet’s laboratory, world-renowned for its work on the regula-
tion of paradoxical (i.e., REM) sleep, was indeed the first to visu-
alize the hypocretin neurons, a system now known to suppress
paradoxical sleep and promote wakefulness, without knowing it!

With respect to the functions of the hypocretin/orexin system,
Prof. Masashi Yanagisawa’s team at the University of Texas
Southwestern Medical School had shown in its first report that
orexins promoted feeding (Sakurai et al., 1998). The localization
of the hypocretin/orexin neurons in the tuberal hypothalamus,
within a region well known to be involved in feeding regulation,
and its strong connections with feeding centers, supported these
observations and captured the interest of the scientific commu-
nity. In the first 2 years after their discovery, publications on the
hypocretins/orexins primarily focused on their putative function
as central mediators of food intake, although it quickly became
apparent that their role was not as central as other neuropeptides
were (Edwards et al., 1999). It is interesting that, although the
orexin/hypocretin peptides play a minor role in food intake, the
name “orexin” (derived from the Greek “orexis” meaning appe-
tite) is still widely used, even more widely than hypocretin.
“Hypocretin” was chosen to denote the location of the cell bodies
in the hypothalamus, as well as the sequence homology of these
peptides with the gut peptide secretin.

Because both of us are sleep researchers, our finding that a
high density of hypocretin fibers was present in all the brain
regions known to be involved in wake promotion, particularly
regions containing the adrenergic, noradrenergic, histaminergic,
and serotoninergic neurons, suggested to us that these newly
identified neurons might play a role in the regulation of the sleep/
wake cycle. As part of the “handwaving arguments in the discus-
sion” noted by Reviewer 2 in our Journal of Neuroscience paper,
we indeed suggested a role for the hypocretins in sleep/wake con-
trol. However, we had little expectation at the time that these
peptides would play such a central role. During these first 2 years,
we tried to interest fellow sleep neurobiologists to work on these
neuropeptides, particularly because of the intense innervation of
the locus ceruleus, but functional data were lacking to convince
our colleagues to jump into this area. However, in late July/early
August 1999, two key papers were published in Cell indicating
that a defect in hypocretin/orexin neurotransmission might be
related to the sleep disorder narcolepsy in animal models (Che-
melli et al., 1999; Lin et al., 1999). In January 2000, the first
observations of low hypocretin-1/orexin-A levels in the CSF of
human narcoleptics were published (Nishino et al., 2000), sug-
gesting a problem with either synthesis or release of this peptide
in narcoleptic patients. Later that year, two now classic reports
demonstrated that the number of hypothalamic neurons synthe-
sizing the hypocretin neuropeptides was greatly reduced in the
brain of human narcoleptics (Peyron et al., 2000; Thannickal et

al., 2000). Thus, in a little �2.5 years, the two hypocretin neuro-
peptides were discovered, implicated in at least two central func-
tions, linked to animal models of the sleep disorder narcolepsy,
and ultimately shown to be the likely proximate cause of this
debilitating sleep disorder. Since then, a large body of literature
has clarified the role of hypocretin/orexin in the regulation of the
sleep/wake cycle (for review, see Schwartz and Kilduff, 2015).
Briefly, hypocretin neurons are active only during wakefulness
(Lee et al., 2005; Mileykovskiy et al., 2005), and hypocretin-1/
orexin-A is released during wakefulness and sleep deprivation
(Zeitzer et al., 2003), particularly during positive emotional
states, as demonstrated by intracerebral microdialysis in humans
(Blouin et al., 2013). Optogenetic and pharmacogenetic manip-
ulations of orexin neurons have shown that these neuropeptides
promote wakefulness by exciting wake-promoting neurons
(Adamantidis et al., 2007; Sasaki et al., 2011; Carter et al., 2012).

This line of basic research has led to the production of a new
pharmacological treatment for insomnia. Because wake-
promoting systems are thought to be overactivated in insomnia
patients (Riemann et al., 2015), orexin receptor antagonists were
developed to reduce waking drive. Suvorexant (Belsomra) was
the first orexin receptor antagonist approved by the U.S. Food
and Drug Administration in August 2014 and is now on the mar-
ket in the United States and Japan.

