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Abstract

Purpose: Adult human brain neurogenesis is the process of cell division, differentiation, and integration of the new neurons in
the brain. The neurons that arise in subventricular zone migrate to the olfactory bulb, while the newly formed neurons in the dentate
gyrus migrate locally. In adult neurogenesis starting from neural stem cells, in addition to glial neurons astrocytes and oligoden-
drocytes are also formed. Neurogenesis is regulated by endogenous and exogenous factors influencing the proliferation potential
of progenitor cells and accelerating the rate of development of the dendritic connections of newly formed neurons.

Views: The slow, initial process of a developing neurodegenerative disease may have a stimulating effect on neurogenesis. Increased
levels of pro-inflammatory factors may contribute to the formation of new neurons. A similar hypothesis seems to be confirmed
by data in the literature. The importance of proneurogenic effects during inflammation is shown by proteins secreted by active mi-
croglia, mainly CD 47 and CD 55 and interleukin 4 and 10. On the other hand, the unfavorable effect of the inflammatory process
in the brain is usually associated with chronic disease in it, when stimulated microglia increase the concentration of cytokines that
have a negative effect on neurogenesis.

Conclusions: Restoring the balance between dying and emerging neurons is important and offers hope for new therapy directions
in the treatment of neurodegenerative diseases. We note common points that could become the target of further research. Attention
should be paid to disorders of the calcium metabolism, so important in signal transduction, the state of mitochondria with enzymes
involved in the formation of ATP, and the reduction of inflammation in neurogenic regions.

Key words: neurogenesis, adult human brain, neurodegenerative disease.

Streszczenie

Cel: Neurogeneza mézgu dorostego czlowieka to proces podziatu komoérek, réznicowania i integracji nowych neuronéw w moézgu.
Neurony powstajace w strefie podkomorowej migruja do opuszki wechowej, podczas gdy nowo powstale neurony w zakrecie zeba-
tym migruja lokalnie. W neurogenezie dorostych, poczawszy od neural stem cells, oprocz neuronéw glejowych powstaja takze astro-
cyty i oligodendrocyty. Neurogeneza jest regulowana przez czynniki endogenne i egzogenne wptywajace na potencjat proliferacyjny
komorek progenitorowych i zwiekszajace tempo rozwoju potaczen dendrytycznych nowo powstatych neuronéw.

Poglady: Poczatkowy powolny proces rozwijajacej si¢ choroby neurodegeneracyjnej moze wpltywaé stymulujaco na neurogeneze.
Podwyzszony poziom czynnikéw prozapalnych moze przyczynic¢ si¢ do powstania nowych neuronéw. Podobng hipoteze wydaja
sie potwierdza¢ dane literaturowe. O znaczeniu proneurogennym w przebiegu stanu zapalnego $wiadcza biatka wydzielane przez
aktywny mikroglej. Z drugiej strony niekorzystny wplyw procesu zapalnego w mézgu jest zwykle zwiazany z jego przewlekta choroba,
gdyz stymulowany mikroglej zwigksza stezenie cytokin, ktdre majg negatywny wplyw na neurogeneze.

Whnioski: Przywrdcenie rownowagi miedzy umierajacymi a powstajacymi neuronami jest wazne i daje nadzieje na nowe kierunki
terapii w leczeniu chordb neurodegeneracyjnych. Dostrzegamy punkty wspolne, ktére moga staé si¢ celem dalszych badan. Na
uwage zastuguja zaburzenia gospodarki wapniowej, tak wazne w transdukeji sygnatu, stan mitochondriéw z enzymami bioracymi
udzial w tworzeniu ATP, a takze zmniejszenie stanu zapalnego w obszarach neurogennych.

