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ABSTRACT

Alzheimer's disease is a neurodegenerative disease character-
ized by a progressive decline in cognitive functions and in the
ability to continue activities of daily living. The exact causes of
Alzheimer's disease are yet unknown, but researchers suggest
that the formation and aggregation of p-amyloid and phos-
phorylated tau plaques are among the well-known factors that
explain the pathophysiogenesis of the disease. The mechanisms
by which B-amyloid leads to cognitive decline in Alzheimer's
disease are associated with degeneration in both cholinergic
and glutamatergic neurotransmission. However, it is proposed
that different neurotransmitter systems with neuronal hista-
mine also participate in the progress and continuance of cog-
nitive deficits associated with Alzheimer's disease. Histamine
serves as a neurotransmitter in brain. Histamine-containing
neurons in the brain are concentrated mainly in tuberomammil-
lary nucleus located posterior to the hypothalamus and project
widely to the regions such as the cerebellum and hippocampus
that are related to memory and cognitive functions. The cog-
nitive function modulated by histamine is thanks to the effect
of 4 metabotropic receptors: H1, H2, H3, and H4. Pathological
changes in histamine level and histamine receptor expression
in patients with Alzheimer's disease are largely predictive of
ensuing cognitive deficits. The review gives a synopsis of the
functions of histaminergic neurotransmission in Alzheimer's
disease-related cognitive decline, as well as the effects of H1,
H2, H3, and H4 on animal and clinical researches.
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Alzheimer hastaligi (AH), progresif olarak bilisssel islevlerde ve
gunlik yasam etkinliklerini strdirme becerilerinde azalma ile
karakterize nérodejeneratif bir hastaliktir. AH'na neden olan fak-
torler henliz tam olarak bilinememesine ragmen yapilan arastir-
malarda beta-amiloid (AB) plaklarinin olusumu ve agregasyonu ve
fosforile Tau proteinlerin varligr hastaligin en 6nemli patofizyolo-
jik bulgulari oldugu dustinilmektedir. AH'da AB plaklarinin neden
oldugu bilissel gerilemenin esas olarak kolinerjik ve glutamaterjik
norotransmisyon disfonksiyonu ile direk iligkili oldugu dusindl-
mektedir. Bununla birlikte son zamanlarda yapilan arastirmalarda
noronal histamin dahil diger norotransmitter sistemlerinin de AH
ile iligkili biligsel eksikliklerin progresyonu ve sirdurilmesine kat-
kida bulundugu 6ne strtlmustir. Biyojenik amin olan histamin,
beyinde norotransmitter gorevi gorir. Beyinde histamin ige-
ren noronlar, arka hipotalamusun tiberomamiller ¢ekirdeginde
bulunur ve bellek ve kognitif islevlerle iligkili olan serebellum ve
hipokampus gibi beyin bolgelerine projekte olur. Histamin bilis-
sel islevlerin modulasyonunu, beyinin farkli bolgelerinde farkli
yogunlukta eksprese olan dort metabotropik reseptort H1, H2,
H3 ve H4 lzerinden gerceklestirir. AH'da histamin seviyesindeki
ve histamin reseptor ekspresyonundaki patolojik degisikliklerin,
buyuk olctde bilissel eksikliklerin ortaya gikmasi ile iliskili oldugu
dusunllmektedir. Bu derlemede, histaminerjik nérotransmisyon
ve H1, H2, H3 ve H4 reseptorlerin AH iligkili kognitif azalma-
daki roll deneysel ve klinik arastirmalardan elde edilen veriler ile
ozetlenmektedir.
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INTRODUCTION

Alzheimer's Disease

Neurodegenerative diseases are hereditary or sporadic
conditions that lead to progressive degeneration and/or
death of nerve cells. Alzheimer's disease (AD) is largely
a reflection of a progressive neurodegenerative disorder,
affecting a large population globally."? Alzheimer's dis-
ease is regarded as the most widespread cause of demen-
tia in 2018 by the World Health Organization, with nearly
47 million patients around the world. It is estimated that
about 75 million people will suffer from AD; this num-
ber is projected to reach 140 million by 2050 worldwide,
and AD will be a major public health concern because of
no permanent cure.® The main feature of this disorder is
the impairment of learning, memory, language together
with other cognitive symptoms. Impairments of cognitive
function lead to the individual being unable to do daily life
activities over time and needing the care and support of
another individual ?

