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ABSTRACT 
 

The neurodegenerative diseases are characterized by a progressive process of neuronal and 
myelin breakdown resulting in changes in the morphology and function of neurons and their death. 
The damage and death of the neurons is associated with an inflammatory response which involves 
an extensive glia activation and, through the release of inflammatory products, contributes to the 
neurodegenerative process. The neurodegeneration may spread throughout the brain or affect 
prevalently specific types of neurons such as the cholinergic neurons. Aims of this review are: 1) to 
describe which cholinergic nuclei degenerate in different neurodegenerative diseases, namely 
Alzheimer’s disease, Parkinson’s disease, Lewy Bodies dementia, atypical Parkinsonian diseases 
and alcoholic dementia; 2) to discuss the mechanisms responsible for the degeneration of the 
cholinergic neurons; 3) to summarize the functional consequences of the cholinergic denervation. A 
feature of Alzheimer’s disease is the loss of the forebrain cholinergic neurons leading to a cortical 
cholinergic denervation. A similar loss is found in Alzheimer’s disease with Lewy bodies, Parkinson 
disease with dementia, together with the degeneration of dopaminergic neurons, in Lewy bodies 
dementia and alcoholic dementia. In Lewy bodies dementia and in multiple system atrophy a loss 
of cholinergic neurons has been also detected in the pedunculopontine and laterodorsal tegmental 
nuclei, which are spared in Alzheimer’s disease and results in a cholinergic denervation of the 
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thalamus. The degeneration of the forebrain cholinergic neurons expressing NGF receptors is 
attributed to a dysfunction of NGF metabolism leading to a loss of its trophic action on which those 
neurons depend. Whereas the direct and indirect role of β amyloid in NGF metabolism disruption 
has been clearly envisaged, the mechanisms through which tau fibrils, synuclein and ethanol exert 
their toxic effects on the cholinergic neurons are multiple and still matter of investigations. Finally, 
much evidence indicate that the loss of forebrain cholinergic neurons is largely responsible for the 
cognitive deficits of dementias. 
 

 
Keywords: Acetylcholine; alcoholic dementia; alzheimer’s disease; lewy bodies dementia; nerve 

growth factor; parkinsons’s disease; parkinsonian diseases. 
 

ABBREVIATIONS 
 
ACh: acetylcholine; AChE: acetylcholinesterase; AD: Alzheimer’s disease; APP: amyloid precursor 
protein; Aβ: β-amyloid; ChAT: acetyltransferase; DOPA: L-3,4-dihydroxyphenylalanine; LB: Lewy 
bodies; LBD: Lewy body dementia; MCI: mild cognitive impairment; MMP9: matrix metalloproteinase 
9; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NB: nucleus basalis of Meynert; NFTs: 
neurofibrillary tangles; NGF: nerve growth factor;  PD: Parkinson’s disease; PDD: Parkinson’s disease 
with dementia; PET: positron emission tomography; PMT: pontomesencephalo-tegmental; PPN: 
pedunculopontine nucleus; PSP: progressive supranuclear palsy; TrkA: tyrosine kinase A receptor; 
VAChT: vesicular ACh transport; WE: Wernicke’s encephalopathy. 
 

1. INTRODUCTION  
 
Neurodegeneration plays an important role in the 
pathogenesis of several brain diseases which for 
this reason are called neurodegenerative. The 
most common neurodegenerative diseases are 
Alzheimer’s disease (AD), Parkinson’s disease 
(PD), Huntington’s disease, amyotrophic lateral 
sclerosis, but also alcohol abuse may lead to 
neurodegeneration. 
 
