Histamine: a key neuromodulator of memory consolidation and retrieval
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Abstract
In pharmacological studies conducted on animals over the last four decades, histamine was determined to be a strong
modulator of learning and memory. Activation of histamine signaling enhances memory consolidation and retrieval.
Even long after learning and forgetting, it can still restore the retrieval of forgotten memories. These findings based
on animal studies led to human clinical trials with histamine H3 receptor antagonists/inverse agonists, which revealed
their positive effects on learning and memory. Therefore, histamine signaling is a promising therapeutic target for
improving cognitive impairments in patients with various neuropsychiatric disorders, including Alzheimer’s disease.
While the memory-modulatory effects of histamine receptor agonists and antagonists have been confirmed by several
research groups, the underlying mechanisms remain to be elucidated. This review summarizes how the activation and
inhibition of histamine signaling influence memory processes, introduces candidate the cellular and circuit
mechanisms, and discusses the relationship between the human histaminergic system and learning and memory.
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Overview
Histamine is a biological amine that functions as a neurotransmitter, regulating sleep and wakefulness, feeding and
energy balance, and cognition (Haas and Panula 2003; Haas et al. 2008; Panula and Nuutinen 2013). The brain
histaminergic system is active during wakefulness and responsive to motivational stimuli. Many animal studies have
revealed that systemic and local injections of histamine receptor agonists and antagonists influence memory
performance (Köhler et al. 2011), indicating that histamine is a strong modulator of learning and memory. Based on
these findings, chemical compounds modulating histamine signaling have been identified as promising novel
therapeutics for cognitive symptoms in patients with neuropsychiatric disorders (Esbenshade et al. 2008; Schwartz
2011; Zlomuzica et al. 2016; Sadek et al. 2016). While the memory-modulatory effects of histamine receptor agonists
and antagonists have been confirmed by many studies, the cellular and circuit mechanisms underlying histamineinduced memory modulation are poorly understood. Here, we briefly explain the basics of histamine neurons and
receptors, summarize pharmacological and genetic studies analyzing the effects of histamine on learning and memory,
and introduce candidate underlying mechanisms. We also review alterations in histamine signaling in several
neuropsychiatric disorders and how the modulation of histamine signaling influences learning and memory in humans.

Histamine-producing neurons and histamine receptors in the brain
The histaminergic system in the brain is composed of approximately 64,000 histamine neurons in humans and 4,600
in rats, with cell bodies located in the tuberomammillary nucleus (TMN) in the hypothalamus and projecting to a
wide range of regions in the brain (Ericson et al. 1987; Alraksinen et al. 1991). Histamine neurons are grouped in E13

E5 clusters within the TMN (Moriwaki et al. 2015). Originally, the histaminergic system was presumed to be a single
functional unit that regulates the activity of the entire brain (Wada et al. 1991). More recently, however, different
subsets of histamine neurons have been suggested to separately perform diverse physiological roles (Blandina et al.
2012). Histamine neurons are classified based on different electrophysiological properties (Fujita et al. 2017; Michael
et al. 2020) and gene expression patterns (Sergeeva et al. 2002; Vorobjev et al. 2003; Umehara et al. 2012). In addition,
several drugs modulate histamine release in multiple brain areas in different ways (Giannoni et al. 2009). These
findings imply that histamine neurons are organized into functionally distinct circuits that project to different brain
areas, although a histamine neuronal subpopulation responsible for learning and memory remains to be identified.
Histamine is synthesized from L-histidine by histidine decarboxylase (HDC), released following action potentials,
and mainly methylated by histamine methyltransferase (HNMT) and oxidized by monoamine oxidase B (MAOB)
for metabolism (Haas et al. 2008). A mathematical model has been presented to predict histamine synthesis, release,
and metabolism (Best et al. 2017). Brain histamine has also been suggested to be produced in mast cells (Nautiyal et
al. 2009; Lenz et al. 2018), microglia (Katoh et al. 2001), and microvascular endothelial cells (Yamakami et al. 2000),
but the significance of the effect of brain histamine release from nonneuronal cells on learning and memory remains
to be determined.
