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Abstract
Histamine was first identified in the brain about 50 years ago, but only in the last few years have researchers 
gained an understanding of how it regulates sleep/wake behavior. We provide a translational overview of the 
histamine system, from basic research to new clinical trials demonstrating the usefulness of drugs that enhance 
histamine signaling. The tuberomammillary nucleus is the sole neuronal source of histamine in the brain, and 
like many of the arousal systems, histamine neurons diffusely innervate the cortex, thalamus, and other wake-
promoting brain regions. Histamine has generally excitatory effects on target neurons, but paradoxically, histamine 
neurons may also release the inhibitory neurotransmitter GABA. New research demonstrates that activity in 
histamine neurons is essential for normal wakefulness, especially at specific circadian phases, and reducing 
activity in these neurons can produce sedation. The number of histamine neurons is increased in narcolepsy, 
but whether this affects brain levels of histamine is controversial. Of clinical importance, new compounds are 
becoming available that enhance histamine signaling, and clinical trials show that these medications reduce 
sleepiness and cataplexy in narcolepsy.
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Statement of Significance
Histamine is a key wake-promoting neurotransmitter, and new medications that modulate histamine signaling are now 
under development. This paper reviews new research, ranging from basic science to recent clinical trials that highlight 
the normal functions of histamine neurons and how drugs that enhance histamine signaling may improve the symp-
toms of a variety of sleep disorders, including narcolepsy with cataplexy.
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Introduction
Towards the end of World War 1, an epidemic of encephalitis 
lethargica spread across Europe, and the Viennese neurologist 
Constantin von Economo observed that most patients with 
severe sleepiness had inflammation and lesions in the posterior 
hypothalamus (PH) [1]. He proposed that the PH contains wake-
promoting neurons, and in the last decades, researchers have 
identified several, specific neuronal populations in the PH that 
are crucial for wake, including neurons producing histamine, 
orexin (hypocretin), GABA, and glutamate. The histaminergic 
system is now receiving increased attention as much has been 
learned in the last few years about the normal functions of this 
system and how its dysfunction may contribute to clinical sleep 
disorders [2, 3]. This article summarizes a symposium presented 
at the Sleep 2018 meeting focusing on the normal functions of 
the histamine system, how daily variations in activity of the his-
taminergic neurons help drive circadian rhythms of sleep and 
wake, and how new compounds that enhance histamine signal-
ing improve wake and cataplexy in narcolepsy.

Overview of Histamine Signaling
Histamine is a small, monoamine signaling molecule. Most cli-
nicians are familiar with the functions of histamine in the per-
iphery where it regulates immune responses and itch when 
released by mast cells and basophils, and how it regulates acid 
secretion when released by enterochromaffin-like cells of the 
stomach. However, in the brain, histamine mainly functions as 
a wake-promoting and rapid eye movement (REM) sleep–sup-
pressing neurotransmitter, with additional effects on feeding 
and endocrine function [4].

In the brain, the tuberomammillary nucleus (TMN) is the sole 
neuronal source of histamine. The TMN is a loose constellation 
of 75–120 000 neurons (in humans) scattered around the third 
ventricle and mammillary body in the ventral PH [5, 6]. The TMN 
neurons project widely throughout the brain, innervating and 
generally exciting neurons from the cortex to the brainstem. 
Histidine decarboxylase (HDC) converts the amino acid histi-
dine to histamine which is then packaged into synaptic vesicles 
by the vesicular monoamine transporter (VMAT2) [7] (Figure 1). 
When nerve terminals are depolarized, histamine is released 
into the synaptic cleft and binds to histamine receptors which 
are located presynaptically or postsynaptically. In contrast to 
other monoaminergic neurotransmitters such as serotonin 
and dopamine, there appears to be no high-affinity reuptake 
system for histamine, but some histamine may be taken up by 
the low-affinity organic cation transporter 3 which is expressed 
by astrocytes [8]. Instead, most histamine is cleared from the 
extracellular space by conversion to the inactive tele-methylhis-
tamine (tmHA) by histamine N-methyltransferase (HNMT) [4].

Histamine can act through four distinct G protein-coupled 
histamine receptors (H1-H4), and the H1, H2, and H3 receptors 
are all expressed in brain [4]. The H1 receptor depolarizes post-
synaptic neurons and is crucial for the wake-promoting effects 
of histamine. In fact, over half of all over-the-counter sleep aids 
contain H1 receptor antagonists such as diphenhydramine or 
doxylamine. The H2 receptor may mediate aggression as mice 
with high histamine levels due to a lack of HNMT show more 
aggressive behaviors such as chasing and biting another male 
mouse, and these behaviors are strongly suppressed by a H2 

receptor antagonist [9]. The H3 receptor is an inhibitory auto-
receptor akin to 5HT1a or D2 receptors on serotonin- and dopa-
mine-synthesizing neurons, respectively; when histamine tone 
is high, histamine can bind to the H3 receptor on TMN neurons, 
hyperpolarizing and reducing the activity of these cells [10]. The 
H3 receptor is also expressed as a heteroreceptor on a variety 
of neurons, including cells that make dopamine, serotonin, nor-
epinephrine, acetylcholine, GABA, and glutamate. Thus, drugs 
that interfere with H3 receptor signaling such as pitolisant can 
block its inhibitory effects, increasing brain levels of histamine, 
as well as levels of serotonin, norepinephrine, dopamine, and 
possibly other neurotransmitters [11]. Strictly speaking, most H1 
and H3 receptor “antagonists” are actually inverse agonists; H1 
and H3 receptors are constitutively active, even in the absence of 
histamine, and drugs such as diphenhydramine and pitolisant 
reduce this constitutive activity.

