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Aging is associated with cognitive decline, memory deterioration, 
motor impairments, and homeostasis destabilization. Most of these 
manifestations are directly related to brain aging accompanied by 
decrease in the structural complexity of neurons and volumes of the 
hippocampus and neocortex. On the other hand, neurodegenerative 
processes gradually develop and underlie progression of severe 
cerebral diseases such as Alzheimer’s disease (AD), Parkinson disease, 
Huntington disease or amyotrophic lateral sclerosis only in the minority 
of the population. Though sometimes associated with mutations in 
specific genes, these brain pathologies cannot be entirely explained by 
mutations. Each disease starts with neurodegeneration in specific brain 
region(s), but the causes of disease initiation and the vulnerability of 
specific cell groups for definite disease still remain obscure.

Indeed, discussing and exploring specific factors inducing 
definite neurodegenerative disease is a hot topic in neurobiology and 
translational medicine. Most researchers suggest that the main trigger 
of most neurodegenerative pathologies, including sporadic AD, is brain 
aging per se [1-5]. K. Herrup hypothesized on the relationship between 
AD pathogenesis and aging processes [3]. According to his hypothesis, 
age-related natural decrease in functional capacities of brain cells is 
followed by a moderate cognitive decline under the ideal conditions 
(Figure 1). Three main factors are explicit for transformation of normal 
aging to AD. First, so called “initiating damage”, such as vascular 
impairments, microstrokes, brain traumatic lesions, should affect the 
brain. We also suppose that chronic stress inducing depression may 
be considered as such triggering event. All these factors promote 
activation of neuroinflammation, the second factor. On the cellular 
and molecular levels, it is expressed as activation of microglia and 
alterations in the cytokine system, respectively. Cytokines are actively 
produced and secreted by microglial cells and circulate in the nervous 
tissue. These alterations are followed by changes in the state of neurons 
and modifications of their functional properties (the third factor) 
associated with synaptic dysfunction and neuronal cell death. The 
manifestation of AD in the form of dementia is the result of successive 
events associated with the above three factors (Figure 1).

K. Herrup [3] has stressed an important role of traumatic lesion 
and a unique role of neuroinflammation processes, which dramatically 
modify chemistry of neuronal microenvironment. Amyloid-β peptide 
(Aβ) is one of the triggers of neuroinflammation in the brain, while 
neuroinflammation in its turn may promote Aβ production [6]. AD 
manifestation is a result of significant alterations in functional capacities 
of all types of brain cells, including neurons, microglia, and astrocytes. 
The author of this hypothesis only pointed out that these changes in 
functional capacities lead to degeneration of a selective population of 
neurons in each specific neurodegenerative disease, however, did not 
consider region-specific mechanisms of selective neuronal death.

In 1982, a cholinergic hypothesis of geriatric memory impairments 
has been suggested [7]. Based on a large body of clinical studies on 
AD, the authors suggested that age-related memory impairments are 
associated with the degeneration of cholinergic neurons. Acetylcholine 
(ACh) is a neurotransmitter synthesized in cholinergic neurons in the 
reaction catalyzed by the enzyme choline acetyltransferase (ChAT). 
In AD patients, activity of ChAT is significantly decreased; while in 
individuals with “normal” cognitive aging decreases in ChAT activity 
were observed less frequently [8]. Similar patterns were found in aged 
rodents. The densities of muscarinic and nicotinic ACh receptors were 
relatively stable in aging while the binding of ligands with nicotinic 
receptors was significantly lower in AD patients [9].