Four types of G protein-coupled histamine receptors (H1R, H2R, H3R, and H4R) have been identified. H1Rs and H2Rs
exist in neurons and glial cells and are expressed postsynaptically in most brain regions, including areas involved in
learning and memory, such as the cerebral cortex, hippocampus, and amygdala (Martinez-Mir et al. 1990). Gq/11 and
phospholipase C are downstream of H1R activation, which leads to Ca2+-dependent events and the subsequent
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excitation of postsynaptic cells. H2Rs are coupled to Gs, which sequentially activates adenylyl cyclase and protein
kinase A (PKA). Although most studies have not examined the contribution of neuronal and astrocytic histamine
receptors separately, genetic studies using astrocyte- and neuron-specific conditional knockout mice suggest different
roles of H1R expressed on neurons and astrocytes in various brain functions, including learning and memory (Kárpáti
et al. 2019). H3Rs are present in neurons at both presynaptic and postsynaptic sites. H3R activation promotes the
activation of Gi/o, which inhibits adenylyl cyclase and subsequently downregulates PKA activation. In addition,
histamine suppresses N- and P-type Ca2+ channels through H3R activation (Takeshita et al. 1998). H3Rs in the axons
and somas of histamine neurons negatively regulate histamine release and synthesis (Arrang et al. 1983). H3Rs are
also found in nonhistamine neurons and regulate the release of other neurotransmitters, including γ-aminobutyric
acid (GABA), glutamate, acetylcholine, and noradrenaline (Schlicker et al. 1994; Blandina et al. 1996b; Yamamoto
et al. 1997). Although H3Rs are known primarily as presynaptic receptors, they are also located postsynaptically.
Postsynaptic H3Rs have not been studied as extensively as presynaptic H3Rs (Ellenbroek and Ghiabi 2014), and little
is known about the contribution of postsynaptic H3Rs to memory processing. H4Rs are present in several brain regions,
including the cerebral cortex, brainstem, thalamus, and amygdala (Strakhova et al. 2009), but the role of H4Rs seems
limited in learning and memory (Sanna et al. 2017).

Histamine and memory consolidation
The first paper examining the involvement of histamine in learning and memory was published by de Almeida and
Izquierdo (de Almeida and Izquierdo 1986). They reported that a posttraining intracerebroventricular (i.c.v.) infusion
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of histamine enhances the retention of inhibitory avoidance in rats. A local histamine infusion into the hippocampus
and amygdala also enhances retention in the same memory task (da Silva et al. 2006; Benetti and Izquierdo 2013).
The effect of the intrahippocampal infusion of histamine is blocked by an H2R antagonist, and an intrahippocampal
infusion of an H2R agonist mimics the histamine-induced enhancement of memory consolidation (da Silva et al.
2006). In addition to the effect of exogenous histamine application, the requirements for endogenous histamine on
memory consolidation were tested. Posttraining systemic administration of diphenhydramine, an H1R antagonist with
antagonistic activity to muscarinic receptors, impairs freezing behavior during test sessions of a contextual fear
conditioning task (Nonaka et al. 2013). H1R and H2R antagonists block memory retention in a novel object
recognition task when they are infused into the CA1 30-120 min after training (da Silveira et al. 2013). Depletion of
brain histamine via an i.c.v. injection of α-fluoromethylhistidine, an irreversible HDC inhibitor, 1 day before training
blocks the retention of long-term but not short-term memory of step-down inhibitory avoidance (Benetti et al. 2015).
This memory deficit is rescued by intra-basolateral amygdala (BLA) and intra-CA1 infusions of histamine
immediately or 110 min after training. These results indicate that histamine signaling is required for memory
consolidation. Based on the findings that H3R activation inhibits histamine release and synthesis, H3R agonists and
antagonists have been reported to prevent and enhance memory consolidation, respectively. A pretraining systemic
injection of H3R agonists impairs object recognition and the passive avoidance response (Blandina et al. 1996a).
More specifically, for memory consolidation, a posttraining, intra-CA1 infusion of an H3R agonist impairs the
retention of long-term memory in a novel object recognition task (da Silveira et al. 2013). Posttraining administration
of an H3R antagonist enhances memory retention in a two-trial delayed comparison paradigm using a Y-maze, which
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is blocked by the administration of an H2R antagonist (Orsetti et al. 2001). However, local infusions of H3R agonists
and antagonists into the BLA induce opposite effects. A posttraining intra-BLA infusion of an H3R antagonist
decreases the conditioned fear response (Passani et al. 2001). In contrast, an intra-BLA injection of an H3R agonist
enhances the fear response (Cangioli et al. 2002). Acetylcholine modulation in the BLA might explain the different
effects of systemic and intra-BLA administration of H3R agonists and antagonists (Blandina et al. 2004). The
muscarinic receptor activation in the amygdala is critical for consolidation of fear memory (Introini-Collison et al.