Histamine Signaling and Sleep/Wake 
Behavior
Much preclinical research demonstrates that histamine, act-
ing via H1 and H3 receptors, is essential for normal sleep/wake 
behavior. TMN histamine neurons fire fastest during wake, espe-
cially active wake, and extracellular histamine levels are highest 
during the active period [12–14]. TMN neurons fire little during 
non-rapid eye movement (NREM) sleep, and they are essentially 
silent in REM sleep [12, 15–18]. Drugs that interfere with H3 
receptor signaling (e.g. ciproxifan and pitolisant) promote wake-
fulness in mice, probably through an increase in levels of hista-
mine and other wake-promoting neurotransmitters [2, 11, 19, 20].  
Chemogenetic activation of the TMN neurons substantially 
increases locomotion, likely reflecting high levels of arousal [21].

Which systems activate TMN neurons during wake is 
unclear, but the orexin neurons are one important input. The 
orexin neurons heavily innervate and excite the TMN, and infu-
sion of orexin-A into the TMN region increases wake [22–24]. 
Similarly, TMN neurons strongly express the OX2 orexin recep-
tor, and focal restoration of this receptor in the TMN region 
improves maintenance of long wake bouts [25]. These obser-
vations demonstrate that the orexin neurons can activate the 

Figure 1.  Histamine neurotransmission. Histamine is synthesized from histidine 

and then packaged into synaptic vesicles by vesicular monoamine transporter 2 

(VMAT2). Upon release into the synaptic cleft, histamine can excite neurons via 

the H1 receptor leading to wakefulness, or it can inhibit histaminergic and other 

neurons via the H3 receptor. There is no reuptake mechanism for histamine, and 

it is broken down to tele-methylhistamine by histamine-N-methyltransferase.
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TMN, but surprisingly, histamine appears to have no effect on 
the orexin neurons [26].

Inhibition of histamine signaling or the TMN neurons has 
the opposite effects. Acute blockade of H1 receptor signaling by 
tiprolidine increases NREM sleep, and this effect is clearly medi-
ated by the H1 receptor as this sedating effect is absent in mice 
lacking H1 receptors [19]. Acute optogenetic inhibition of HA 
neurons swiftly switches mice from wake to NREM sleep [27]. 
Similarly, mice with a mutation in the γ2 subunit of the GABAA 
receptor are not sedated by zolpidem, one of the most heavily 
prescribed insomnia medications. However, when research-
ers restored the normal γ2 subunit only to the histamine neu-
rons, zolpidem significantly reduced the latency to NREM sleep, 
demonstrating that an acute increase of GABAergic drive onto 
histamine neurons is sufficient to induce NREM sleep [28]. In 
addition, photoactivation of preoptic area GABAergic neuron fib-
ers in the TMN induced sedation [29]. Collectively, these studies 
strongly suggest that histamine signaling promotes wake, and 
inhibition of histamine signaling promotes NREM sleep.

However, in contrast to the acute studies on histamine 
neurons, there are many studies demonstrating relatively 
normal sleep/wake behavior with chronic ablations of the dif-
ferent components of the histamine system. Rats with select-
ive destruction of the TMN neurons have normal amounts of 
wakefulness when tested 1–2 weeks after the lesions [30]. In 
contrast to the acute effects of zolpidem on HA neurons men-
tioned above, mice with synaptic GABAA receptors selectively 
removed from HA neurons have no altered sleep–wake charac-
teristics, although they do take longer to fall asleep in a novel 
environment [31]. Similarly, HDC knockout mice which con-
stitutively lack histamine or mice lacking H1 receptors have 
nearly normal amounts of wake [19, 32]. However, when mildly 
stressed by placement in a new cage, wild-type mice remain 
awake for 43 min, whereas mice lacking HDC stay awake for 
only 18  min [32]. HDC knockout mice are also significantly 
more drowsy at the start of the active period (“lights off”) com-
pared with littermate controls [32]. These findings suggest that 
other arousal systems can partially compensate for a chronic 
absence of histamine signaling, but the necessity of histamine 
becomes clear when the mice are challenged to produce a high 
level of arousal. As acute pharmacological and chemogenetic 
manipulations of histamine signaling strongly affect sleep/
wake behavior, it seems most likely that these subtle effects 
with chronic manipulations are reflective of the ability of other 
arousal systems to partially compensate for chronic reductions 
in histamine signaling.

Whether histamine and the TMN neurons affect REM sleep 
is less clear. Lesions of the TMN region produce a small but 
transient reduction in REM sleep [30], and ketotifen, a selective 
H1 receptor antagonist, suppresses REM sleep [33]. These stud-
ies suggest that histamine could promote REM sleep, but other 
research suggests the opposite. Hypothalamic neurons pro-
ducing melanin-concentrating hormone (MCH) promote REM 
sleep [34, 35], and histamine inhibits the MCH neurons via H3 
receptors [36]. Some MCH neurons also likely release GABA, and 
photoactivation of their terminals in the TMN elicits inhibitory 
postsynaptic responses in TMN neurons and lengthens bouts 
of REM sleep [37]. Similarly, mice lacking HDC have a small 
increase in REM sleep [32]. Our opinion is that histamine and 
the TMN neurons likely suppress REM sleep, but clearly, more 
work is needed to sort out the details.

Most research has focused on the TMN as a key source of 
histamine, but microglia can produce histamine in response to 
lipopolysaccharide [38], and about half of all brain histamine 
is produced by mast cells, which are scattered across the brain 
[39]. Asthma and allergic rhinitis are often worst at night, and 
the molecular circadian clock regulates the reactivity of mast 
cells in the periphery [40]. Much less is known about mast cells 
in the brain and what may trigger them to release histamine. 
One study found that activation of brain mast cells can increase 
wakefulness, and the sedating effects of selective H1 receptor 
antagonists such as tiprolidine are absent in mice lacking mast 
cells [41]. Mice normally show a strong increase in wake when 
food deprived, but mice without mast cells lack this response, 
either due to poor promotion of wake or reduced appetite [41]. In 
addition, chronic mild stress doubles the number of brain mast 
cells and increases wake during the active period [42]. Although 
these observations are intriguing, mice lacking mast cells have 
normal amounts of wake, NREM, and REM sleep [41], and deter-
mining how these cells contribute to normal or pathological 
sleep/wake behavior will be important directions for future 
research.