The exact causes of AD are yet not completely explained.
Major pathophysiological characteristics of AD include
B-amyloid (Ap) plaques, neurofibrillary tangles formed
by tau protein hyperphosphorylation, followed by altera-
tions in synaptic signaling, synaptic loss, and neuro-
nal degeneration.* Also, Ap that accumulates along the
blood vessels in the brain impairs blood flow in the brain
structure and accelerates neuronal damage. The soluble
form of Ap affects some biological events including the
generation of new proteins and the formation of den-
dritic spines, which are involved in memory and cogni-
tive functions.>® Another pathological alteration in AD
patients is the deficiency or disruption of central neu-
rotransmitter systems that cause clinical symptoms.” The
most prominent alterations are related to the acetylcho-
linergic and glutamatergic systems. Acetylcholine is the
neurotransmitter used by all cholinergic neurons and
is given the most attention in the pathogenesis of AD.
Acetylcholine serves as a neuromodulator in the hippo-
campus, thus increasing the encoding and retrieval of
memories.® Glutamate, a major excitatory neurotrans-
mitter in the brain, is another neurotransmitter that
is given the most attention in AD. Glutamate binds to
N-methyl-p-aspartate receptors (NMDARs) and main-
tains the synaptic plasticity that is involved in the regu-
lation of memory and learning.® p-amyloid induces basal
forebrain acetylcholine-synthesizing neuron cell loss, a
depletion in brain acetylcholine levels. Also, Ap plaques
caninduce excessive NMDARs activity by way of preven-
tion of glutamate reuptake from the extracellular space.
These changes are thought to be liable for AD-related
cognitive impairment.”° Even though the dysfunction of

acetylcholine and glutamate has been well documented
in cognitive impairment with AD pathogenesis, altera-
tions in other central neurotransmitter systems can
contribute to this pathology."°

Nowadays, it is increasingly noticed that the brain’'s his-
taminergic system, which has been largely neglected, also
can become a potential target to struggle with cogni-
tive impairments of AD. There are increasing evidences
recommending that changes in histamine neurotrans-
mission participate in the neurofibrillary tangles and tau
aggregation." The damage of tuberomammillary nucleus
(TMN) that is the origin of histamine neurons and an
altered expression of histamine receptors, which regu-
late histamine function, were determined in patients with
AD. The histamine-related neuron action improves cog-
nitive functions and memory. Therefore, dysfunction of
histaminergic neurons and changes of histamine recep-
tor binding may have taken part in the cognitive decline
of AD patients.'®'2 In this regard, it is very important to
understand the histaminergic system, which is involved in
the pathogenesis of AD, in order to struggle with cognitive
symptomps in AD.

Histaminergic System in the Brain

Histamine functions as a signaling molecule in the stom-
ach, the skin, and the immune system in the periphery.
The histamine released from its granules performs many
actions in the body such as gastric acid secretion, local
immune responses, and increasing the working rate of
the heart.”® Apart from these functions, histamine also
functions as a neurotransmitter that transports chemical
messages between nerve cells thereby maintaining the
brain homeostasis and higher brain functions in the cen-
tral nervous system.' Histamine-synthesizing neurons in
the brain are located mainly in the TMN and extend their
axons to particularly large brain regions, including the
hippocampus, arcuate nucleus, basal ganglia, and amyg-
dala (Figure 1). In connection with these regions, hista-
mine regulates many basic physiological functions such
as endocrine homeostasis, synaptic flexibility, cognition,
attention, learning, and memory.'®

Histamine is synthesized from histidine by oxidative
decarboxylation with the enzyme L-histidine decarbox-
ylase in the mammalian brain (Figure 2). Upon synthesis,
histamine is packaged in vesicles in both the soma and
varicosities through vesicular monoamine transporter 2,
and then calcium-dependent release of histamine hap-
pens as a result of depolarization of the histaminergic
neuron. The released histamine is then metabolized in the
postsynapses or glia by histamine N-methyltransferase to
the inactive tele-methylhistamine.®