The term neurodegeneration refers to a 
progressive process of neuronal, myelin or tissue 
breakdown resulting in changes in the 
morphology and function of neurons, usually 
resulting in their death. The damage and death of 
the neurons are associated with an inflammatory 
response [1] which involves an extensive                  
glia activation and in turn contributes to                           
the neurodegenerative process  through the              
release of inflammatory products [2,3]. 
Neurodegeneration followed by neuronal death 
can be induced in experimental animals in 
discrete brain regions by the injection of 
neurotoxins [4] and by causing a 
neuroinflammatory response by means of 
intracerebroventricular infusions of bacterial 
lipopolysaccharides [5]. Among the neurotoxins, 
ethylcholine mustard aziridinium, (AF64A), an 
analog of choline which inhibits irreversibly high 
affinity choline uptake, shows some selectivity for 
the cholinergic neurons [6]. A selective 
degeneration of the forebrain cholinergic neurons 

can be obtained by local injection of the 
immunotoxin 192 IgF saporin [7,8]. The 
immunotoxin acts by coupling the ribosome 
inactivating toxin saporin to an antibody that 
recognizes low-affinity nerve growth factor (NGF) 
receptors, which are found specifically in 
cholinergic neurons of the basal forebrain. 
Lactacystin, a proteasome inhibitor, injected in 
the pars compacta of the substantia nigra, has 
been used to destroy the cholinergic neurons of 
the peduncolo-pontine nucleus [9] mimicking the 
cholinergic lesion detected in PD [10]. 
 
The neurodegeneration may be widespread 
throughout the brain involving neurons and glial 
cells in many areas. However, some 
neurodegenerative diseases are characterized 
by the prevalent, but not necessarily exclusive, 
degeneration of a specific type of neuron. 
Examples are the degeneration of the forebrain 
cholinergic neurons in AD [11] and of the 
dopaminergic neurons in the substantia nigra in 
PD [12].  
 
Aims of this review are: 1) to describe                    
which cholinergic neurons degenerate in 
neurodegenerative diseases, namely AD, PD, 
Parkinsonian diseases and alcoholic dementia, 
leading to a cholinergic denervation in some 
brain areas; 2) to discuss the mechanisms 
responsible for the degeneration of the 
cholinergic neurons; 3) to summarize the 
functional consequences of the cholinergic 
denervation. The changes in the nicotinic and 
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muscarinic receptors associated with the 
cholinergic denervation will only be mentioned.  
 
To some extent the present review is an update 
of the paper by Schlieb and Arendt [13].  
 

2. THE BRAIN CHOLINERGIC SYSTEM 
 
As result of investigations begun more than 25 
years ago with the use of monoclonal antibodies 
to choline acetyltransferase (ChAT), the enzyme  
responsible for acetylcholine (ACh) synthesis 
from its immediate precursors, choline and 
acetyl-coA [14] and the works of Fibiger [15], 
Mesulam et al. [16], Levey et al. [17], Mufson et 
al. [18] and others, the following schematic 
description of the anatomical organization of the 
brain cholinergic system can be presented: 
 

(1) Forebrain cholinergic neurons, forming a 
series of nuclei in the medial septum, the 
diagonal band of Broca and the basal 
magnocellular nucleus of Meynert. Their  
morphologies have been recently 
investigated in the mouse by genetically 
directed sparse labeling and they appear 
to be among the largest and most complex 
neurons described to date with an axon 
length up to 50 cm and more than 1000 
branch points [19]. Since there is no 
precise correspondence of the cholinergic 
nuclei with anatomical structures, they are 
usually identified, according to  the recently 
confirmed [20] classification proposed by 
Mesulam et al. [16], in Ch1, located in the  
medial septum, Ch2 in the ascending limb 
of the Broca’s band, Ch3 in the horizontal 
part of the band of Broca and Ch4 in the 
nucleus basalis of Meynert (NB). The 
cholinergic neurons represent from 50 to 
75% of the cells present in these nuclei 
and their projections form the main 
cholinergic afference to the cerebral 
cortex, hippocampus, olfactory bulb and 
amygdala. The cholinergic circuitry of the 
human nucleus basalis has been recently 
reviewed by Mesulam [20] who confirms  
that Ch4 provides the principal source of 
ACh for the cerebral cortex and amygdala.   

(2) The cholinergic interneurons of the 
caudate nucleus and putamen. 