Stowa kluczowe: neurogeneza, mozg dorostego czlowieka, choroba neurodegeneracyjna.
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INTRODUCTION

Millions of people around the world suffer from neu-
rodegenerative diseases and scientists are still looking
for new treatment methods. Our understanding of the
fine balance between neurogenesis - the creation of new
neurons and their elimination — has made it possible
to revisit the neurodegenerative process in the context
of the creation of new neurons. Neurogenesis is the pro-
cess of cell division, differentiation, and integration
of the new neurons in the brain. Until the 1960s, it was
believed that the central nervous system had no regen-
erative capacity, and that the creation of new neurons in
the brain was restricted to the fetal period. Thanks to new
radiolabeling methods for thymidine (*H-thymidine),
Joseph Altman and Goal Das observed the appearance
of new neurons in an animal model [1]. 20 years later,
the development of a research technique using the BrdU
method happened to discover newly formed neurons in
the brains of adult canaries [2]. There was no confirma-
tion of this process in the adult human brain. In 1998
Erikson published the results of research in which tran-
scriptionally active cells in the dentate gyrus (DG) and
the subventricular zone (SVZ) were shown, using BrdU
labelling [3].

In 2018 Sorrells published the manuscript question-
ing the formation of new neurons in adult human brain
in subventricular zone (SVZ) and dentate gyrus (DG) in
hippocampus [4]. Sorrells” in his study shows that neuro-
genesis declines with age. It reaches its highest level in the
prenatal and perinatal period, slowly calming down un-
til it almost completely disappears in adult human brain.
Perhaps this is due to the methods used or the method
of fixation the material. The publication caused quite
a stir in the scientific community and aroused a lot of
emotions. It also stands in opposition to numerous pub-
lications which confirm the formation of new neurons in
SVZ and DG in animal models also in neurodegenerative
diseases in human [5]. There are still many unresolved
questions about neurogenesis. The authors of this review
observed newly born neurons in adult human brain, also
in old age, and their experimental research confirms the
existence of neurogenesis and beyond any doubt [6].

Adult human brain neurogenesis is not a simple
continuation of fetal period neurogenesis. The neurons
that arise in the SVZ migrate to the olfactory bulb, while
the newly formed neurons in the dentate gyrus migrate
locally [7]. Some studies show the aggregation of neuro-
nal stem cells (NSCs) in other meningeal stem structures
also: in the frontal and temporal cortex, in the amygda-
la, hypothalamus, and in the subcortical layer of white
matter [8]. In adult neurogenesis, starting from NSCs,
apart from glial neurons astrocytes and oligodendro-
cytes are also formed. New neurons that arise from
the NSC go through successive stages of development.
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Initially, they begin neuronal progenitor cell (NPCs)
neuroblasts, then the production of” premature neurons
and neurons [9]. Three types of proliferatively active cells
have been identified in the granular layer of the dentate
gyrus (DG) of the hippocampus: type I cells - radial
glial-like stem cells expressing glial fibrillary acidic pro-
tein (GFAP) and Sox2; type II cells - non-sessile cells
expressing nestin, also referred to as transiently activat-
ed progenitor cells, neuroblasts expressing doublecor-
tin (DCX); and Ki67 proteins and immature neurons
expressing the DCX protein, PSA-NCAM, a marker of
migrating neurons (polysialylated neuronal cell adhesion
molecules) and neuron-specific protein (NeuN) [10, 11].
On the other hand, three types of cells were distinguished
in the subventricular zone (SVZ): B1-type astrocytic stem
cells, GFAP-positive, C-type progenitor cells expressing
the Mash1 protein, and neuroblasts expressing the DCX
protein [12].