Cellular Diversity and Function of 
Histaminergic Neurons
Although best known for their critical role in the regulation of 
the wake state and aspects of wakefulness such as motivation 
and cognition, TMN histamine neurons have also been impli-
cated in a wide range of other physiological and behavioral 
functions, including thermoregulation, stress, and feeding [4]. 
Whether this functional diversity is attributable to molecular, 
cellular, and circuit-level heterogeneity is an unresolved ques-
tion. Specifically, are histaminergic neurons a single, relatively 
homogenous, though multifunctional population, or do they 
consist of discrete subpopulations? Stable neuronal cell–type 
identity lies at the intersection of a variety of key features that 
include developmental lineage, morphology, intrinsic excit-
ability, neurochemistry, and functional connectivity [43, 44]. 
Multiple lines of evidence suggest that histaminergic neurons 
may exhibit functional heterogeneity at several levels of ana-
lysis [45]. For example, different forms of stress have been 
shown to activate only selected populations of histaminergic 
neurons [46]. In other works, putative histaminergic neuron 
subpopulations exhibit differential sensitivity to GABA agonists, 
accounted for by divergent expression of GABA-A receptor subu-
nits [47, 48]. Anatomical evidence suggests that subpopulations 
of histaminergic neurons coexpress neuropeptides such as gala-
nin, substance P, and met-enkephalin in a species-dependent 
manner [49, 50]. As histamine neurons may take up L-DOPA 
and express DOPA decarboxylase, some have proposed that 
histamine neurons may have the capacity to synthesize and 
corelease dopamine [51]. Finally, studies using microdialysis in 
behaving animals have demonstrated projection target–depend-
ent differences in histamine release in response to pharmaco-
logical manipulation of histaminergic neurons [52]. Considered 
together, these data suggest the existence of molecularly and 
functionally distinct subpopulations of histamine neurons.

Electrophysiological signatures can also distinguish func-
tional subpopulations of neurons based on their biophysical 
properties [53]. The basic electrophysiological properties of 
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histaminergic neurons are well described in a variety of species: 
low frequency, rhythmic firing, broad action potentials, and a long 
latency to fire after sustained hyperpolarization, largely explained 
by a prominent A-type potassium current [54–57]. However, elec-
trophysiological diversity among histaminergic neurons is not 
well understood. Recently, Fujita and coworkers systematically 
analyzed the membrane properties of genetically defined hista-
minergic and nonhistaminergic neurons in the ventral TMN of 
adult mice followed by unsupervised hierarchical cluster analysis 
based on key electrical signatures [27]. This approach revealed a 
functional dichotomy among ventral TMN histamine neurons, 
with one putative subpopulation exhibiting higher input resist-
ance, briefer action potentials, and higher maximal firing rates 
relative to the other subpopulation [27]. Although these data sug-
gest that histamine neurons exhibit some functional diversity in 
their electrophysiological signatures, it remains an open question 
as to whether these putative subpopulations align with other 
molecular and circuit-level measures of diversity or represent a 
continuum of variation among these neurons.

Differential expression of genes can also shed light on hista-
minergic neuron diversity. Transcriptomic analysis at single cell 
resolution has emerged as a powerful and informative means 
of revealing cell-type diversity and circuit function in the brain. 
In particular, single cell RNA sequencing (scRNA-seq) allows the 
capture of mRNA from isolated single cells, and, through bio-
informatic analysis, categorization of discrete cell types, even 
within complex brain structures such as the hypothalamus 
[58–62]. With regard to histaminergic neurons, two recent stud-
ies captured some histaminergic neurons as part of a larger 
scale census of the arcuate nucleus or whole hypothalamus 
[61, 62]. Preliminary single cell transcriptomic analysis of his-
taminergic neurons (Jackson and coworkers, unpublished data) 
has revealed that HDC-expressing neurons are highly distinct in 
comparison with other posterior hypothalamic neurons as they 
express a unique complement of both known and novel cell-
type-specific markers. The histamine neurons robustly express 
transcripts for VMAT2 (Slc18a2) and glutamate decarboxylase 1 
(Gad1), an enzyme that converts glutamate into GABA (see sec-
tion on histamine and GABA co-transmission below). Further 
work will be required to determine the extent to which hista-
minergic neurons are transcriptionally homogenous or consist 
of distinct subpopulations. Furthermore, circadian time may be 
an additional variable as intriguing recent evidence suggests 
that Hdc expression varies across the day-night cycle [63]. In 
concert with an array of cell type-specific circuit-cracking meth-
odologies, this approach is well suited to reveal the molecular 
basis for functional diversity in the histamine system.

Histamine Production Is Governed by 
Mechanisms to Help Optimize Behavior 
With Circadian Time
A local circadian-like mechanism within histaminergic neurons 
helps optimize histamine levels for the times when animals will 
most likely be active. Hdc mRNA levels change rhythmically over 
24 hr, and HDC protein levels peak during the dark when mice 
are most active [63]. This daily change gives rise to an increase 
in the apparent number of HDC-immunoreactive cells during 
the dark period [64]; during the light period, HDC-protein lev-
els in some cells fall under the detection limit for immunocyto-
chemistry. The rhythmic daily variation of Hdc gene expression 

is controlled by circadian transcription factors. Selective knock 
out of one such factor, the “master clock” Bmal1 gene, from his-
taminergic neurons removes the oscillation of Hdc gene expres-
sion, producing higher and flatter levels of Hdc mRNA and HDC 
protein throughout the 24 hr [63]. Consequently, these mutant 
mice have abnormally high histamine levels during the “rest 
period,” resulting in sleep–wake fragmentation, with wakeful-
ness intruding into sleep [63]. Most likely, circadian activity in 
TMN neurons is coordinated by the suprachiasmatic nucleus 
(SCN), but at present the communication route is unknown. This 
local circadian mechanism regulating histamine levels is one of 
many parallel mechanisms that could have evolved to ensure 
mouse behavior is optimized to the time of day.