Arch Basic Clin Res 2022;4(1):35-41

Cicek et al. Role of Histamine in Cognitive Impairment for Alzheimer 37

Figure 1. Schematic presentation of the neuronal histaminergic projections to memory and cognitive-relevant structures.
Histaminergic neurons (red circles) are restricted to the TMN. AH, anterior hypothalamic area; Arc, arcuate nucleus; Cc, corpus cal-
losum; Cer, cerebellum; CG, central gray; CX, cerebral cortex; DR, dorsal raphe nucleus; F, fornix; Hip, hippocampus; VMH, ventro-
medial hypothalamus; TMN, tuberomammillary nucleus (Modified from Kohler, 2011).

Histamine performs its physiological functions in the
brain through stimulation of 4 distinct receptor types,
as H1R, H2R, H3R, and H4R. These receptors belong to
the 7-transmembrane domain, rhodopsin-like family of
G-protein-coupled receptors.’>® Inside the brain, H1,
H2, and H3 receptors have unique regional distributions
and are differently expressed by neurons, astrocytes, and
endothelial cells. On the other hand, limited information is
realized about the expression and neuronalrole of H4R, the
most recently discovered histamine receptor, on its brain
localization."”” The H4R is generally found on immune cells
and its expression is stimulated or changed in regard to
inflammatory stimuli. Recent data demonstrate that H4R
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Figure 2. Neuronal histamine biosynthesis.

can also be expressed in the inner granule layer of cerebral
cortex, hippocampus, striatum, and thalamus.' Molecular
activation of these membrane receptors leads to a variety
of biological responses because the receptors are coupled
todifferent G-proteinsincluding Gg/11, Gs, and Gi/o which
are connected to phospholipase C, phospholipase A,
and adenylyl cyclase. Intermediate complex effectors
stimulate intracellular pathways, which lead to activation
or inhibition of the neuron’s functions. Perhaps, this is one
of the reasons why different results have been reported
for the histamine in some brain functions.'*'® The differ-
ent effects of histamine receptors with respect to phar-
macology and molecular properties have been reviewed
in detail by other authors. Table 1 demonstrates the key
points on histamine receptors in the brain.™

The Role of Histamine in Cognition

The behavioral functions are provided by neurons within
the brain communicating with each other. This network
is especially noticeable with respect to cognitive func-
tion from attentional decision-making and problem-
solving to learning and memory processes.'® Cognitive
function is related to some brain regions including com-
ponents of the limbic system, such as the hippocam-
pus and the amygdala, as well as the neocortex, and the
basal forebrain cholinergic and midbrain monoaminer-
gic nuclei, which send to projections dorsal and rostral
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Table 1. Properties of Histamine Receptors in the Brain (Modified from Naddafi and Mirshafiey, 2013)

Characteristic H1R H2R H3R H4R
Localization Thalamus, cortex, Hippocampus, basal Cerebral cortex, hippocampus,  Cerebellum,
hippocampus, ganglia, pyramidal cells,  hypothalamus, amygdala, hippocampus, and
hypothalamus, amygdala, amygdala, thalamic nucleus accumbens, ventral immune system
basal forebrain, molecular neurons, substantia and dorsal striatum, and cells
layer of the cerebellum, and nigra, and cerebral olfactory tubercles
nucleus tractus solitaries cortex
Homology _ 40% homology with H1 ~ 22% with H1 and 20% with H2  38-58% with H3
G-protein Ga/11 Gs Gi/o Gi/o
coupling
Signaling Activation of PLC, PLA2 Activation of cAMP Inhibition of AC and PKA; Inhibition of AC and
pathway synthesis, PKC, PLC activation of PLA2, MAPK PKA; activation of
PLC, MAPK
General Behavioral state and Learning and memory Regulation of histamine release Chemotaxis
function reinforcement, cognition (consolidation) and generation Blood-brain barrier