(3) The cholinergic nuclei of the brain stem 
including Ch5 in the tegmental pontine 
nucleus, Ch6 in the dorsolateral tegmental 
nucleus, Ch7 in the medial habenular 
nucleus and Ch 8 in the parabigeminal 
nucleus. Ch5 and Ch6 project to the 

thalamus, hypothalamus, pallidus and to 
the forebrain cholinergic nuclei, Ch7 
projects to the interpeduncular nucleus and 
Ch 8 to the superior colliculus.  

(4) The motor neurons of the spinal cord. 
 
3. DISEASES IN WHICH THERE IS A 

DEGENERATION OF THE 
CHOLINERGIC NEURONS 

 
3.1 Alzheimer’s Disease 
 
AD is the first neurodegenerative disease in 
which an extensive degeneration of the 
cholinergic neurons was observed. Davies and 
Maloney [21] reported that in post-mortem brains 
from AD patients there was a marked reduction 
in ChAT. The finding was repeatedly confirmed 
[22-25]. The decrease in ChAT activity in the 
cerebral cortex and hippocampus in AD is 
caused by the degeneration of cholinergic nerve 
endings originating from neurons located in the 
basal forebrain and septum. A 75% loss of the 
cholinergic neurons in the forebrain nuclei was 
demonstrated by Whitehouse et al. [11] and  
Nagai et al. [26] in AD patients. The 
degeneration of the cortical cholinergic nerve 
endings is confirmed by the decrease in the 
vesicular acetylcholine transporter (VAChT) [27] 
and the loss of M2 muscarinic receptors in post-
mortem samples taken from AD patients [28]. In 
the brain, M2 receptors are mostly located 
presynaptically and regulate ACh release [29]. 
The cortical cholinergic denervation in AD was 
confirmed by in vivo mapping using computed 
tomography and [123I] iodobenzovesamicol as a  
marker of VAChT [30]. Moreover, a highly 
significant linear relationship was found in 
autopsy samples between cortical gray matter 
volume and the NB cell number in controls and 
AD patients [31].  
 
Mechanisms responsible of the cholinergic 
neuron degeneration in AD 
 
The amyloid cascade hypothesis [32,33] 
considers the deposition of the peptide β-amyloid 
(Aβ) the main pathogenetic event of AD. Much 
evidence demonstrate the toxicity of Aβ for the 
cholinergic neurons, as reported in the review by 
Pakaski and Kalman [34]. In our laboratory, we 
demonstrated that preaggregated Aβ injections 
in the NB of adult rats is followed by a decrease 
in the number of cholinergic neurons, identified 
by ChAT immunostaining and an extensive glial 
reaction [35]. Moreover, the number of ChAT-
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immunopositive neurons is significantly reduced 
in the forebrain of transgenic mice showing  
extensive cerebral Aβ deposition and glial 
activation [36].  
 
However, according to Geula et al. [37] the 
nucleus basalis is not a site of particularly 
prominent amyloid deposition and there is no 
correlation between plaque density and severity 
of cholinergic axonal loss in cortical areas. The 
cholinergic loss in AD is more closely related to 
the presence of neurofibrillary tangles (NFTs) in 
the forebrain cholinergic neurons than to Aβ 
plaque deposition. According to Mesulam et al. 
[38] the nucleus basalis-Ch4 complex stands out 
as one of the most vulnerable structures to 
neurofibrillary degeneration. Vana et al. [39] 
reported that, in post mortem AD brains, the 
increase in the number of neurons showing initial 
tau pathology is accompanied by a decrease in 
the number of cholinergic neurons and correlates 
with the cognitive deficit. On the basis of these 
and other evidence, Giacobini and Gold [40] 
consider tau protein as the principal actor in AD 
pathogenesis.  
 