Histamine and GABA Cotransmission
Before histamine was identified as a brain neurotransmitter, it 
was already evident that there was a population of neurons in 
the TMN that innervated the neocortex. These cells were first pro-
posed to be GABAergic as indicated by immunocytochemistry for 
the GABA-synthesizing enzyme GAD-67 and GABA itself [50, 65], 
and later, it was found that these neurons were also histaminer-
gic [66, 67]. To be truly GABAergic, neurons also need to package 
GABA into synaptic vesicles, and two mechanisms are possible. 
The first is that VMAT2, which packages histamine, could also 
transport GABA as has been described in dopaminergic neurons 
of the ventral tegmental area, some of which corelease GABA [68, 
69]. The second, more conventional mechanism, would be that 
GABA is packaged into vesicles via the vesicular GABA transporter, 
VGAT [70, 71], and some histaminergic neurons express the Vgat 
(Slc32a1) gene [21]. Because GABA and histamine are in separate 
vesicles, at least in cultured histamine neurons [72], it seems most 
likely that histamine neurons use VGAT to package GABA.

Functional evidence for GABA release was provided in a recent 
optogenetic study. Photostimulation of histaminergic axons in 
acute neocortex slices induced the release of GABA as indicated by 
activation of GABAA receptors [21]. This GABA release occurred in 
the presence of histamine receptor antagonists and action poten-
tial blockers, indicating that there was no intermediate activa-
tion of GABAergic interneurons by histamine. So how is the GABA 
released from the histaminergic axons? Selective knockdown of 
Vgat gene expression from histamine neurons increased wake 
during the dark period and locomotion [21]. When Vgat expression 
from the TMN area was knocked out (not limited to the histamine 
neurons), photostimulation did not evoke GABA release in the cor-
tical slices, suggesting that neurons in the TMN region, likely the 
histamine neurons, can release GABA in the cortex [21] (Figure 2).

The GABA released from histaminergic axons then binds to 
extrasynaptic GABAA receptors to produce a tonic inhibition, 
which is a form of background GABAA receptor inhibition concep-
tually similar in its effects to extrasynaptic metabotropic GABAB 
receptor activation [21, 73]. What could be the role of GABA in 
this context? We tend to think of GABA signaling as promoting 
sleep and reducing cognition, but within the neocortex, GABA 
signaling is also essential for processing information during the 
wake state [74]. In this context, synaptic inhibition coming from 
particular classes of GABAergic neurons governs the precise 
timing of when excitatory pyramidal neurons fire. Similarly, it 
has been discovered from modeling studies that tonic inhibition 
might enhance cognition by augmenting the accuracy of action 
potential firing [75–77]. Through their broad innervation of the 
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neocortex, TMN neurons may modulate network activity via 
histaminergic and GABAergic volume transmission. Currently, it 
is unknown if GABA and histamine are released from different 
zones of the axons or if this is coordinated, and not all hista-
mine neurons are GABAergic [78]. Much more work is needed 
to flesh out this heterogeneity of histamine cells and what this 
means for this systems-level organization of the brain.

Plasticity in the Histamine System
With disruption of other wake-promoting systems, the histaminer-
gic TMN neurons are capable of remarkable adaptation. Narcolepsy 
type 1 (NT1) is characterized by a severe loss of orexin neurons, 
and two, independent, postmortem studies unexpectedly showed 
that the number of HDC-immunoreactive neurons is increased 
64%–95% in the brains of people with NT1 [5, 6]. Normally, the 
orexin neurons strongly excite the TMN neurons [22], and loss of 
signaling from these cells may trigger compensatory changes in 
TMN neurons. The most straightforward explanation is increased 
expression of HDC, making TMN neurons easier to detect by immu-
nostaining. In addition, orexin null mice show moderate increases 
in the numbers of HDC neurons [5], and zebrafish lacking a key 
enzyme for synthesis of catecholamines also show more HDC neu-
rons [79]. However, this change in cell number is not seen in all 
orexin-deficient mouse lines nor in zebrafish lacking orexins [5, 6, 
80]. Alternatively, it is possible that the increase in HDC neurons in 
NT1 is related to the process that kills the orexin neurons, but the 
specific factors that give rise to this plasticity and whether it has a 
physiological impact remain unknown [2].

Histamine Is Not a Reliable Biomarker 
for Narcolepsy and Other Central 
Hypersomnias
Several studies have examined histamine and its main metabol-
ite tmHA in clinical hypersomnolence disorders, but the results 

are controversial. Initial studies reported low cerebrospinal fluid 
(CSF) histamine levels in narcolepsy (both type 1 and type 2) and 
idiopathic hypersomnia [81, 82], and this general pattern was 
supported by another small study that lacked control subjects 
[83]. However, a subsequent larger study found no reduction in 
histamine or tmHA in a well-defined population of patients with 
narcolepsy and other hypersomnia disorders using a very sen-
sitive assay (liquid chromatographic-electrospray/tandem mass 
spectrometric assay developed for the simultaneous analysis of 
histamine and its major metabolite tele-methylhistamine) [84]; 
furthermore, histamine levels did not correlate with subjective 
(Epworth Sleepiness Scale) and objective (Multiple Sleep Latency 
Test) measures of sleepiness or CSF orexin-A levels [85]. These 
results were in agreement with the normal cortical levels of tele-
methyl histamine in orexin-/-mice compared with wild-type 
mice [20]. In a small number of patients with narcolepsy, CSF 
was collected again several months after the first sample; yet, 
histamine and tmHA levels showed no consistent change [86]. 
Altogether these data suggest that despite the increased num-
ber of HDC cells, extracellular histamine levels are likely normal 
in patients with narcolepsy.