Behavior, learning and memory,
cognition

H1R, histamine H1 receptor; H2R, histamine H2 receptor; H3R, histamine H3 receptor; H4R, histamine H4 receptor; PLC, phospholipase C;
PKA, protein kinase A; PLA2, phospholipase A2; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; MAP kinase, mitogen-activated pro-

tein kinase.

brain regions.?® The interaction between these systems
is provided by several neurotransmitters which are in
communication with various brain regions and neuronal
type. Neurotransmitters, on the principle, of cognitive
function, are important in the principal understanding
of how the nervous systems generate activities involving
cognition.?" Conventionally, acetylcholine and glutamate
are known as the most important neurotransmitters
involved in cognitive functions. However, the literature
confirms that cholinergic and glutamatergic systems
are not alone in cognition, but the central histaminergic
system can also be associated with cognitive process.2'22
The brain regions related to cognition such as the stria-
tum, hippocampus, and frontal cortex express the high
intensity of histamine receptors. Thus, the released his-
tamine interacts with its receptors and affects cognitive
function.’®2 The H1R and H2R are post- and extra-
synaptic receptors that act a key role in attention.'??® On
the other hand, H3R serves as an autoreceptor on hista-
minergic axon terminals, where it controls the release of
neuronal histamine. Inhibition of presynaptic H3 autore-
ceptors would therefore indirectly improves histamine-
mediated attention in cognitive disorders such as AD.
Furthermore, blockage of H3R can induce synthesis and
release of various other neurotransmitters including ace-
tylcholine and glutamate involved in cognitive processes
(Figure 3).'9121724 However, much less is known about the
role of H4R, another histamine receptor, in brain func-
tions such as cognition.?®?® The H1R, H2R, and H3R can
bind to NMDARs and play an important role in numer-
ous activities in the brain, such as excitability and plas-
ticity. Glutamatergic neurons modulate the release of

histamine. Also, cholinergic transmission is managed by
neighboring histaminergic neurons through its recep-
tors.'92728 Current studies provide evidence that a fail-
ure in function of the histaminergic system is related
to cognitive disorders seen in diseases such as AD (24).
Although findings of the participation of the histamin-
ergic system in cognition have been obtained mainly
from in vivo studies, findings have accumulated over the
decade indicating that histamine may also have a signifi-
cant function in clinical studies. Therefore, the histamin-
ergic system has been recognized as a possible target for
improving the cognitive deficits in clinical disorders.'21828

Alzheimer's Disease and Neuronal Histamine

Cognitive dysfunctions in AD have been associated with
extracellular Ap plaque deposition, which leads to degen-
eration of cholinergic and glutamatergic systems and
neurofibrillary tangles in brain regions that are important
for learning and memory formation.2483° However, it has
been increasingly accepted in recent studies that other
pathologies such as dysfunctions in the brain histamin-
ergic system take part in the cognitive disorders seen
in these patients. In order to assess cognitive activities,
various tests have been developed to analyze the partic-
ular domains of cognition in animals as well as in clinical
trials. Considering the intricacy of the human brain, some
preclinical animal studies show more or fewer similarities
to behavioral testing in clinical trials.®! Preclinical studies
demonstrate that histamine levels and histidine decar-
boxylase activity decrease in AD.%? A postmortem inves-
tigation from the brain of patients with AD demonstrated
a considerable decrease in histamine levels in regions of
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Figure 3. Schematic representation of the possible mechanisms of histamine and histamine receptors on cognitive functions in

the central nervous system (Modified from Sadek, 2016).