Two questions arises: 1) are all brain cholinergic 
neurons equally affected in AD? 2) for which 
reason are the cholinergic neurons more 
vulnerable than other types of neurons  to the 
pathogenetic processes causing AD? Attempting 
to answer to the first question, it may be 
mentioned that Woolf et al. [41] found in post-
mortem brains of AD patients that the neurons of 
the pontomesencephalo-tegmental (PMT) 
cholinergic nuclei, Ch5–Ch8, [16,18] do not 
degenerate in AD contrary to the forebrain 
cholinergic neurons. Moreover, the cholinergic 
neurons in the putamen are not affected in AD 
[26,42] whereas a loss of ChAT activity and a 
decrease in the number of ChAT-positive 
neurons have been observed in the caudate 
nucleus of AD patients [22,43]. There are no 
reports describing degeneration and loss of the 
ChAT-positive spinal motor neurons in AD. 
However, some decrease in ChAT activity, with 
unaltered acetylcholinesterase (AChE) activity, 
has been described  in the anterior and posterior 
grey matter of the lumbar spinal cord [44]. The 
decrease could be related to the  reduction in the 
number of functioning motor units found in the 
thenar and soleus muscles in AD patients [45].  
 
The reasons of these remarkable regional 
differences in the degeneration and loss of 
cholinergic neurons in AD are not yet fully 
understood. Woolf et al. [41] observed that the 

number of plaques and tangles, the 
histopathological landmarks of AD, is smaller in 
the brain stem than in the cerebral cortex and 
amygdala of subjects affected by AD indicating 
that the brain stem is less affected by the 
disease. More important is the observation that 
the basal forebrain cholinergic neurons bind NGF 
whereas the PMT cholinergic neurons do not, 
although phenotypically similar [46]. According to 
Kordower et al. [47] there is an extensive NGF 
binding to ChAT-positive cells of the Ch1–Ch4 
regions whereas the binding density in the 
putamen is much lower. Woolf et al. [41] found 
that approximately 92% of all cholinergic neurons 
in the basal forebrain possess receptors for NGF 
but NGF receptors are not in association with 
ChAT-positive somata in the pedunculopontine 
and laterodorsal tegmental nuclei. Pioro and 
Cuello [48] reported that the degree of overlap 
between NGF receptors and ChAT-containing 
regions in the brainstem is not as great as in the 
forebrain.  
 