Histamine is a labile molecule and is present only at very 
low (pM) concentrations in lumbar CSF, and future studies of 
histamine tone may require sampling of extracellular fluid in 
the brain itself, closer to the sites of histamine release. Thus, 
although the number of histaminergic neurons is increased in 
type 1 narcolepsy, our opinion is that histamine and tmHA in 
lumbar CSF are not useful biomarkers of narcolepsy or other 
centrally mediated hypersomnia disorders.

Treating Sleep Disorders With Medications 
That Target Histamine Receptors
Signaling through the H1 receptor promotes wake, and drugs 
that block the H1 receptor are the most commonly used medi-
cations for insomnia. First-generation H1 receptor antagonists 
such as diphenhydramine, chlorpheniramine, and doxylamine 
penetrate the brain well due to their lipophilicity, producing sed-
ation, whereas second-generation medications such as fexofen-
adine and loratadine are less lipophilic and much less sedating 
[87]. Some antidepressants and antipsychotics such as doxepin, 
amitriptyline, and olanzapine are also H1-receptor blockers with 
beneficial effect on insomnia.

The H3 receptor has become a recent drug target for the treat-
ment of daytime sleepiness in narcolepsy and other hypersom-
nia disorders [10, 88]. Pitolisant (previously known as tiprolisant) 
is a H3-receptor inverse agonist that increases brain levels of 
histamine and other wake-promoting neurotransmitters [89, 90].  
In mice lacking orexin, pitolisant increased wakefulness, 
decreased NREM sleep, and reduced cataplexy [20]. In a medium 
size, class 1 study of patients with narcolepsy (type 1 and type 
2), pitolisant at doses ranging from 10 to 40 mg/day over 8 weeks 
reduced the Epworth sleepiness score about 6 points, a reduc-
tion similar to modafinil 100–400  mg/day [91]. Another recent 
study found that pitolisant 10–40 mg/day (mostly at 40 mg/day  
in this flexible dosing, 7 week study) reduced the weekly cata-
plexy rate by about 75% [92]. Pitolisant is generally well-tol-
erated, with only few adverse events that include headache, 
irritability, nausea, and insomnia. The starting daily dose should 
be 10 mg and it may be increased up to 40 mg, given once each 

Figure  2.  Schematic of circuitry for how Histamine–GABA neurons promote 

wakefulness. During wakefulness, histamine/GABA neurons release histamine 

(red) and GABA (green) into the prefrontal cortex (PFC), neocortex (Ctx), and stri-

atum (Str). Histamine-only projections excite GABAergic neurons in the preoptic 

area (POA) that inhibit sleep-active GABA neurons. Modified from Ref. 93.
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morning. Pitolisant was approved by the European Medicines 
Agency in 2016 to treat adults with narcolepsy with or without 
cataplexy, and it will soon be reviewed by the FDA for use in 
the United States. Most research on H3 antagonists has focused 
on their use in narcolepsy, but they may improve sleepiness in 
disorders such as idiopathic hypersomnia, Parkinson’ disease, 
and obstructive sleep apnea syndrome, and clinical trials are 
ongoing.

How H3-receptor inverse agonists such as pitolisant pro-
mote wake and suppress cataplexy requires further research. 
Most likely, pitolisant promotes wake by increasing histamine 
tone, but as H3 receptors are expressed on other monoamine 
neurons, increases in norepinephrine, serotonin, and dopamine 
may also contribute [2, 11, 19, 20]. As histamine itself has little 
effect on REM sleep, it seems most likely that pitolisant sup-
presses cataplexy through H3 receptors on noradrenergic or 
serotonergic neurons that strongly suppress REM sleep.

Over the last decades, researchers have learned much about 
histamine’s effects on wakefulness and sleep and the effects 
of drugs that enhance signaling through the H1 and H3 his-
tamine receptors. Still, important questions remain such as 
whether histamine is made by more than one type of neuron, 
what aspects of wakefulness are enhanced by histamine, are 
cotransmitters such as GABA important, what is the cause and 
the functional impact of the increase in histaminergic neurons 
in narcolepsy, what are the interactions between the histamin-
ergic and orexinergic neurons, and what is the optimal use of 
H1 and H3 receptor antagonists in narcolepsy and other clinical 
disorders? With a more refined molecular, cellular, and circuit-
level understanding of the function of the histaminergic system, 
we will ultimately be better positioned to deliver more effective 
and specific therapies for patients with sleep disorders.

Funding
This work was supported by the National Institutes of Health 
(P01 HL095491 and R01 NS106032 to T.E.S; K99/R00 MH097792 
and R01 MH112739 to A.C.J.); the UK Dementia Research 
Institute which receives its funding from UK DRI Ltd funded 
by the UK Medical Research Council, Alzheimer’s Society, and 
Alzheimer’s Research UK (N.P.F.  and W.W.); and the Wellcome 
Trust (107839/Z/15/Z to N.P.F. and 107841/Z/15/Z to W.W).
Conflict of interest statement. T.E.S. has consulted with Bioprojet 
and Harmony Biosciences (makers of pitolisant). Y.D. has con-
sulted for UCB Pharma, Jazz, Theranexus, Flamel, Idorsia, 
Takeda, Harmony Biosciences, and Bioprojet. A.C.J., N.P.F., and 
W.W. have no financial disclosures.

References
1.	 von Economo C. Sleep as a problem of localization. J Nerv. 