1996; Vazdarjanova and McGaugh 1999). The intra-BLA administration of H3R agonists and antagonists enhance
and reduce acetylcholine release in the BLA, respectively (Passani et al. 2001; Cangioli et al. 2002). Therefore, the
histamine-acetylcholine interaction may regulate memory consolidation in the BLA.
H2R-mediated phosphorylation of cAMP-responsive element-binding protein (CREB) is a possible mechanism by
which histamine improves memory consolidation (Figure 1A). CREB is phosphorylated by several protein kinases,
including PKA, and is a key transcription factor regulating the synthesis of proteins critical for memory consolidation
(Bourtchuladze et al. 1994; Kida et al. 2002). H2R is coupled to Gs, which activates adenylyl cyclase and PKA (Haas
and Panula 2003). Therefore, H2R activation is likely to modulate gene expression, which is critical for memory
consolidation through the PKA-CREB pathway.
In addition, the histamine-induced modification of synaptic plasticity has been proposed to be a mechanism by which
histamine improves memory consolidation (Figure 1A). Synaptic plasticity is possibly a cellular mechanism of
learning and memory (Martin et al. 2000; Neves et al. 2008). Long-term potentiation (LTP) is defined as persistent
increases in the synaptic efficacy of excitatory synaptic transmission and is a typical form of synaptic plasticity in
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the hippocampus that is triggered by Ca2+ influx through the N-methyl-D-aspartate receptor (NMDAR) (Bliss and
Collingridge 1993; Sakimura et al. 1995). Histamine directly potentiates NMDAR function (Bekkers 1993; Vorobjev
et al. 1993; Burban et al. 2010), contributing to the histamine-induced enhancement of LTP (Brown et al. 1995; Kuo
and Dringenberg 2008). H1R activation reduces the Mg2+ block of NMDARs, which also increases NMDAR function
(Payne and Neuman 1997). In addition, inositol 1,4,5-trisphosphate (IP3)-induced Ca2+ release following H1R
activation may promote synaptic plasticity. Researchers have also proposed that H1R activation triggers D-serine
release from astrocytes, leading to enhanced LTP through NMDAR activation (Masuoka et al. 2019). Consistent with
these findings, LTP in the hippocampal CA1 region is reduced in H1R-deficient mice (Dai et al. 2007). However,
further studies are needed to determine whether histamine-mediated synaptic plasticity underlies the histamineinduced improvement in memory consolidation because these mechanisms are related to the induction of synaptic
plasticity, which contributes to a cellular mechanism underlying memory encoding rather than memory consolidation.
Histamine influences adult neurogenesis, which might modulate memory consolidation. In the hippocampal
subgranular zone, new neurons are continuously generated throughout adulthood (Ming and Song 2005; Zhao et al.
2008). Adult-born neurons are presumed to participate in a variety of memory processes, including memory
consolidation (Kitamura and Inokuchi 2014). H1R and H2R are expressed in neural stem cell niches, H2R activation
promotes neural stem cell proliferation, and H1R activation induces neuronal differentiation (Molina-Hernández and
Velasco 2008; Rodríguez-Martínez et al. 2012; Wasielewska et al. 2017; Liao et al. 2019). Therefore, histamine
potentially modulates memory processing by affecting adult neurogenesis. Consistent with this hypothesis, H1Rdeficient mice show impaired spatial learning and reduced adult neurogenesis (Ambrée et al. 2014).
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Histamine and memory retrieval
Memory retrieval is not only a reflection of memory traces in the brain but also a dynamic output process that is
modulated by the internal states of subjects (Tarder-Stoll et al. 2020). Compared to memory encoding and
consolidation, less is known about memory retrieval, despite the importance of its deficits in various neuropsychiatric
disorders (Beatty et al. 1988; Westmacott et al. 2001; Meeter et al. 2006; Kopelman and Bright 2012; Thomas 2015).
Histamine is a candidate key modulator of memory retrieval. Kamei and Tasaka revealed that a pretest i.c.v. infusion
of histamine shortens the response latency in an active avoidance task in old rats in an H1R-dependent manner (Kamei
and Tasaka 1993). An i.c.v. administration of histamine and histidine facilitates the retrieval of short-term social
memory (Prast et al. 1996). In a radial maze task, histamine (i.c.v.) and histidine (i.p.) administration ameliorated
spatial memory deficits induced by MK-801 infusion, which was blocked by both H1R and H2R antagonists (Xu et
al. 2005). These findings indicate that the exogenous application of histamine facilitates memory retrieval. In addition,
the role of endogenous histamine in memory retrieval was examined. A pretest injection of H1 receptor antagonists
blocks the active avoidance response and contextual conditioned fear response (Nishiga et al. 2003; Nonaka et al.