NGF binds to two different cell surface 
receptors—the tyrosine kinase receptors (TrkA) 
and the shared p75(NTR) receptor [49] with high 
and low affinity, respectively. The expression of 
TrkA mRNA was found to be restricted to 
neurons of the basal forebrain, caudate-putamen 
with features of cholinergic cells and to 
magnocellular neurons of several brainstem 
nuclei [50]. The difference in NGF receptor 
expression underlies the different dependence of 
the cholinergic neurons on NGF. Indeed, much 
evidence demonstrates that the forebrain 
cholinergic neurons are continuously dependent 
on NGF for the preservation of their phenotype 
and function [51]. The basal forebrain cholinergic 
neurons are greatly reduced in adult mice in 
which phenotypic knockout of NGF  was 
achieved by expressing transgenic anti-
NGF antibodies [52]. In these mice, the spinal 
cord cholinergic neurons were not examined but 
since their motility was not impaired, we may 
assume that the motor neurons are much less 
NGF dependent. The trophic importance of NGF 
for the cholinergic forebrain neurons is also 
demonstrated by the observation that 
intracerebroventricular administration of NGF 
ameliorates their age-associated atrophy in old 
rats [53]. Moreover, NGF infusions prevent the 
degeneration of the ChAT-positive neurons in the 
NB induced by local excitotoxin injection in aging 
rats [54]. Since the constant presence of NGF is 
necessary for the survival of the forebrain 
cholinergic neurons, the question arises whether 
in AD their degeneration depends on a reduced 
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NGF availability. According to Mufson et al. [55], 
brain NGF levels remain stable throughout the 
course of AD and appear to be sufficient to 
support the cholinergic plasticity changes 
occurring during the initial phases of the disease. 
On the basis of post-mortem studies in humans 
and of animal experiments, Cuello et al. [56] and 
Iulita and Cuello [57] propose that in AD a NGF 
deficit results from a dysregulation of the NGF 
maturation cascade caused by an impaired 
conversion of proNGF to mature NGF and an 
acceleration of mature NGF degradation. 
According to Bruno et al. [58], the dysregulation 
detected in postmortem brains of AD patients 
can be reproduced in naïve rats by the 
intracerebral injection of Aβ oligomers causing 
microglial activation and the ensuing release of 
inflammatory factors. Therefore, according to the 
pathogenetic mechanism proposed by Cuello et 
al. [56], the degeneration of the forebrain 
cholinergic neurons in AD begins with the 
canonical excess in Aβ formation and deposition 
associated with an extensive neuroinflammatory 
response which leads to NGF metabolism 
dysregulation. This hypothesis finds a 
confirmation [57] in subjects with Down 
syndrome in whose brains Aβ peptides 
progressively deposit from early life. By middle 
age almost all Down syndrome sufferers show 
the neuropathological hallmarks of AD including 
amyloid plaques and neurofibrillary tangles. A 
significant increase in proNGF levels was found 
in the human down brains and in the brains of 
the Ts65Dn mice, a murine model of Down 
syndrome. Moreover,  a concomitant reduction in 
the levels of plasminogen and tissue 
plasminogen activator messenger RNA was  
detected as well as an increment in neuroserpin 
expression; enzymes that partake in proNGF 
maturation. Human Down's syndrome brains also 
exhibited elevated zymogenic activity of matrix 
metalloproteinase 9 (MMP9), the major NGF-
degrading protease. These findings indicate a 
failure in NGF precursor maturation in Down's 
syndrome brains and a likely enhanced 
proteolytic degradation of NGF, changes which 
can compromise the trophic support of the basal 
forebrain cholinergic neurons.  
 
The formation of inflammatory products may also 
be responsible of the cholinergic neuron 
degeneration induced in adult rats by NB 
injection of preaggregated Aβ. The injection is 
followed by microglia and astrocyte activation 
and a strong inflammatory reaction characterized 
by IL-1ß production and an increase of inducible 
cyclooxygenase and nitric oxide synthase 

expression [59]. ProNGF, whose increase was 
observed in postmortem AD brains [58] and in 
the hippocampus of subjects with mild cognitive 
impairment (MCI) and AD [60], has been shown 
to mediate cell death in PC12 cells [61] and 
oligodendrocyte cultures [62], through an 
apoptotic mechanism involving p75(NTR) 
receptors. Moreover, NB cholinergic neurons, in 
subjects affected by mild to moderate AD, 
display a significant down regulation of TrkA, 
TrkB and TrkC receptor expression during the 
disease progression whereas no change in 
p75(NTR) expression was detected [63]. Trk 
down-regulation was associated with cognitive 
decline. Mufson et al. [64], observed a significant 
reduction in the number of TrkA but not 
p75(NTR) receptor-containing neurons, which 
co-localize with ChAT, in the MCI and early AD 
brains, although the number of ChAT-positive 
neurons in the NB was not significantly different 
from that in normal subjects. The decrease in 
TrkA receptor number results in a reduced 
response of the cholinergic neurons to 
neurotrophic factors in the initial AD stages. They 
also observed an increase in proNGF in the 
cortex of subjects with MCI and early AD. Since 
proNGF accumulates when there is a low level of 
cortical TrkA and high level of p75 (NTR) 
receptors, a shift between molecules facilitating 
survival and damaging molecules seems to take 
place in prodromal AD. The degeneration of the  
forebrain cholinergic neurons may therefore be 
caused by a decrease in NGF availability and 
number of Trk binding sites, resulting in a loss of 
trophic effect, compounded with a proNGF 
apoptotic effect mediated through the binding to 
p75(NTR) receptors. 
 