NEUROGENESIS FACTORS

Adult human brain neurogenesis is regulated by
endogenous and exogenous factors influencing the pro-
liferation potential of progenitor cells and accelerating
the rate of development of the dendritic connections of
newly formed neurons. The factors influencing the dy-
namics of neurogenesis and the total number of neurons
include stress, diet, physical activity, alcohol, drugs, and
medications [13]. Physical activity and caloric restric-
tion also have neurogenic effects, mediated by the brain-
derived neurotrophic factor (BDNF) [14]. Movement
lowers cortisol levels and oxygenates the body. It increas-
es the number of cells formed in the dentate gyrus and
their survival time. Research also shows that reducing
the number of calories consumed by 30-40% stimulates
neurogenesis [15]. It has even been suggested that small
doses of some psychoactive substances have a stimulating
effect on the activity of newly formed neurons and the dy-
namics of neurogenesis [16, 17]. The mechanism of action
of D-amphetamine on the formation and differentiation
of new nerve cells involves the activation pathway of neu-
rotrophins through the p75 and Trk receptors. The reac-
tion of neutrophins with the p75 receptor directs cells to
apoptosis, while the binding of neutrophins to Trk recep-
tors stimulates the survival and differentiation of neurons
[18]. BDNF binds to several receptors, such as p75 and
Trk receptors. It is unclear how BDNF stimulates TrkB
expression in precursor cells [19]. The main modifiers
of neurogenesis are growth factors and neurotransmitters,
mainly serotonin, noradrenaline, dopamine, acetylcho-
line and GABA acid and glutamate, as well as environ-
mental factors. GABA is an inhibitory neurotransmitter,
released mainly by interneurons and astrocytes. It takes
part in the depolarization of the membrane of progenitor
cells and immature neurons during neurogenesis [20].
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Glutamate and serotonin stimulate the proliferation of
NSCs in the DG and SVZ region [21]. Glutamate stimu-
lates neurogenesis and increases the synthesis of trophic
factors such as BDNF and FGF - by activating glutama-
tergic receptors [22]. In a similar mechanism, serotonin
stimulates neurogenesis. By activating 5HT receptors, it
influences the synthesis of growth factors [21]. The most
important growth factors include epithelial growth factor
(EGF), stimulating cell division and the differentiation
of stem cells into neurons and astrocytes, the fibroblast
growth factor (FGF) determining the differentiation
of new cells [23], and the brain neurotrophic factor
(BDNF), increasing the survival of newly formed cells [24].
Infusions of BDNF into the hippocampus have been
shown to enhance neurogenesis [25]. There is ample evi-
dence of a key role of the BDNF in the regulation of neu-
rogenesis in the dentate gyrus of the adult brain [19].
The BDNF is also responsible for the regulation of mood,
which directly correlates with the neurogenic effects of
antidepressants. Administration of the BDNF to the den-
tate gyrus mimics the effects of antidepressants, as con-
firmed by behavioral tests, and increases the level of neu-
rogenesis in the subventricular zone [15].

HYPOTHESIS

The slow, initial process of a developing neurodegen-
erative disease may have a stimulating effect on neuro-
genesis. Increased levels of pro-inflammatory factors may
contribute to the formation of new neurons. A similar
hypothesis seems to be confirmed by data in the literature.
The importance of proneurogenic effects during inflam-
mation is shown by proteins secreted by active microglia,
mainly CD 47 and CD 55 and interleukin 4 and 10 [26].
On the other hand, the unfavorable effect of the inflam-
matory process in the brain is usually associated with
chronic disease in it, when stimulated microglia increase
the concentration of cytokines that have a negative effect
on neurogenesis, e.g. IL-6, IL-1p, IL-1a and TNF [27].

NEUROGENESIS IN ALZHEIMER’S
DISEASE

Alzheimer’s disease (AD) is one of the most com-
mon neurodegenerative diseases. Its etiopathogenesis
is not fully understood yet. It is known to be associated
with the impairment of some metabolic pathways, and
the incidence increases with age. There is also a cor-
relation between the progression of Alzheimer’s disease
and loss of neuronal function [28]. One of the many
causes of Alzheimer’s disease is the impaired degrada-
tion of misfolded proteins. Disorders of this process
lead to B-amyloid aggregation and the formation of tox-
ic deposits, which are also markers of the disease [29].