2013). Depletion of histamine 1 day after training impairs the inhibitory avoidance response, which is rescued by a
histamine infusion into the CA1 before the retention test (Fabbri et al. 2016). The effect of H3R antagonists/inverse
agonists is consistent with the facilitating effect of histamine on memory retrieval. Systemic administration of an
H3R antagonist prior to the memory test enhances the retrieval of social memory (Prast et al. 1996).
Forgotten memories persist latently in the brain because they are occasionally and spontaneously recollected. A few
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animal studies have shown that long-term and/or highly invasive manipulation recovers retrograde amnesia. For
example, chronic treatment with a histone deacetylase inhibitor and optogenetic activation of memory engram
neurons restore forgotten fear memory (Fischer et al. 2007; Ryan et al. 2015). Treatment with H3R antagonists/inverse
agonists is a more clinically applicable method. A single administration of an H3R antagonist/inverse agonist prevents
natural forgetting in a novel object recognition task (Pascoli et al. 2009). Rats discriminate novel and familiar objects
after the administration of the H3R antagonist/inverse agonist in a memory test conducted 24 h following training,
while control rats do not discriminate the two objects in the test. The improvement of memory retrieval requires the
activation of both H1R and H2R. From a clinical perspective, an important goal is to determine whether H3R
antagonists/inverse agonists induce recovery long after learning and forgetting. We examined the effect of H3R
antagonists/inverse agonists (thioperamide and betahistine) on forgotten novel object recognition memories long after
learning and forgetting to answer this question (Nomura et al. 2019). While control mice did not discriminate the
novel and familiar objects 3 days after training, the mice receiving thioperamide discriminated the two objects 3 days,
1 week, and 1 month after training. Betahistine-treated mice also discriminated the two objects 1 week after the
training. Based on these results, H3R antagonists/inverse agonists recover the retrieval of forgotten memories long
after learning. The recovery effect on memory retrieval depends on histamine release and H2R activation in the
perirhinal cortex (PRh) because an i.p. administration of thioperamide promoted histamine release in the PRh, the
recovery effect was blocked by a local infusion of H2R antagonist into the PRh, and an intra-PRh infusion of
thioperamide mimicked the recovery effect. Therefore, we documented that H3R antagonists/inverse agonists
promote the retrieval of forgotten long-term memory through H2R activation in the PRh (Nomura et al. 2019).
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The enhanced retrieval may be due to histamine-induced excitatory effects (Figure 1B). H1R activation exerts to an
excitatory effect on neurons in most brain regions, including the hippocampus (Selbach et al. 1997; ManahanVaughan et al. 1998) and cerebral cortex (Reiner and Kamondi 1994). This excitatory effect involves a decrease in
the leak K+ current (Reiner and Kamondi 1994). H2R is also involved in histamine-induced excitatory effects through
several mechanisms. H2R activation increases intracellular cAMP and activates PKA, which inhibits
afterhyperpolarization by inhibiting Ca2+-dependent K+ channels, resulting in increased neuronal excitability. In
addition, cAMP directly acts on the hyperpolarization-activated cation channel HCN2, leading to depolarization
(Pedarzani and Storm 1995). Furthermore, H2R activation suppresses the activity of inhibitory interneurons through
Kv3.2-containing K+ channels, and this effect also contributes to histamine-dependent modulation of neural network
activity (Atzori et al. 2000). These excitatory effects of histamine may be related to its ability to promote memory
retrieval. In fact, the depolarization of PRh neurons mimics the recovery of memory retrieval that is induced by an
H3R antagonist/inverse agonist injection (Nomura et al. 2019). When the excitability of PRh neurons is increased by
a Designer Receptors Exclusively Activated by Designer Drug (DREADD) before the memory test, forgotten object
memories are recovered by enhancing retrieval. Taken together, these findings suggest that the histamine-induced
increase in neuronal excitability through H1R and/or H2R activation enhances memory retrieval.