Using rat cortical neurons and NIH-3T3 cell line 
engineered to stably express p75(NTR), Yaar et 
al. [65] demonstrated that the Aβ peptide binds 
to  p75(NTR). Furthermore, 3T3 cells expressing  
p75(NTR), but not wild-type control cells lacking 
the receptor, undergo apoptosis in the presence 
of aggregated Aβ. By using neuroblastoma cell 
clones engineered to express p75(NTR), Perini 
et al. [66] showed that p75(NTR) is involved in 
the direct signaling of cell death caused by Aβ 
via the function of its death domain. This 
signaling leads to the activation of caspases-8 
and -3, the production of reactive oxygen 
intermediates and the induction of an oxidative 
stress. They also showed that the direct 
mechanism of neuronal damage activated by Aβ 
acts synergistically with the inflammatory 
reaction induced by Aβ. Indeed, TNF-α and IL-
1β, cytokines produced by Aβ -activated 
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microglia, may potentiate the neurotoxic action of 
Aβ mediated by p75(NTR) signaling. These 
results indicate that neurons expressing 
p75(NTR), if expressing also proinflammatory 
cytokine receptors, may be preferential targets of 
the cytotoxic action of Aβ in AD. The authors 
suggest that the high level of expression of 
p75(NTR) of  the basal forebrain cholinergic 
neurons may be the reason of their vulnerability 
in AD, whereas the cholinergic neurons of the 
brainstem, which do not express p75(NTR), 
remain undamaged. The deletion of p75(NTR) 
receptor in a transgenic model of AD (Thy1-
hAPP(Lond/Swe) x p75(NTR-/-) mice) 
significantly diminished hippocampal neuritic 
dystrophy and completely reversed the basal 
forebrain cholinergic neurite degeneration in 
comparison with AD mice expressing wild-type 
p75(NTR). Aβ levels were not affected, 
suggesting that removal of p75(NTR) 
extracellular domain reduced the ability of excess 
Aβ to promote neuritic degeneration [67]. These 
findings indicate that although p75(NTR) likely 
does not mediate all Aβ effects, it does play a 
significant role in enabling Aβ-induced 
neurodegeneration in vitro and in vivo. Further 
references on the interaction between Aβ and 
p75(NTR) receptors can be found in a recent 
review [68].  
 
Concluding this paragraph, it may be assumed 
that neurodegeneration of the cholinergic 
neurons in AD is caused by an Aβ overload 
which exerts a direct toxic effect through 
p75(NTR) and an indirect effect through the 
inflammatory reaction. The products of 
neuroinflammation reduce the availability of NGF 
needed for the cholinergic neurons survival, 
increase the level of proNGF which in turn exerts 
a toxic effect on the cholinergic neurons and 
synergize the toxicity of Aβ. The difference in the 
expression of p75(NTR) receptors among 
cholinergic neurons may explain the higher 
vulnerability of the forebrain cholinergic neurons 
in comparison with those of the spinal cord and 
brain stem. The pivotal role of the inflammatory 
reaction in the degeneration of the cholinergic 
neurons induced by Aβ is confirmed by the 
finding that chronic lipopolysaccharide infusions 
produce a time-dependent, but not dose-
dependent, decrease in cortical ChAT activity 
that parallels  a decline in the number of ChAT - 
and p75(NTR)-immunoreactive cells and a dense 

distribution of reactive astrocytes and microglia 
within the basal forebrain [5]. Moreover, in the 
rat, the anti-inflammatory drug rofecoxib, a 
selective cyclooxigenase-2 inhibitor suppresses 
brain inflammation and protects the forebrain 
cholinergic neurons from the degeneration 
induced by Aβ injection into the NB [69]. 
    