The neurotoxicity of pathological forms of B-amyloid is
related, inter alia, to from disturbances in the Ca** ion
metabolism, interaction with cell membrane lipids, and
activation of specific receptors. It then causes signifi-
cant damage to the glutamatergic neurons in the hip-
pocampus and cortex of the brain [30]. Malfunctioning
neurons are believed to release too much glutamic acid,
the metabolites of which are toxic and lead to cell death.
Under physiological conditions, glutamate stimulates
the regulation of neurogenesis by activating cells lo-
cated in the vicinity of the brains progenitor cells [22].
Studiesonanimalmodelsshowthatblockingglutamatergic
signaling reduces cell proliferation significantly [11, 31].
In addition to the glutamatergic system in neurogenesis
and pathogenesis in Alzheimer’s disease, the cholinergic
system plays an important role. The research clearly con-
firmstheimportantroleofacetylcholinein the formation of
new neurons in the dentate gyrus of the hippocampus [32].
Understanding the mechanism of blocking the enzyme re-
sponsible for the hydrolysis of acetylcholine at the synapse
has resulted in new therapy in Alzheimer’s disease [33].
It has been noticed that proteins involved in the process
of the development of neurodegenerative diseases partic-
ipate, under physiological conditions, in the regulation
of brain plasticity during its development [34]. While
searching for new therapeutic methods, it was discov-
ered that the slow neurodegenerative process can induce
neurogenesis [35]. The mechanism of this process has not
yet been understood, and the research has so far been fo-
cused on animal models and cell cultures [36].

NEUROGENESIS IN PARKINSON’S
DISEASE

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disease. It is estimated that
about 1% of the population over the age of 60 suffers
from this disease [37]. It is a process of slow, progres-
sive loss of dopaminergic neurons. PD is a multifactori-
al disease, with both genetic and environmental factors
playing a role. Hereditary type of PD may be caused by
a specific mutation in one of the genes: a-synuclein, par-
kin, ubiquitin L1 hydrolase, PINK1 kinase and others.
The core symptoms of Parkinson’s disease are akinesia,
rigidity and tremor. Over time, movement disorders are
accompanied by further non-motor symptoms, such
as autonomic, cognitive and emotional disorders [38].
Progressive inflammation, along with oxidative stress
and dysfunction of the respiratory chain in the mito-
chondria, contributes to the loss of mitochondria [39].
The neuropathological picture shows the degeneration
of dopaminergic neurons in the substantia nigra. Do-
pamine levels drop in patients, but changes in the nor-
epinephrine, adrenaline, serotonin, acetylcholine, and
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GABA pathways are also found. The decrease in dopa-
mine levels leads to a decrease in NSC proliferation and
neurogenesis activity in the SVZ region [8, 11]. Inter-
estingly, cell culture studies do not indicate a significant
effect of dopamine on the stimulation of NSC prolifer-
ation [40]. In contrast, many scientists report the posi-
tive, neuroprotective effect of L-Dopa used in the treat-
ment of PD on the increase in NSC proliferation [41].
Studies on an animal model indicate a special role of mi-
tochondria in the disease process. a-synuclein deposits
observed in Parkinson’s disease locate in the mitochon-
dria, causing their fragmentation and mitochondrial
dysfunction. a-synuclein-deficient mice indicate an in-
creased level of neurogenesis [42]. In contrast, the over-
expression of a-synuclein in rats reduces the proliferation
and survival of NSCs and impairs the process of dendrite
formation by neuroblasts [43]. The protein kinase PINK1
is involved in the control of mitochondria. Patients with
the PINK1 or parkin mutation show an accumulation
of a-synuclein with accompanying abnormal mitochon-
drial morphology, increased susceptibility to toxins and
oxidative stress [44]. In recent years, scientists have been
seeing therapeutic targets in stimulating neurogenesis,
which may contribute to the formation of dopaminergic
neurons in the substantia nigra [45]. Stimulating the pro-
liferation of progenitor cells in the SVZ region leads to
an increase in the number of dopaminergic neurons in
the substantia nigra in a mouse model of Parkinson’s dis-
ease. These results suggest that mitochondria should be
a potential therapeutic target in the stimulation of neuro-
genesis, but this requires further research [46].