How does the increased neuronal excitability facilitate memory retrieval? According to recent studies, memory
retrieval is mediated by the selective reactivation of neuronal populations that were active during learning (Josselyn
et al. 2015; Tonegawa et al. 2015). For example, a population of neurons in the BLA that is active during fear
conditioning is reactivated during subsequent retrieval of fear memory (Reijmers et al. 2007; Nonaka et al. 2014;
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Nakayama et al. 2014). Synaptic potentiation occurs specifically in the subpopulation of neurons active during fear
conditioning (Nonaka et al. 2014). In addition, optogenetic activation of hippocampal dentate gyrus neurons that
were active during fear conditioning triggers memory retrieval (Liu et al. 2012). Different memories appear to be
stored in different subsets of neurons because the retrieval of different fear memories activates different subsets of
amygdalar neurons (Nomura et al. 2012). These findings have prompted the hypothesis that the retrieval of individual
memories requires specific reactivation of the responsible neurons. However, because histamine receptors are not
exclusively expressed in neurons that were recruited into a memory trace, histamine may increase neuronal
excitability throughout the neural circuit, including both neurons that were and were not recruited into the memory
trace, similar to noise added to the neural circuits for memory retrieval. Here, stochastic resonance can explain how
adding noise to the circuit enhances memory retrieval. Stochastic resonance is a phenomenon in which the addition
of noise to a signal that is undetectable because it is smaller than a threshold causes the signal to exceed the threshold
and become detectable. It has been used to explain various phenomena in biology and physics (Fauve and Heslot
1983; McDonnell and Ward 2011). The explanation of memory retrieval through stochastic resonance is provided
below (Figure 2). When a subject re-encounters a stimulus that the subject memorized in the past, the memory of the
stimulus is recalled correctly if neurons recruited into the memory trace are reactivated. However, as time passes
after learning, when those neurons become less active and their activity is below the threshold for memory retrieval,
the subject does not recall the memory. If histamine is present and increases neuronal excitability throughout the
circuit, the activity of some of the neurons recruited into the memory trace will exceed the threshold. The activity of
these neurons is presumed to allow the memory to be recalled. In fact, histamine has been shown to specifically
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promote reactivation of neurons activated during learning (Nomura et al. 2019).
Moreover, gamma oscillations, which are rhythmic activities in local field potentials that span a range of frequencies
between 30 and 120 Hz, might link histamine to memory retrieval. Slow gamma oscillations have been proposed to
support memory retrieval since place cells in the hippocampus code familiar spatial trajectories during slow gamma
oscillations (Zheng et al. 2016). Gamma oscillations are altered in patients with various neurological diseases,
including Alzheimer’s disease (AD), and in AD mouse models (Herrmann and Demiralp 2005; Van Deursen et al.
2008; Goutagny et al. 2013; Mably et al. 2017; Mondragón-Rodríguez et al. 2018). At a causal level, optogenetic
gamma stimulation rescues memory retrieval impairments in an AD mouse model (Etter et al. 2019). The optogenetic
stimulation of medial septal parvalbumin neurons at 40 Hz restores slow gamma oscillations in the hippocampus and
rescues memory performance in the novel object place recognition task when it was performed during a memory test
session. Based on these data, gamma oscillations are linked to memory retrieval. Histamine modulates gamma
oscillations in the hippocampus and cortex. In hippocampal slices, histamine promotes gamma oscillations via H1R
activation in a KCNQ channel-dependent manner (Andersson et al. 2017). In a mouse model of Parkinson’s disease
based on 6-hydroxydopamine (6-OHDA), kainate-induced gamma oscillations are reduced in hippocampal slices.
When 6-OHDA-treated mice are injected with H3R antagonists for 3 days before slice preparation, the slice generates
gamma oscillations comparable to sham mice (Masini et al. 2017). The effects of histamine on promoting gamma
oscillations have also been confirmed in vivo. A local histamine infusion into the medial entorhinal cortex (MEC)
increases gamma power in the MEC, which is blocked by H1R and H3R antagonists (Chen et al. 2018). Taken together,
these findings suggest that histamine promotes memory retrieval possibly by increasing gamma oscillations.