However, whereas much evidence support a 
pathogenetic role of NGF metabolism and/or 
receptor dysfunction in the degeneration of the 
cholinergic neurons occurring in AD, there is 
much less information on the mechanism by 
which neurofibrillary degeneration is involved in 
the damage and loss of the cholinergic neurons. 
Yet, the cholinergic lesion in AD is more closely 
related to fibrillary tau deposition than to the 
amylod plaques [20]. Vana et al. [39] observed, 
by mean of double staining for visualizing 
phosphorylated tau protein and p75(NTR) 
expressing cells in  tissues from subjects with no 
cognitive impairment, MCI and AD that the 
increase in the number of NB neurons showing 
accumulation of tau protein was accompanied by 
a decrease in the number of cholinergic  neurons 
identified by p75(NTR) immunostaining. The 
possibility that an indirect NGF deficit may be 
caused by neurofibrillary degeneration is 
supported by the findings of Belarbi et al. [70]. In 
the THY-Tau22 transgenic mouse model 
exhibiting a major hippocampal AD-like tau 
pathology and hyperphosphorylated tau species 
in the septohippocampal pathway, they observed 
a loss of cholinergic neurons in the septum, an 
impairment in reference memory, an alteration in 
the retrograde axonal transport in the septo-
hippocampal pathway and an accumulation of 
mature NGF in the hippocampus consistent with 
a decrease in its uptake and axonal transport. A 
further mechanism is proposed by Simon et al. 
[71]. According to these authors, extracellular tau 
binds to M1 and M3 muscarinic receptors leading 
to an increase in intracellular calcium and cell 
death. The interaction between tau and 
muscarinic receptors may also be a way, 
although not the only one, to explain the 
spreading of tau pathology occurring in AD. 
Since, as it will be discussed below, some 
tauopathies, such as frontal dementia, do not 
show cholinergic degeneration, the mechanism 
through which tau deposition contribute to the 
cholinergic degeneration in AD and some other  
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Fig. 1. Aβ and tau fibrils exert direct and indirect toxic effects on the cholinergic neurons. the 

indirect effects are brought about through the induction of neuroinflammation, the subsequent 
production of toxic inflammatory products and the disruption of NGF metabolism. 

abbreviations: mAChR: muscarinic receptor; NB: nucleus basalis; NFTs: neurofibrillary 
tangles; ROS: reactive oxygen species 

 
neurodegenerative diseases must be 
multifactorial and deserves further investigations. 
In Fig. 1 the different possible mechanisms 
causing degeneration of the NB cholinergic 
neurons in AD are schematically summarized. 
 
Finally, it is  pertinent to remind that  although the 
degeneration of the cholinergic neurons is an 
important and characteristic feature of AD, it is 
associated with a diffuse neuronal damage and 
synaptic loss [23,72] involving other 
neurotransmitter systems [73-75] presumably 
caused by Aβ peptide and  neurofibrillary tangle  
toxicity acting directly and indirectly through the 
products of the associated inflammatory reaction. 
It must be also mentioned that, according to 
some authors (see ref. in [76,77]), early age-
associated mitochondria dysfunctions could be 
upstream of the Aβ cascade. Moreover, Aβ in 
turn could cause mitocondrial dysfunction, 

triggering a vicious circle [78]. However, although 
plausible, these hypothesis do not explain the 
selective vulnerability of the forebrain cholinergic 
neurons. 
 
3.2 Other Dementias 
 
3.2.1 Parkinson’s disease (PD)  
 
Although the main symptoms of PD involve the 
motor system, this neurodegenerative disease 
may present also non motor symptoms including 
cognitive deficits and dementia. Dementia in PD 
subjects is sporadic and may begin one or more 
years after the onset of the motor symptoms.  
 
The degeneration of the dopaminergic neurons 
located in the substantia nigra is the 
characteristic pathogenetic feature of  PD [79]. 
However, a loss of cells in the NB was also 
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described by Whitehouse et al. [80] in 
postmortem brains of 12 subjects affected by PD 
and this finding was repeatedly confirmed (see 
ref. in [81,82]). A cholinergic denervation was 
observed in PD subjects by neuroimaging 
techniques using  ligands for VAChT and AChE  
(see ref. in [83,84]). A denervation of the limbic 
archicortex in PD patients was demonstrated by 
positron emission tomography (PET) using [

11
C] 

methyl-4-piperidinyl propionate to visualize AChE  
and the level of denervation correlated with 
olfactory dysfunction [85]. A thalamic cholinergic 
denervation was demonstrated [86] in subjects 
affected by PD, PD with dementia (PDD) and 
Lewy body dementia (LBD) but not in AD. Hilker 
et al. [87] reported a significant reduction of 
cortical AChE in PD without dementia and a 
severe  reduction in PD with dementia.  
 