The establishment of a role for the hypocretin/orexin in re-
ward and addiction is more recent. DiLeone et al. (2003) first
suggested this possibility in a review proposing that “Neurons
expressing these neuropeptides (i.e., orexin/hypocretin) have ex-
tensive projections to regions of the brain important for behav-
ioral responses to drugs of abuse (referring to Peyron et al., 1998),
raising the possibility that the pathways may also be important in
addiction.” The role of orexin/hypocretin peptides in reward was
subsequently determined (Boutrel et al., 2005; Harris et al.,
2005). Again, these authors stated that their hypotheses were
strongly driven by the neuroanatomical observations that we had
reported. Today, the role of hypocretins/orexins in reward, drug
seeking, and relapse is clearly established (Baimel et al., 2015).
Orexin antagonists are considered to be a promising approach for
treating substance abuse. The dual involvement of hypocretins in
wakefulness and drug-seeking behaviors highlights the need for
healthy sleep hygiene in the everyday fight against relapse. Be-
cause misuse of hypnotics is prevalent, the putative lack of abuse
liability of orexin antagonists represents an advance over current
drug treatments for insomnia.

Research on sleep/wake control, addiction, and other fields has
been facilitated by the development of multiple mouse models of the
hypocretin/orexin system. The orexin/eGFP mouse has enabled
study of the neurophysiological control of orexin neurons in vitro
(Yamanaka et al., 2003). Some of the best characterized transgenic in
vivo models have focused on the pathophysiology of narcolepsy,
including the orexin ligand knock-out mouse (Chemelli et al., 1999),
the orexin-ataxin3 mouse (Hara et al., 2001), the orexin receptor-2
null mouse (Willie et al., 2003), and, most recently, the orexin-DTA
mouse (Tabuchi et al., 2014). The use of these transgenic models has
suggested new therapeutic pathways for the treatment of narcolepsy
symptomatology (Black et al., 2014, 2016). However, the loss of
hypocretin/orexin neurons in human narcolepsy suggests that the
ultimate treatment for this disorder would be hypocretin replace-
ment therapy to compensate for loss of these neuropeptides. Al-
though most drug discovery efforts focusing on hypocretin/orexin
agonists have been impeded by the difficulty of finding compounds
that penetrate the blood–brain barrier, Nagahara et al. (2015) re-
cently described the first selective nonpeptidergic orexin agonists,
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which may lead to novel therapeutics for the treatment of this
disease.

Sixteen years since its first discovery, the cause of hypocretin/
orexin neuronal death in narcolepsy Type 1 is still unknown. The
current leading hypothesis is that narcolepsy is an autoimmune dis-
ease that specifically targets the hypocretin/orexin neurons rather
than the hypocretin/orexin neuropeptides (Singh et al., 2013; Liblau
et al., 2015). Although numerous studies have searched for autoan-
tibodies in CSF without success, only very recently have mouse mod-
els been developed to decipher the cause of hypocretin/orexin
neurodegeneration (Bernard-Valnet et al., 2016; Tesoriero et al.,
2016). C.P. and immunologists Roland Liblau and Raphael Bernard-
Valnet have recently described an innovative mouse model to
study the etiology of narcolepsy that expresses a neo-self-
antigen specifically on the membrane of hypocretin/orexin
neurons (Bernard-Valnet et al., 2016). Adoptive transfer of
effector neo-self-antigen-specific CD8, but not CD4, T cells
led to T-cell infiltration of the hypothalamus and specific de-
struction of hypocretin/orexin neurons, resulting in narco-
lepsy. These new studies promise a better understanding of the
mechanisms involved in the development of narcolepsy, with the
hope that it will lead to the development of curative treatments.

In conclusion, as indicated by its citation rate, our paper has
clearly impacted several areas of neuroscience research. Although
not always considered flashy, solid neuroanatomical studies lay
an essential foundation for subsequent functional studies. In re-
cent years, there has been increased focus at the National Insti-
tutes of Health and elsewhere on translational research. Although
neuroanatomical studies are rarely considered “translational,”
the hypocretin/orexin story in toto has led to an understanding of
the etiology of a sleep disorder that had been a mystery since its
original description 120 years earlier and has also led to the de-
velopment of a new treatment for insomnia. With a little more
luck, human narcoleptics may have a new pharmacological treat-
ment within a decade as well!
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