Ment Dis. 1930;71(3):249–259.
2.	 Shan L, et al. Interactions of the histamine and hypocretin 

systems in CNS disorders. Nat Rev Neurol. 2015;11(7):401–413.
3.	 Panula P, et  al. The histaminergic network in the brain: 

basic organization and role in disease. Nat Rev Neurosci. 
2013;14(7):472–487.

4.	 Haas HL, et al. Histamine in the nervous system. Physiol Rev. 
2008;88(3):1183–1241.

5.	 Valko PO, et  al. Increase of histaminergic tuberomammil-
lary neurons in narcolepsy. Ann Neurol. 2013;74(6):794–804.

6.	 John J, et  al. Greatly increased numbers of histamine 
cells in human narcolepsy with cataplexy. Ann Neurol. 
2013;74(6):786–793.

7.	 Puttonen HAJ, et  al. Storage of neural histamine and his-
taminergic neurotransmission is VMAT2 dependent in the 
zebrafish. Sci Rep. 2017;7(1):3060.

8.	 Yoshikawa T, et al. Molecular mechanism of histamine clear-
ance by primary human astrocytes. Glia. 2013;61(6):905–916.

9.	 Naganuma F, et  al. Histamine N-methyltransferase reg-
ulates aggression and the sleep-wake cycle. Sci Rep. 
2017;7(1):15899.

10.	 Schlicker E, et  al. Role of the histamine H3 receptor 
in the central nervous system. Handb Exp Pharmacol. 
2017;241:277–299.

11.	 Flik G, et al. Interaction between brain histamine and sero-
tonin, norepinephrine, and dopamine systems: in vivo 
microdialysis and electrophysiology study. J Mol Neurosci. 
2015;56(2):320–328.

12.	 John J, et al. Cataplexy-active neurons in the hypothalamus: 
implications for the role of histamine in sleep and waking 
behavior. Neuron. 2004;42(4):619–634.

13.	 Mochizuki T, et al. Circadian rhythm of histamine release 
from the hypothalamus of freely moving rats. Physiol Behav. 
1992;51(2):391–394.

14.	 Zeitzer JM, et al. Time-course of cerebrospinal fluid hista-
mine in the wake-consolidated squirrel monkey. J Sleep Res. 
2012;21(2):189–194.

15.	 Steininger TL, et al. Sleep-waking discharge of neurons in 
the posterior lateral hypothalamus of the albino rat. Brain 
Res. 1999;840(1-2):138–147.

16.	 Ko EM, et  al. Wake-related activity of tuberomammillary 
neurons in rats. Brain Res. 2003;992(2):220–226.

17.	 Vanni-Mercier G, et  al. Waking selective neurons in the 
posterior hypothalamus and their response to histamine 
H3-receptor ligands: an electrophysiological study in freely 
moving cats. Behav Brain Res. 2003;144(1-2):227–241.

18.	 Sakai K, et  al. Sleep-waking discharge of ventral tubero-
mammillary neurons in wild-type and histidine decarb-
oxylase knock-out mice. Front Behav Neurosci. 2010;4:53.

19.	 Parmentier R, et al. Role of histamine H1-receptor on behav-
ioral states and wake maintenance during deficiency of a 
brain activating system: a study using a knockout mouse 
model. Neuropharmacology. 2016;106:20–34.

20.	 Lin JS, et  al. An inverse agonist of the histamine H(3) 
receptor improves wakefulness in narcolepsy: stud-
ies in orexin-/- mice and patients. Neurobiol Dis. 
2008;30(1):74–83.

21.	 Yu X, et al. Wakefulness is governed by GABA and histamine 
cotransmission. Neuron. 2015;87(1):164–178.

22.	 Schöne C, et  al. Coreleased orexin and glutamate evoke 
nonredundant spike outputs and computations in hista-
mine neurons. Cell Rep. 2014;7(3):697–704.

23.	 Peyron C, et  al. Neurons containing hypocretin (orexin) 
project to multiple neuronal systems. J Neurosci. 
1998;18(23):9996–10015.

24.	 Huang ZL, et al. Arousal effect of orexin A depends on acti-
vation of the histaminergic system. Proc Natl Acad Sci USA. 
2001;98(17):9965–9970.

25.	 Mochizuki T, et al. Orexin receptor 2 expression in the pos-
terior hypothalamus rescues sleepiness in narcoleptic 
mice. Proc Natl Acad Sci USA. 2011;108(11):4471–4476.

26.	 Yamanaka A, et  al. Regulation of orexin neurons by the 
monoaminergic and cholinergic systems. Biochem Biophys 
Res Commun. 2003;303(1):120–129.

6  |  SLEEPJ, 2019, Vol. 42, No. 1



27.	 Fujita A, et  al. Hypothalamic tuberomammillary nucleus 
neurons: electrophysiological diversity and essential role 
in arousal stability. J Neurosci. 2017;37(39):9574–9592.

28.	 Uygun DS, et al. Bottom-Up versus top-down induction of 
sleep by zolpidem acting on histaminergic and neocortex 
neurons. J Neurosci. 2016;36(44):11171–11184.

29.	 Chung S, et  al. Identification of preoptic sleep neurons 
using retrograde labelling and gene profiling. Nature. 
2017;545(7655):477–481.

30.	 Gerashchenko D, et  al. Effects of lesions of the histamin-
ergic tuberomammillary nucleus on spontaneous sleep in 
rats. Sleep. 2004;27(7):1275–1281.

31.	 Zecharia AY, et  al. GABAergic inhibition of histaminer-
gic neurons regulates active waking but not the sleep-
wake switch or propofol-induced loss of consciousness. J 
Neurosci. 2012;32(38):13062–13075.

32.	 Parmentier R, et  al. Anatomical, physiological, and 
pharmacological characteristics of histidine decarboxyl-
ase knock-out mice: evidence for the role of brain hista-
mine in behavioral and sleep-wake control. J Neurosci. 
2002;22(17):7695–7711.