Noteworthy, the number of cholinergic neurons in the basal 
nucleus of Meynert in aged individuals without cognitive impairments 
or in patients with mild cognitive impairments (MCI) was similar to 
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that, observed in age-matched controls [10]. The early stages of AD 
pathogenesis are associated with a 15% decrease in the number of 
cholinergic neurons; however, the effect described in this study was 
statistically insignificant. Furthermore, in patients with MCI or at 
mild stage of AD ChAT activity is even increased in the hippocampus 
and frontal cortex demonstrating a compensatory capability of 
the cholinergic system [11]. At the early stage of AD, alterations 
in cholinergic cells are not limited to changes in expression and/
or activity of ChAT, vesicular ACh transporter (VAChT) or ACh 
receptors only. Additionally, decreases in the ACh release and high-
affinity choline uptake are observed as well as the attenuated response 
of neurons to neurotrophin signals, primarily to nerve growth factor 
(NGF) [8]. This is caused by decreased expression of TrkA, a high-
affinity NGF receptor, in the neocortex and basal nuclei of AD patients 
[12,13]. Furthermore, the impaired NGF processing, i.e. formation of 
the mature NGF peptide from its precursor, and decreased expression 
of TrkA were found in MCI patients [14]. In the basal nuclei of patients 
with MCI or early AD, the number of neurons expressing the low-
affinity p75NTR receptor was decreased by 38 and 43%, respectively 
[15]. However, the assessment of expression profile of proteins in a 
single cholinergic neuron of the basal nuclei demonstrated no changes 
in p75NTR expression and lower expression of TrkA in MCI or AD 
patients [16]. 

NGF/TrkA signaling is important for proper development and 
functioning of the cholinergic system [17]. NGF affects formation 
of the dendritic tree and modulates the activities of ChAT and 
acetylcholinesterase (AChE) in basal forebrain neurons [18]; 
therefore, cholinergic neurons critically depend on target-derived 
NGF. Interacting with TrkA receptor NGF activates a promoter of 

the cholinergic locus and thus, regulates expression of several genes 
essential for cholinergic transmission, including ChAT and VAChT as 
well as the gene encoding choline transporter. The effects of NGF on 
transcriptional activity may be mediated by phosphatidylinositol-3’-
kinase-related phosphorylation of Akt kinase [19]. Furthermore, recent 
data from septal cholinergic-enriched cultures demonstrate that NGF 
withdrawal is followed by downregulation in the expression levels of 
several distinct presynaptic proteins involved in vesicles trafficking and 
neurotransmitter release, such as synapsin I, SNAP25 and α-synuclein, 
at early time-points [20]. These alterations are not associated with 
global changes in protein synthesis. Though the relationship between 
NGF, trk A and loss of ChAT activity is not completely established, 
alterations in NGF/TrkA signaling probably underlie the selective 
degeneration of the cholinergic basal forebrain neurons occurring 
in vivo in AD [21-23]. Therapeutic NGF gene intervention leads to a 
significant reduction of cognitive deficit along with an improvement 
of cholinergic hypofunction found in phase I clinical trial in humans 
affected from mild AD [24,25]. 

Studies on the molecular mechanisms underlying the time course 
of the above mentioned cellular alterations development in patients are 
extremely complicated. Therefore, various animal models were used to 
decipher the mechanism of cholinergic degeneration. It is well known 
that neuronal deafferentation results in retrograde degeneration. 
Disruption of the septo-hippocampal pathway by an experimental 
transection of the fimbria-fornix induces dysfunction of cholinergic 
neurons of the medial septal nucleus. Axotomy of cholinergic 
neurons results in a decrease in the number of neurons expressing 
cholinergic markers in the medial septum. In several studies, the 
reduction of cholinergic markers has been misinterpreted as analogous 

Figure 1. Schematic drawing of Herrup’s hypothesis on age-related pathogenesis of Alzheimer’s disease dementia with minor modifications.
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to the neurodegeneration of cholinergic cells [26,27]. However, a 
slow reduction of cholinergic cells labeled by ChAT and p75NTR 
demonstrated after fimbria-fornix transection was accompanied 
neither by neurodegenerative changes nor by a decrease in total number 
of neurons in the medial septum [27,28]. Although the remaining 
cells appeared healthy, they were unable to respond to delayed NGF 
infusion depending on the time of the start of the treatment. Hagg et 
al. [27] reported that the recovery of ChAT immunoreactivity was less 
pronounced if NGF was infused 14 or 21 days after the transection as 
compared to 7 days. The authors suggested that at the delayed time 
points, cholinergic neurons underwent to irreversible damage. These 
data were supported by a recent study [28]; however, the authors 
concluded that until 14 days after axotomy cholinergic neurons did 
not demonstrate activated caspase-3, p53 or Fluorojade C, markers of 
cell death. These results demonstrate that in axotomized cholinergic 
neurons down-regulation of NGF receptors occurs, precluding the 
possibility of a response to NGF. In other words, neurons lose their 
cholinergic phenotype without dying.