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Histamine and other memory processes
There are other processes that mediate memory storage and expression and are sensitive to drugs. In general, memory
consolidation requires cellular and molecular changes that occur within several hours after learning (Hashikawa et
al. 2011; Johansen et al. 2011). Blocking these changes leads to a memory deficit 24 h after learning. In addition to
rapid changes, delayed molecular changes (e.g., c-Fos and Arc) occur 12-24 h after learning (Bekinschtein et al. 2007;
Rossato et al. 2009; Nakayama et al. 2015) and retrieval (Nakayama et al. 2013; Nakayama et al. 2016). Blocking
the delayed molecular changes prevents memory expression 7 days but not 2 days after learning, indicating that the
maintenance of long-term memories requires delayed molecular changes following learning. Delayed Arc expression
is suggested to induce the elimination of dendritic spines, leading to a refinement of functional memory circuits
(Nakayama et al. 2015). Another memory stabilization process occurs after memory retrieval. Memory retrieval
renders a consolidated memory labile again, and another round of consolidation and reconsolidation is required for
its stabilization (Nader et al. 2000). Reconsolidation is sensitive to many types of drugs (Nader et al. 2000; Nomura
and Matsuki 2008; Kindt et al. 2009), and blocking reconsolidation of fear memories has been proposed to be a
medical treatment for posttraumatic stress disorder (PTSD). Although brief exposure to a conditioned stimulus (CS)
induces reconsolidation in a classical conditioning paradigm, repeated or long-term exposure to CS extinguishes
conditioned responses (Myers and Davis 2007). The extinction of conditioned responses is not permanent because
CS reappears after the presentation of an unconditioned stimulus and is spontaneously recovered over time (Shen et
al. 2013; Hitora-Imamura et al. 2015). Enhancing fear extinction and/or blocking fear reinstatement and spontaneous
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recovery are important for treating PTSD. Long-term storage of memories over weeks, months, or years requires the
reorganization of the brain network at the systems level (Frankland and Bontempi 2005; Klinzing et al. 2019). This
long-term consolidation across brain areas is known as systems consolidation. Although the mechanisms of a variety
of memory processes partially overlap with those of early consolidation, different mechanisms have also been
proposed at the levels of molecules, cells, and circuits (Alberini 2005; Myers and Davis 2007; Nakayama et al. 2015;
Tonegawa et al. 2018). Therefore, the effect of histamine on each memory process should be examined separately to
elucidate the whole picture of the effects of histamine on learning and memory. The involvement of some
neuromodulators in these memory processes has been studied over the past 20 years. Dopamine D1R is involved in
delayed steps 12 hours after learning, contributing to memory persistence (Rossato et al. 2009). D1R is also critical
for fear reinstatement, as blocking prefrontal D1R prevents synaptic depression, changes in amygdala activity, and
the reappearance of conditioned fear induced by a reminder shock (Hitora-Imamura et al. 2015). In contrast, a very
limited number of studies have analyzed the effects of histamine on memory processes other than initial learning and
retrieval. For example, an intra-CA1 infusion of histamine facilitates the consolidation of fear extinction memory
through H2R-dependent activation of ERK signaling (Bonini et al. 2011). H3R antagonists reverse the deficit in
reconsolidation induced by NMDAR antagonists, although H3R antagonists alone do not influence memory
reconsolidation (Charlier and Tirelli 2011; Brabant et al. 2013). Further studies are needed to understand the overall
role of histamine in various memory processes.

Effects of the genetic manipulation of histamine signaling on learning and memory
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Among studies using genetically modified mice, some reports support the hypothesis that histamine promotes
learning and memory, but the opposite results have also been reported. Chronic brain histamine depletion in adulthood
via a local infusion of an adeno-associated virus expressing Cre recombinase into the TMN of Hdc flox mice impairs
aversive memory (Yamada et al. 2020). Both H1R- and H2R-deficient mice show impaired spatial memory in the
Barnes maze and impaired object memory in the novel object recognition test (Dai et al. 2007; Zlomuzica et al. 2009;
Ambrée et al. 2014). However, both H1R- and H2R-deficient mice show greater conditioned fear responses than wildtype mice in the fear conditioning test (Dai et al. 2007). HDC-deficient mice exhibit impaired object memory but
enhanced conditioned fear responses in the fear conditioning test (Dere et al. 2003; Liu et al. 2007). In a study using
male HDC-deficient mice, spatial memory in the water maze task was shown to be enhanced (Dere et al. 2003), but
another study using female mice showed a deficit of spatial memory in HDC-deficient mice (Acevedo et al. 2006).
H3R-deficient mice show enhanced spatial memory in the Barnes maze but comparable object recognition and
location memories in the novel location and object recognition tasks compared to wild-type controls (Rizk et al.
2004). The contradictory findings may be due to the long-term manipulation of gene expression in the mutant mice.
Conventional genetically modified mice may not be appropriate to analyze the role of histamine signaling in learning
and memory because histamine signaling is modified outside of the time of learning and in various brain areas. Future
studies using spatial- and/or temporal-specific genetic manipulation of histamine signaling are needed to improve
our understanding of the role of histamine in specific memory processes.