NEUROGENESIS IN HUNTINGTON’S
DISEASE

Huntington’s disease (HD) is an inherited autosomal
dominant neurodegenerative disease. Apart from cogni-
tive symptoms, the main symptom of the disease is chorea
- initially focal, with a tendency to generalize in the later
stages of the disease. Gait disturbances are characteristic,
with significant instability and the risk of falls. It is esti-
mated that falls occur in 60% of patients and correlate with
the severity of both movement disorders and neuropsy-
chiatric disorders [47]. Contrary to the above-mentioned
disease entities, its etiology is relatively well understood
and is associated with an increased occurrence of CAG
nucleotides (cytosine, adenine, guanine). There is an
overabundance of CAG triplets in the huntingtin (HTT)
gene, which are converted to polyglutamine (poly Q)
residues at the end of the huntingtin (HTT) protein,
changing the protein’s properties. Under physiological
conditions, the number of CAG repeats in the HTT gene
is 6-35. On the other hand, if the number of CAG repeats
exceeds 40, the huntingtin begins to form toxic protein
aggregates in the nuclei of neurons, causing them to die.
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The greatest changes occur in the medium spiny neurons
(MSN) of the striatum, which are responsible for mo-
tor functions [48]. The time of disease onset largely de-
pends on the number of CAG triplets, and the more this
changes, the more advanced the disease phenotype. We
also observe the phenomenon of gene anticipation, i.e.,
the intensification of previously occurring disease symp-
toms in subsequent generations. The effects of Hunting-
ton’s disease on neurogenesis have been studied in ani-
mal models. Studies in HD transgenic mice have shown
a marked decrease in the level of neurogenesis with-
in the DG in adult mice of the R6/1 line or R6/2 [49].
It showed a marked decrease in proliferation and differen-
tiation, resulting in a reduction in the total number of neu-
rons in the hippocampus. Interestingly, no differences in
neural formation within the SVZ were observed [49].
On the other hand, immunohistochemical studies on
human material based on the labelling of PCNA cells
showed an increase in neurogenesis in the sub-lining layer
of the lateral ventricles. The observed differences may be
due to more huntingtin deposits being present in the hu-
man striatum than in mice. Increased degeneration of stri-
atal neurons may contribute to increased neurogenesis
in the adjacent sub-lining layer of the lateral ventricles.
This is supported by animal models of quinolinic acid-in-
duced Huntington’s disease, where striatal damage has
stimulated neurogenesis within the SVZ [50]. Research
explaining the mechanism of the disease mainly shows
the presence of huntingtin. The correct form of huntingtin
promotes BDNF expression by interacting with the REST/
NRSF transcription factor in the cytoplasm and prevent-
ing the complex from translocating into the nucleus. In
contrast, the mutant form of huntingtin does not interact
with REST/NRSF in the cytoplasm, leading to its accumu-
lation in the nucleus and a reduction in BDNF levels [51].
Animal models also indicate a decreased level of dopamine
in the striatum as a factor that reduces neurogenesis [52].
Interesting conclusions arise from studies on cell cultures,
where the genes responsible for the calcium metabolism
were studied. Increasing the activity of the IP3R receptor
through overexpression of the Huntingtin Associated Pro-
tein 1 (HAP1) protein causes disruption of Ca?* ion trans-
port and, consequently, the death of neurons [53].

CONCLUSIONS

Restoring the balance between dying and emerging
neurons is important and offers hope for new therapy
directions in the treatment of neurodegenerative diseas-
es. We have noted common points that could become
the target of further research. Attention should be paid
to disorders of the calcium metabolism, so important in
signal transduction, the state of mitochondria with en-
zymes involved in the formation of ATP, and the reduc-
tion of inflammation in neurogenic regions.
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