Another example of axotomy of the basal forebrain cholinergic 
neurons is olfactory bulbectomy (OBE) in rodents. The olfactory bulbs 
(OB) receive extensive cholinergic inputs from the basal forebrain 
via the nucleus of the horizontal limb of the diagonal band of Broca 
(HDB) innervating primarily glomerular and granule cell layers of the 
bulb [29]. In mice, OBE results in a decrease in the number of ChAT 
labeled neurons in the medial septal nucleus [30], intensity of ChAT 
immunostaining in the cerebral cortex, hippocampus, and amygdala 
[31] as well as ChAT content in the hippocampus [32]. Bobkova et al. 
[33] also reported that OBE in mice resulted in a decreased density of 
ChAT labeled cells in the HDB (55% of control), basal magnocellular 
preoptic nucleus (58.9%), and the caudate nucleus-putamen complex 
(68.2%). No significant changes in the vertical limb of the diagonal 
band of Broca and globus pallidus were observed. Recent data from 
this group demonstrate the involvement of mitochondrial dysfunction 
and oxidative stress in brain damage in an OBE model [34].

We have previously reported that in OBE mice, the number of 
ChAT-positive cells decreased by 25 and 48% in the medial septum 
and HDB, respectively [35] and the content of ChAT protein in the 
hippocampus was lower by 56% as compared to the respective control 
[36]. Furthermore, lower level of ChAT in the hippocampus was 
associated with an important trend to a decreased content of NGF by 
23% in this brain region. These data are to some extent similar with 
the results of Antunes, et al. [37]. These authors demonstrated that 
OBE resulted in two-fold decreases in the contents of brain-derived 
neurotrophic factor (BDNF) and NGF in the hippocampus, associated 
with increased AChE activity. Lower expression of NGF mRNA has 
been also found in the hippocampus of OBE rats [38]. However, 
Hellweg et al. [39] demonstrated significantly increased BDNF, but 
normal NGF protein levels in hippocampus and frontal cortex of OBE 
mice as compared to sham-operated animals. This discrepancy may be 
due to different time points after surgery used to study neurotrophin 
levels, specifically 16 days in [39] versus more than 30 days in [36] 
and [37]. A principle failure of all these studies is the absence of a 
comprehensive study for all relevant indices in the same experiment, 
including NGF protein and mRNA, p75NTR and TrkA proteins and 
mRNAs, and ChAT and VAChT proteins and mRNAs. Based on 
the data from axotomy experiments it has been suggested that the 
physiological role of NGF in the adult septal cholinergic system is 
to support phenotypic differentiation but not neuronal survival, and 
this raises questions about the relationship between transcriptional 

regulation of the cholinergic phenotype by retrograde-derived trophic 
signaling and the transcriptional changes evident when retrograde 
transport is impaired due to neuropathological conditions [28].

Neurotrophic support, specifically NGF level and ratio between 
proNGF and mature NGF, substantially influence expression of ChAT 
in neurons. However, some cytokines produced in the brain may also 
significantly affect physiological properties of cholinergic neurons in 
the medial septum. Interleukin (IL)-2 is a potent stimulator of ACh 
release from septohippocampal neurons [40]. IL-2 gene knockout 
mice exhibited a marked reduction of ChAT-positive medial 
septum/diagonal band of Broca cell bodies as compared to wild-type 
littermates [41]. This loss of ChAT-positive neurons was selective for 
medial septum, since the cholinergic phenotype of wild-type and IL-2 
knockout mice did not differ in a number of ChAT-positive neurons in 
the striatum, and GABAergic neurons in the medial septum/diagonal 
band of Broca did not differ between wild-type and IL-2 knockout mice 
[41]. However, total number of cells in the medial septum remained 
unchanged and the NGF content was even higher as compared to the 
control mice [42]. Thus, in spite of the previously cited hypothesis [28], 
the high content of NGF is not sufficient to maintain the cholinergic 
phenotype. 