Activity of histamine neurons in vitro and in vivo
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The activity of histamine neurons during memory processing must be elucidated to understand the contributions of
histamine to learning and memory. Histamine neurons show a slow regular firing pattern in vitro and in vivo (Reiner
and McGeer 1987; Haas and Reiner 1988). Their action potentials are broad with slow rise and decay times, followed
by a large afterhyperpolarization (Stevens et al. 2001). Recently, the development of genetically modified mice in
which histamine neurons are labeled with a fluorescent protein has enabled the performance of electrophysiological
recordings specifically from histamine neurons (Fujita et al. 2017; Michael et al. 2020). These studies showed that
the electrophysiological properties of genetically identified histamine neurons are broadly consistent with classical
observations. These properties are similar across subregions of the TMN and between male and female mice (Michael
et al. 2020). In addition, unsupervised hierarchical cluster analysis revealed that histamine neurons are categorized
into 2 subclasses, in which histamine type 1 neurons exhibit lower input resistance values, lower membrane time
constants, greater afterhyperpolarization (AHP) amplitudes, shorter action potential half-widths, faster rise and decay
times, and higher maximum firing rates than type 2 neurons (Fujita et al. 2017).
The activity of histamine neurons in vivo is dynamically modulated by the subject’s internal state. Microdialysis
studies have shown that extracellular histamine concentrations in the hypothalamus and cortex increase during
wakefulness (Strecker et al. 2002; Chu et al. 2004). Electrophysiological analyses revealed that histamine neurons
are active during wakefulness, but not drowsiness and NREM and REM sleep (Vanni-Mercier et al. 2003). This
histamine activity has been proposed to play an important role in the maintenance of wakefulness. A motivational
state may be another key modulator of the activity of histamine neurons. The presentation of inaccessible food to a
fasted rat, but not a fed rat, increases c-Fos expression in histamine neurons and histamine release in the hypothalamus
17

(Valdés et al. 2005; Valdés et al. 2010). The deprivation of anticipated food under scheduled feeding also induces cFos expression in histamine neurons (Umehara et al. 2010; Umehara et al. 2011). Therefore, histamine neurons are
active during the appetitive phase of feeding. Furthermore, histamine neurons appear responsive to other motivational
states. Exposure of male rats to proestrus female rats increases c-Fos expression in the TMN of male rats (Contreras
et al. 2016). In contrast, exposure to diestrus female rats has no effect on c-Fos expression. Although water
deprivation has no effect on c-Fos expression in the TMN, the presentation of an empty water bottle to thirsty rats
increases c-Fos expression in the TMN (Contreras et al. 2016). Taken together, these findings indicate an increase in
the activity of histamine neurons when subjects are awake and motivated. The dynamics of arousal and motivation
during and after memory tasks might influence memory processing through histamine signaling. Future studies using
activity recordings from genetically identified histamine neurons (e.g., calcium imaging, unit recordings from optotagged cells (Williams et al. 2014)) will elucidate the activity dynamics of histamine neurons and their effects on
learning and memory.

Human histaminergic system and memory
Based on the findings from the animal studies described above, studies have also assessed whether H3R
antagonists/inverse agonists improve memories in humans (Sadek et al. 2016; Provensi et al. 2020). Because pretest
administration of betahistine (H3R antagonist and weak H1R agonist) improves the retrieval of 1-week-old forgotten
object memory in mice, we conducted a randomized double-blind, placebo-controlled crossover trial to determine
whether pretest treatment with betahistine improves object recognition memory 1 week after learning in humans
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(Nomura et al. 2019). During the learning session, 38 healthy participants studied serial images of 128 objects. Seven
and 9 days after learning, we administered 108 mg of betahistine or placebo orally 30 min before the test session
started. The participants were asked whether they had seen the target images during the learning phase. Betahistine
treatment increased the overall correct ratio. More specifically, betahistine improved the correct rate to a greater
extent in subjects with poorer performance after the placebo treatment. On the other hand, a study with healthy
participants showed that betahistine (48 mg) had no effect on performance in working memory and paired associates
learning tasks (van Ruitenbeek and Mehta 2013). The effects of H3R antagonists/inverse agonists may depend on the
dose, task difficulty, and/or memory type.
Several lines of evidence support the hypothesis that the histaminergic system is altered in several neuropsychiatric
disorders, suggesting a possible role of the histaminergic system in cognitive impairments in these disorders (Shan
et al. 2017). A positron emission tomography study using a radioligand for H1R revealed that the binding potential of
H1R is reduced in the frontal and temporal areas of patients with AD (Higuchi et al. 2000). Receptor binding
correlated with the severity of AD. The binding of H2R is not altered in the prefrontal cortex of patients with AD
(Perry et al. 1998). The number of HDC-positive neurons in the TMN is reduced in the brains of individuals with AD
(Oh et al. 2019), although HDC mRNA expression in the TMN is not altered in patients with AD (Shan et al. 2012).