33.	 Unno K, et  al. First and second generation H₁ histamine 
receptor antagonists produce different sleep-inducing pro-
files in rats. Eur J Pharmacol. 2012;683(1-3):179–185.

34.	 Hassani OK, et  al. Melanin-concentrating hormone neu-
rons discharge in a reciprocal manner to orexin neu-
rons across the sleep-wake cycle. Proc Natl Acad Sci USA. 
2009;106(7):2418–2422.

35.	 Vetrivelan R, et  al. Melanin-concentrating hormone neu-
rons specifically promote rapid eye movement sleep in 
mice. Neuroscience. 2016;336:102–113.

36.	 Parks GS, et al. Histamine inhibits the melanin-concentrat-
ing hormone system: implications for sleep and arousal. J 
Physiol. 2014;592(10):2183–2196.

37.	 Jego S, et al. Optogenetic identification of a rapid eye move-
ment sleep modulatory circuit in the hypothalamus. Nat 
Neurosci. 2013;16(11):1637–1643.

38.	 Martres MP, et al. Histamine synthesis in the developing rat 
brain: evidence for a multiple compartmentation. Brain Res. 
1975;83(2):261–275.

39.	 Katoh Y, et al. Histamine production by cultured microglial 
cells of the mouse. Neurosci Lett. 2001;305(3):181–184.

40.	 Christ P, et al. The circadian clock drives mast cell functions 
in allergic reactions. Front Immunol. 2018;9:1526.

41.	 Chikahisa S, et  al. Histamine from brain resident MAST 
cells promotes wakefulness and modulates behavioral 
states. PLoS One. 2013;8(10):e78434.

42.	 Chikahisa S, et al. Mast cell involvement in glucose toler-
ance impairment caused by chronic mild stress with sleep 
disturbance. Sci Rep. 2017;7(1):13640.

43.	 Nelson SB, et  al. The problem of neuronal cell types: 
a physiological genomics approach. Trends Neurosci. 
2006;29(6):339–345.

44.	 Fishell G, et  al. The neuron identity problem: form meets 
function. Neuron. 2013;80(3):602–612.

45.	 Blandina P, et al. Histamine neurons in the tuberomamillary 
nucleus: a whole center or distinct subpopulations? Front 
Syst Neurosci. 2012;6:33.

46.	 Miklós IH, et al. Functional heterogeneity of the responses 
of histaminergic neuron subpopulations to various stress 
challenges. Eur J Neurosci. 2003;18(11):3069–3079.

47.	 Sergeeva OA, et al. GABA(A) receptor heterogeneity in hista-
minergic neurons. Eur J Neurosci. 2002;16(8):1472–1482.

48.	 Sergeeva OA, et  al. Pharmacological properties of GABAA 
receptors in rat hypothalamic neurons expressing the epsi-
lon-subunit. J Neurosci. 2005;25(1):88–95.

49.	 Köhler C, et al. Galanin immunoreactivity in hypothalamic 
neurons: further evidence for multiple chemical mes-
sengers in the tuberomammillary nucleus. J Comp Neurol. 
1986;250(1):58–64.

50.	 Airaksinen MS, et al. Multiple neurotransmitters in the tub-
eromammillary nucleus: comparison of rat, mouse, and 
guinea pig. J Comp Neurol. 1992;323(1):103–116.

51.	 Yanovsky Y, et al. L-Dopa activates histaminergic neurons. J 
Physiol. 2011;589(Pt 6):1349–1366.

52.	 Giannoni P, et  al. Heterogeneity of histaminergic neurons 
in the tuberomammillary nucleus of the rat. Eur J Neurosci. 
2009;29(12):2363–2374.

53.	 Tripathy SJ, et al. Brain-wide analysis of electrophysiological 
diversity yields novel categorization of mammalian neuron 
types. J Neurophysiol. 2015;113(10):3474–3489.

54.	 Haas HL, et al. Membrane properties of histaminergic tub-
eromammillary neurones of the rat hypothalamus in vitro. 
J Physiol. 1988;399:633–646.

55.	 Greene RW, et al. Two transient outward currents in hista-
mine neurones of the rat hypothalamus in vitro. J Physiol. 
1990;420:149–163.

56.	 Llinás RR, et al. Electrophysiology of the mammillary com-
plex in vitro. I. Tuberomammillary and lateral mammillary 
neurons. J Neurophysiol. 1992;68(4):1307–1320.

57.	 Stevens DR, et  al. Calcium-dependent prepotentials con-
tribute to spontaneous activity in rat tuberomammillary 
neurons. J Physiol. 1996;493 (Pt 3):747–754.

58.	 Poulin JF, et al. Disentangling neural cell diversity using sin-
gle-cell transcriptomics. Nat Neurosci. 2016;19(9):1131–1141.

59.	 Zeng H, et al. Neuronal cell-type classification: challenges, 
opportunities and the path forward. Nat Rev Neurosci. 
2017;18(9):530–546.

60.	 Romanov RA, et al. Molecular interrogation of hypothalamic 
organization reveals distinct dopamine neuronal subtypes. 
Nat Neurosci. 2017;20(2):176–188.

61.	 Campbell JN, et  al. A molecular census of arcuate hypo-
thalamus and median eminence cell types. Nat Neurosci. 
2017;20(3):484–496.

62.	 Chen R, et al. Single-Cell RNA-Seq reveals hypothalamic cell 
diversity. Cell Rep. 2017;18(13):3227–3241.

63.	 Yu X, et al. Circadian factor BMAL1 in histaminergic neurons 
regulates sleep architecture. Curr Biol. 2014;24(23):2838–2844.

64.	 McGregor R, et  al. Diurnal fluctuation in the number of 
hypocretin/orexin and histamine producing: implication 
for understanding and treating neuronal loss. PLoS One. 
2017;12(6):e0178573.