Loss of cholinergic phenotype is observed in another model 
of chronic neurodegeneration, induced by intracerebroventricular 
administration of Aβ(25-35). It is well known that injection of Aβ(25-
35) to rats or mice results in impairments of learning and memory 
(see review [43]). This model allows reproducing some symptoms of 
early AD and studying the mechanisms of neurodegeneration. It has 
been shown that significantly lower number of ChAT labeled neurons 
in the medial septum is observed as early as 12 days after Aβ(25-35) 
administration into the rat cerebral ventricles [44]. The number of 
ChAT-positive neurons progressively decreased within a month after the 
treatment, whereas the total number of medial septal neurons remained 
relatively stable. Interestingly, the decrease in the number of cells with 
immunohistochemically detected ChAT expression was preceded by 
lower expression of ChAT and VAChT mRNAs in the medial septal 
area. Decreased expression of the high affinity NGF receptor TrkA 
mRNA accompanied these alterations of ChAT and VAChT expression. 
Later on, the expression of TrkA mRNA increased probably indicating 
a compensatory brain response. The time course of the compensatory 
increases in the contents of ChAT and VAChT mRNAs was associated 
with the appearance of a deficit in immunohistochemical staining for 
ChAT in the medial septum. On the other hand, expression of TrkA 
mRNA in the hippocampus increased only 28 days after Aβ(25-35) 
administration [45]. Importantly, decreased content of ChAT protein 
detected using immunohistochemistry was associated with high levels 
of ChAT mRNA transcripts in the brain. This may indirectly indicate 
impaired translation processes in cholinergic neurons of the basal 
forebrain in chronic neurodegeneration.

The importance of the NGF system was also evident in experiments 
with lentiviral vector-mediated transduction of hippocampal neurons. 
Administration of Aβ(25-35) into the cerebral ventricles or incubation 
of hippocampal slices with the peptide impaired long-term potentiation 
(LTP), a form of long-term synaptic plasticity, both in vivo and in slices 
[46,47]. However, preliminary transduction of neurons of the dentate 
gyrus with a vector containing the human NGF gene under the control 
of a neuron-specific CaMKII promoter allowed to prevent the LTP 
decline induced by Aβ(25-35). This protective effect was specific for 
chronically elevated NGF but not BDNF in the hippocampus [47].
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Intrahippocampal injection of fibrillar Aβ induced direct lesions 
of the hippocampus, specifically CA1 field [48,49]. However, it 
also resulted in decreases in the medial septal ChAT and glutamate 
immunoreactive neurons as compared to controls. In contrast, the 
number of GAD67 inmunoreactive neurons was not significantly 
reduced [48]. Only scarce apoptotic cells were detected in the medial 
septal region of Aβ(1-40) treated animals but not in controls. These 
results show that limited Aβ-induced hippocampal lesions lead to an 
overall damage of vulnerable septal neuronal populations, as supposed 
by the authors, most likely by Aβ interaction with septo-hippocampal 
axon terminals. It has been shown that in the medial septum the 
expression of several genes related to oxidative stress was lower 24 h 
after injection of fibrillar Aβ(1-40) into the hippocampus, including 
superoxide dismutase-1 (SOD1), 8-oxoguanine DNA glycosylase, and 
monoamine oxidase A; however, expression of SOD1 was significantly 
increased 1 month after the treatment [50]. In the lateral septum, which 
does not contain cholinergic neurons, and in the hippocampus all these 
genes were overexpressed. These data suggest that cholinergic neurons 
of the basal forebrain may be specifically vulnerable to oxidative stress. 
Interestingly, this loss of cholinergic phenotype and expression of 
oxidative stress vulnerability are associated with an increased level of 
NGF observed in hippocampus after administration of Aβ(1-40) or 
Aβ(25-35) into this structure [51].

Cholinergic degeneration has been extensively studied in several 
genetic models of AD. Transgenic mice with overexpression of the 
human amyloid precursor protein (APP) gene develop plaques 
associated with activated microglia and astrocytes and other biomarkers 
of inflammation [52,53]. Only a few mouse models of AD have been 
shown to develop an actual neuron loss in the hippocampus evaluated 
by stereological quantification [54,55]. In aged mice expressing APP 
carrying Swedish mutation (APPswe or APP23), a modest decrease in 
cortical cholinergic enzyme activity as compared with age-matched 
wild-type mice has been reported [56,57]. In the brains of APP23 
mice, the levels of α7 nAChR increased progressively over time most 
pronounced in areas of gliosis, reaching a 3- to 4-fold increase at 9 
months of age. Interestingly, a decrease in α7 nAChR expression was 
observed in these mice at 12 months of age [58]. Total cholinergic 
fiber length was more severely affected, with 29 and 35% decreases 
in the neocortex of aged APP23 mice compared with age-matched 
wild-type mice and young transgenic mice, respectively. However, 
there was no loss of cholinergic basal forebrain neurons in these aged 
APP23 mice [56]. The presence of the APPswe gene did not augment 
the vulnerability of forebrain cholinergic neurons to the chronic 
neuroinflammation [59]. 