While some studies reported decreased histamine levels in the hippocampus, frontal cortex, and temporal cortex of
postmortem brain tissues from patients with AD (Mazurkiewicz-Kwilecki and Nsonwah 1989; Panula et al. 1997),
others reported increased histamine levels in the frontal cortex, basal ganglia, and hippocampus (Cacabelos et al.
1989). A study using postmortem brain samples from patients with AD showed that H3R binding in the frontal cortex
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correlates with dementia severity, while H3R binding is not different between the brains of individuals with AD and
age-matched controls (Medhurst et al. 2009). In patients with nonsyndromic autosomal recessive intellectual
disability, two homozygous HMT mutations (p.Gly60Asp and p.Leu208Pro) have been identified (Heidari et al.
2015). The p.Gly60Asp mutation disrupts the enzymatic activity of HMT, and p.Leu208Pro leads to the instability
of HMT. However, HNMT-deficient mice show no deficit in the passive avoidance test (Naganuma et al. 2017).
Clinical trials are currently underway to test whether H3R antagonists/inverse agonists improve cognitive
impairments in patients with AD. A randomized, double-blind, placebo-controlled study with 8 patients with mild to
moderate AD showed that treatments with GSK239512, an H3R antagonist, for 4 weeks exert positive effects on
memory (J. Nathan et al. 2013). In addition, a study with 99 placebo-treated subjects and 97 GSK239512-treated
subjects revealed that GSK239512 treatments for 16 weeks improved episodic memory, although the treatments had
no significant effect on other cognitive domains (Grove et al. 2014). Further studies with larger populations are
needed to test whether H3R antagonists/inverse agonists improve learning and memory in patients with AD.

Conclusions and perspectives
Behavioral pharmacological studies have provided a large amount of evidence supporting the hypothesis that
histamine improves memory consolidation and retrieval. Although we introduced candidates for the underlying
mechanisms in this review, most of them have not yet been tested in vivo. De novo gene expression is essential for
memory consolidation. The mechanism by which histamine modulates gene expression following learning and how
the modulation of gene expression regulates the cellular machinery responsible for memory consolidation remain
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elusive. Although we have provided evidence that histamine augments the reactivation of neurons that were active
during learning in slices(Nomura et al. 2019), the mechanism by which histamine modulates neuronal activity in vivo
remains to be elucidated. Recently, imaging of activity across large populations of neurons during naturalistic
behavior, including learning and memory, has been performed in vivo (Resendez et al. 2016). Optogenetics and
DREADDs enable the manipulation of neuronal activities in a cell type-specific manner. Further studies using these
imaging and manipulation techniques will elucidate the mechanisms by which histamine improves memory
consolidation and retrieval. Few studies have examined the effects of histamine on other memory processes, such as
memory maintenance, memory reconsolidation, extinction memory, reinstatement, and systems consolidation. An
understanding of these effects will require separate analyses of memory processes, including temporally and spatially
restricted genetic manipulation. Because clinical trials of H3R antagonists/inverse agonists with a small number of
participants showed positive effects on memory, histamine likely improves learning and memory in humans. Clinical
trials with larger populations are expected to test whether histamine is a novel target for improving cognitive
impairments in patients with neuropsychiatric disorders.
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Figures

Figure 1. Possible mechanisms by which histamine enhances memory consolidation and retrieval. (A) H2R
activation leads to the phosphorylation of CREB, which is a critical transcription factor for memory consolidation.
Histamine increases synaptic plasticity possibly by enhancing NMDA function and/or increasing Ca2+ release from
the endoplasmic reticulum (ER). (B) Histamine increases the excitability of excitatory neurons, possibly through the
activation of K2P, KCa, and/or HCN channels, which are triggered by H1R and H2R activation. H2R activation
hyperpolarizes inhibitory neurons through Kv3.2 channels. Together, the resulting increase in the excitability of the
neural circuitry may contribute to memory retrieval through the reactivation of neurons recruited into a memory trace.
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Figure 2. A stochastic resonance model explaining how histamine enhances memory retrieval. Early after
learning, when a subject re-encounters a stimulus that he/she memorized in the past, the stimulus-evoked input is
sufficiently large to activate neurons recruited into a memory trace (memory neurons), which leads to memory
retrieval. However, as time passes after learning, the stimulus-evoked input is smaller than the threshold and the
memory neurons are not activated, which results in retrieval failure. When histamine is present and increases neuronal
excitability throughout the neural circuit, the activity of some memory neurons exceeds the threshold, even if the
stimulus-evoked input is small. The activity of these neurons induces memory retrieval.
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