65.	 Vincent SR, et  al. Hypothalamic gamma-aminobu-
tyric acid neurons project to the neocortex. Science. 
1983;220(4603):1309–1311.

66.	 Takeda N, et  al. Immunohistochemical evidence for the 
coexistence of histidine decarboxylase-like and glutamate 
decarboxylase-like immunoreactivities in nerve cells of the 
magnocellular nucleus of the posterior hypothalamus of 
rats. Proc Natl Acad Sci USA. 1984;81(23):7647–7650.

67.	 Köhler C, et  al. The cytoarchitecture, histochemistry and 
projections of the tuberomammillary nucleus in the rat. 
Neuroscience. 1985;16(1):85–110.

68.	 Tritsch NX, et  al. Dopaminergic neurons inhibit striatal 
output through non-canonical release of GABA. Nature. 
2012;490(7419):262–266.

Scammell et al.  |  7



69.	 Tritsch NX, et  al. Midbrain dopamine neurons sustain 
inhibitory transmission using plasma membrane uptake of 
GABA, not synthesis. Elife. 2014;3:e01936.

70.	 Tong Q, et  al. Synaptic release of GABA by AgRP neurons 
is required for normal regulation of energy balance. Nat 
Neurosci. 2008;11(9):998–1000.

71.	 Wojcik SM, et al. A shared vesicular carrier allows synaptic 
corelease of GABA and glycine. Neuron. 2006;50(4):575–587.

72.	 Kukko-Lukjanov TK, et  al. Subcellular distribution of his-
tamine, GABA and galanin in tuberomamillary neurons in 
vitro. J Chem Neuroanat. 2003;25(4):279–292.

73.	 Brickley SG, et  al. Extrasynaptic GABA(A) receptors: their 
function in the CNS and implications for disease. Neuron. 
2012;73(1):23–34.

74.	 Haider B, et al. Inhibition dominates sensory responses in 
the awake cortex. Nature. 2013;493(7430):97–100.

75.	 Bright DP, et  al. Synaptic release generates a tonic 
GABA(A) receptor-mediated conductance that modu-
lates burst precision in thalamic relay neurons. J Neurosci. 
2007;27(10):2560–2569.

76.	 Duguid I, et  al. Tonic inhibition enhances fidelity of sen-
sory information transmission in the cerebellar cortex. J 
Neurosci. 2012;32(32):11132–11143.

77.	 Wlodarczyk AI, et al. Tonic GABAA conductance decreases 
membrane time constant and increases EPSP-spike pre-
cision in hippocampal pyramidal neurons. Front Neural 
Circuits. 2013;7:205.

78.	 Williams RH, et  al. Optogenetic-mediated release of his-
tamine reveals distal and autoregulatory mechanisms for 
controlling arousal. J Neurosci. 2014;34(17):6023–6029.

79.	 Chen YC, et  al. A novel developmental role for dopamin-
ergic signaling to specify hypothalamic neurotransmitter 
identity. J Biol Chem. 2016;291(42):21880–21892.

80.	 Chen A, et al. Genetic analysis of histamine signaling in lar-
val zebrafish sleep. eNeuro. 2017;4(1):1–28.

81.	 Kanbayashi T, et al. CSF histamine contents in narcolepsy, 
idiopathic hypersomnia and obstructive sleep apnea syn-
drome. Sleep. 2009;32(2):181–187.

82.	 Nishino S, et  al. Decreased CSF histamine in narcolepsy 
with and without low CSF hypocretin-1 in comparison to 
healthy controls. Sleep. 2009;32(2):175–180.

83.	 Bassetti CL, et  al. Cerebrospinal fluid histamine levels are 
decreased in patients with narcolepsy and excessive day-
time sleepiness of other origin. J Sleep Res. 2010;19(4):620–623.

84.	 Croyal M, et al. Histamine and tele-methylhistamine quan-
tification in cerebrospinal fluid from narcoleptic subjects 
by liquid chromatography tandem mass spectrometry with 
precolumn derivatization. Anal Biochem. 2011;409(1):28–36.

85.	 Dauvilliers Y, et  al. Normal cerebrospinal fluid histamine 
and tele-methylhistamine levels in hypersomnia condi-
tions. Sleep. 2012;35(10):1359–1366.

86.	 Lopez R, et  al. temporal changes in the cerebrospinal fluid 
level of Hypocretin-1 and histamine in narcolepsy. Sleep. 
2017;40(1):1–7.

87.	 Simons FE. Advances in H1-antihistamines. N Engl J Med. 
2004;351(21):2203–2217.

88.	 Barateau L, et  al. Treatment options for narcolepsy. CNS 
Drugs. 2016;30(5):369–379.

89.	 Schwartz JC. The histamine H3 receptor: from dis-
covery to clinical trials with pitolisant. Br J Pharmacol. 
2011;163(4):713–721.

90.	 Ligneau X, et  al. BF2.649 [1-{3-[3-(4-Chlorophenyl)pro-
poxy]propyl}piperidine, hydrochloride], a nonimidazole 
inverse agonist/antagonist at the human histamine H3 
receptor: preclinical pharmacology. J Pharmacol Exp Ther. 
2007;320(1):365–375.

91.	 Dauvilliers Y, et al.; HARMONY I study group. Pitolisant versus 
placebo or modafinil in patients with narcolepsy: a double-
blind, randomised trial. Lancet Neurol. 2013;12(11):1068–1075.

92.	 Szakacs Z, et  al.; HARMONY-CTP study group. Safety and 
efficacy of pitolisant on cataplexy in patients with narco-
lepsy: a randomised, double-blind, placebo-controlled trial. 
Lancet Neurol. 2017;16(3):200–207.

93.	 Yu X, et  al. Sleep and sedative states induced by target-
ing the histamine and noradrenergic systems. Front Neural 
Circuits. 2018;12:4.

8  |  SLEEPJ, 2019, Vol. 42, No. 1