Cholinergic dysfunction has been studied in another AD mouse 
model APP_SweDI, overexpressing APP with the Swedish K670N/
M671L, Dutch E693Q, and Iowa D694N mutations. A significant 
decrease in cholinergic neurons in the transgenic mouse model 
in comparison with the wild-type mice was revealed, identified by 
immunohistochemistry against ChAT and p75NTR as well as by in situ 
hybridization. Moreover, a significant decrease in cortical cholinergic 
fiber density was found in the transgenic mice as compared to the wild-
type. In the cerebral cortex of APP_SweDI mice, swollen cholinergic 
varicosities were seen in the vicinity of Aβ plaques [60]. In human 
APP transgenic mice expressing mutated Swedish K670M/N671L and 
London V717I human APP751, a loss of ChAT immunoreactivity in 
the basal nucleus correlated with the enhanced level of pro-NGF in the 
hippocampus [61]. The number of TrkA and p75NTR positive cells in 
the basal nucleus remained unchanged. Treatment of these mice with 

cerebrolysin, a drug normalizing pro-NGF/NGF ratio, reduced ChAT 
deficit, and no cell death was found in mice of this strain. Additionally, 
reductions in hippocampal ChAT protein levels associated with 
degeneration of cholinergic neurons, were analyzed in 5×FAD mice, 
overexpressing mutant human APP(695) with the Swedish (K670N, 
M671L), Florida (I716V), and London (V717I) familial AD (FAD) 
mutations along with human PS1 harboring two FAD mutations, 
M146L and L286V [62]. These mice had lower hippocampal ChAT 
protein levels and ChAT-immunoreactive neurons in the medial 
septum and the vertical limb of the diagonal band (Ch1/2) providing 
cholinergic innervations to the hippocampus. However, death of 
cholinergic neurons has not been demonstrated in these models either.

In APP/PS1KI mice, expressing both APP, carrying Swedish and 
London mutations, and presenilin 1 (PS1) with the M233T and L235P 
FAD mutations, expression of the APP transgene was found in ChAT-
positive neurons of motor nuclei accompanied by robust intracellular 
Aβ accumulation, whereas no APP expressing neurons and, thus, 
no intracellular Aβ accumulation were found in either the forebrain 
or pons complexes, or in the caudate putamen [63, 64]. Stereological 
cell count revealed a loss of ChAT-positive neurons in APP/PS1KI 
mice only in the motor nuclei Mo5 and 7N accumulating intracellular 
Aβ. Thus, intracellular Aβ accumulation is supposed being an early 
pathological alteration contributing to cell death in AD [63]. A specific 
capability of Aβ oligomers to attack cholinergic neurons and inhibit 
ChAT in them has been also demonstrated in cell cultures [65].

Though the reasons of loss of a cholinergic phenotype remain 
unclear, there are several possible factors which may induce this loss. 
The above data demonstrate that impaired protein synthesis may be 
one of the reasons. Early stages of AD are associated with endoplasmic 
reticulum stress [66]. Transient inhibition of protein synthesis due 
to suppression of translation is an adaptive response of the cell to 
endoplasmic reticulum stress [67]. Neurons are especially sensitive to 
this inhibition because normal cerebral functions including memory 
formation need continuous protein synthesis. Therefore, chronic 
inhibition of translation is followed by neuronal death [68]. Inhibition 
of protein synthesis due to ribosome dysfunction is one of the earliest 
features of metabolic alterations in the AD brain [69]. These alterations 
are caused by formation of heavy polyribosomes, total decrease in 
rRNA and tRNA, and a significant increase in the content of oxidized 
RNA, which can be observed in the brain of MCI and early AD patients 
[69,70]. rRNA is one of most abundant molecules in almost all types 
of cells and the molecule generally vulnerable to oxidative stress-
induced damage in human and animal brain. 5S rRNA, the smallest 
molecule among all four forms of rRNAs, is responsible for formation 
of a ribosomal complex and its stability [71]. In AD, oxidative stress 
significantly damages 5S rRNA and, thus, specifically impairs functions 
of ribosomes. In addition to rRNA, up to 50% of mRNA is subjected 
to oxidative damage in AD brain [72] and ribosomes purified from 
Alzheimer hippocampus contained significantly higher levels of RNase-
sensitive iron(II) and redox activity than control [73]. In cell cultures, 
oxidation of mRNA not only prevents normal protein synthesis but 
also serves as the first step triggering cell death [74].