the hypothalamus (42%), hippocampus (43%), and tem-
poral cortex (53%).3% Also having an AD caused decrease
in histamine-releasing factor levels, progressive decline
in H1R binding in the frontal cortex, and degeneration of
histamine neurons in the TMN compared to their age-
matched normal counterparts.®42 The quantity of H1R
binding in patients with AD is remarkably associated
with the severity of their cognitive symptoms.®® Similarly,
H1R knockout mice were found to have impairments in
learning and memory and thus affect both spatial and
working memory.®’%¢ Moreover, deficits in severe epi-
sodic-like and procedural memory were determined in
H1R knockout mice. It should be mentioned that some
changes in acetylcholine esterase activity in the hippo-
campus in AD have been observed.®® The histaminergic
neuron system modulates cholinergic functions that
affect learning and memory. When histaminergic ago-
nists or antagonists are administered systemically and
intracerebrally, acetylcholine is released into the brain
and modulates learning and memory.?”284° By using an in
vitro human astrocytic culture, histamine was shown to
produce matrix metalloproteinase-9, possibly through
the action of H1R. Matrix metalloproteinase-9 is capable
of degrading AB protein, which is a neuropathological
hallmark of AD.*" New research in H1R or H2R knockout
mice indicates that H1R and H2R have a major role in
cognition, and the frontal cortex, amygdala, and hippo-
campus are related to these processes.*? It is known that

both H1R and H2R are excitatory, while H3R is inhibi-
tory and is an auto- and heteroreceptor. The H3R con-
trols the release of histamine as well as noradrenaline,
serotonin, and acetylcholine. The interactions of hista-
mine and other neurotransmitter systems can modulate
synaptic plasticity, learning, and memory.”® A previ-
ous preclinical study demonstrated that H3R knockout
mice displayed enhanced spatial learning and memory
in the Barnes maze.*®* Many findings have shown that
central histamine remarkably changes cognitive defi-
cits and that antagonists/inverse agonists selectively
targeting central histamine H3Rs may possibly cause
treatment option with potential clinical use in cogni-
tive symptoms.** Imidazole-based H3R antagonist was
determined to be mainly beneficial to many of behav-
ioral in vivo models, including Barnes maze, elevated
plus-maze learning, and Morris water maze.*® In addition,
H3R antagonist has been shown to improve memory in
passive avoidance and new object recognition behav-
ior tests in rats with memory impairment.*® Working
memory, the ability to hold new information for a short
time, is considered to be as a core cognitive function.
In a recent study, H3R density in the prefrontal cortex
was determined using functional magnetic resonance
imaging and positron emission tomography techniques.
It was determined the higher neural activity of working
memory was associated with lower H3 receptor den-
sity in the prefrontal cortex, the key region of cognitive
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functions.?® Histamine plays a role in stress-induced cell
signals through its various receptors. It is likely that Ap
accumulation in AD leads to cellular stress and causes
abnormal intracellular signaling. And this situation may
be exacerbated as a result of distribution of the blood-
brain barrier in the hippocampus, which is a region related
to learning and memory.® Histamine is a mediator of BBB
function, and H4R is expressed in the hippocampus.
A more recent study suggested that stimulation of H4
receptors inducing hyperpolarization of neurons has an
added value in enhancing neuroprotection in AD pathol-
ogy.?® Furthermore, it has been reported that partial H4R
agonist leads to a notable reduction in Ap depositsinarat
model of Alzheimer-like brain pathology.*” In contrast,
a previous study with H4R-deficient mice found that
H4R does not play an outstanding role in histaminergic
modulation in the memory process. Although histamin-
ergic neurons project to regions important for cognitive
function, H4R-deficient mice did not demonstrate any
alterations in both working and recognition memory.2¢

CONCLUSION

The reviewed evidence suggests that the neuronal his-
taminergic system in general, and H1, H2, and H3 recep-
tors in particular, has a major role in the pathogenesis
of AD. Abnormalities of the histamine neurotransmit-
ter signaling pathway and its receptors seem to be
associated with cognitive impairment in AD. The data
debated in this review are extensively consistent with
the hypothesis that cognitive functional roles are per-
formed by diverse histamine receptors, which implies
that projections of histaminergic neurons to the differ-
ent brain areas are required for certain cognitive func-
tions. Due to its actions as an auto/heteroreceptor,
modulating not only histamine synthesis but also the
release of other important neurotransmitters includ-
ing glutamate and acetylcholine that require cognition,
the H3 receptor has received great attention from many
academic groups to combat cognitive decline. In con-
clusion, the evaluation of the role of neuronal histamine
in cognitive dysfunctions in AD has a very short history.
For this reason, more in-depth preclinical as well as clin-
ical studies are still required.
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