It has been shown that administration of Aβ(25-35) into the lateral 
ventricles of rat brain induces oxidative and nitrosative stress [75,76] 
probably promoting RNA oxidation. Administration of Aβ into the 
rat brain leads to formation of heavy polyribosomes in hippocampal 
neurons followed by impaired protein synthesis [77]. Using proteome 
analysis Virok et al. [78] demonstrated that Aβ oligomers may 
potentially interact with 24 proteins involved in initiation of protein 
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translation and elongation of polypeptides. These authors revealed 
that Aβ oligomers interact with ribosomes and inhibit translation on a 
concentration-dependent manner. Indeed, protein levels of translation 
initiation factors eIF2α, eIF3η and eIF5, and elongation factor eEF2, 
are altered in the CA1 region in AD [79]. Additionally, increased 
phosphorylation of the mammalian (mechanistic) target of rapamycin 
(mTOR), a protein kinase phosphorylating a wide spectrum of 
intracellular proteins, may also promote inhibition of protein synthesis 
in AD [80]. It is possible that mTOR phosphorylates the elongation 
factor 1A (EF1A), a crucial translation factor mediating peptide 
elongation by promoting GTP-dependent binding of aminoacyl tRNA 
to the ribosome, and eIF2α and thus, inhibits protein synthesis. 

In AD and other taupathies, the pathological tau protein associates 
with ribosomes leading to impaired RNA translation. This may 
result in a decrease in synthesis of the synaptic protein PSD-95 [81]. 
In addition to this direct effect of tau on protein translation, it may 
indirectly inhibit ribosome functions due to chronic suppression 
of endoplasmic reticulum-associated degradation, which in its turn 
activates the unfolded protein response and subsequently the protein 
kinase RNA-like endoplasmic reticulum kinase (PERK) pathway [82]. 
The prolonged activation of the PERK pathway results in a reduction in 
RNA translation through phosphorylation of the initiation factor eIF2α 
[83]. However, elevated phosphorylation of eIF2α paradoxically causes 
translational activation of a subset of mRNAs such as the β-secretase 
enzyme, β-site APP-cleaving enzyme 1 (BACE1) and cAMP response 
element binding protein (CREB) repressor, activating transcription 
factor 4 (ATF4). In a 5×FAD mouse model, increased phospho-eIF2α 
level is associated with cholinergic dysfunction but not cell loss [62,84]. 
Unfortunately, it is not clear to which extent the data from AD brain 
autopsy and transgenic models could be correlated with selective 
lesion or loss of cholinergic neurons. Furthermore, silencing of ChAT 
expression using RNA interference was not followed by significant cell 
death in cultured cells or the rat brain [85]. In contrast to alterations 
evident for expression of NGF receptors [16], the changes in protein 
synthesis were demonstrated at the level of some cerebral structures 
such as cortex or hippocampus, but not clearly shown to be specific for 
cholinergic neurons.

It is not clear yet whether we can translate data from experimental 
studies into clinic and suggest that the early stages of AD are associated 
with loss of cholinergic phenotype rather than death of cholinergic 
neurons. Future studies are needed to answer the question whether 
inhibition of protein synthesis in forebrain cholinergic neurons 
is responsible for a loss of their phenotype at the early stages of 
neurodegeneration and to which extent. We believe that general efforts 
to tackle these problems will help to better understand neurobiology of 
AD and develop new strategies for early pharmacological interventions.
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