In addition to the Lewy bodies (LB), which                   
are clump of αsynuclein and ubiquitin proteins, 
detectable in the neurons by post mortem brain 
histology [88-90], which play an important 
pathogenetic role in PD neuronal degeneration, a 
moderate Aβ load was demonstrated in vivo by 
[
11

C] PIB PET in the cortex and subcortical 
structure in PD brains [91]. 
 

3.2.2 Lewy Bodies Dementia (LBD) 
 

The development of severe cognitive deficits 
before or together with the motor symptoms is a 
characteristic feature of LBD. LBD is a type 
of dementia closely related to both AD and PD. It 
is anatomically characterized by the presence of 
Lewy bodies and by a heavy Aβ load, as 
demonstrated in vivo by PET visualization [91]. 
Two forms are described, the AD variant with 
Lewy Bodies and the diffuse LBD. In both forms 
a marked decrease, up to 75%, in ChAT activity 
in midfrontal cerebral cortex and in hippocampus 
was observed [81]. The loss of ChAT activity is 
less severe and occurs later in the clinical course 
of AD than in LBD in which ChAT loss is already 
prominent in the earliest stages of illness [92]. 
 

In post mortem brains of LBD subjects, as well in 
subjects with multiple system atrophy, a 
significant loss of cholinergic neurons was 
detected by Schmeichel et al. [93] in the 
pedunculopontine nucleus (PPN) and the 
laterodorsal tegmental nuclei (Ch5, Ch6) which 
are spared in AD. The degeneration of the Ch5 
and Ch6 cholinergic nuclei leads to the 
cholinergic denervation of the thalamus observed 
in LBD and PD but not in AD by Kotagal et al. 
[86] by measuring PPN-thalamic AChE activity 
by PET imaging.  

3.2.3 Atypical parkinsonian diseases 
 

A cholinergic deficit has been also observed in 
atypical parkinsonian diseases. Tagliavini et al. 
[94] and  other authors (see ref. in [82]) reported 
a significant loss of neurons in the NB in subjects 
affected by progressive supranuclear palsy 
(PSP). This disease, characterized by clinical 
features including extrapyramidal symptoms, 
ocular dyscontrol and cognitive impairment, is 
considered a tauopathy for the extensive 
neurofibrillary cluster of phosphorylated tau 
protein detected in the brains [95]. VAChT 
expressions and ChAT activities in caudate 
nucleus and putamen were also found to be 
markedly decreased in postmortem brains of 
subjects with PSP, consistent with a selective 
loss of striatal cholinergic interneurons [96]. 
 
Shinotoh et al. [97] reported a modest reduction 
in cortical AChE activity in patients with PSP, 
smaller than in PD subjects and a 38% reduction 
in the thalamus. The latter indicates a significant 
loss of brainstem cholinergic PPN neurons. 
Therefore, it appears that in this atypical 
parkinsonian disease there is a widespread 
alteration of the cholinergic neurons involving the 
forebrain nuclei, striatal interneurons and brain 
stem nuclei.  
 
The corticobasal syndrome also belongs to the 
atypical parkinsonian diseases and shows a 
decrease in AChE activity, demonstrated by 
neuroimaging. The decrease was observed in 
the paracentral region and the frontal, parietal 
and occipital cortices [97,98] which are projection 
areas of the NB cholinergic neurons. At variance 
with PSP, with which the corticobasal syndrome 
is frequently confused [99], no reduction in 
thalamic AChE activity was detected. Both 
diseases are defined tauopathies and are 
characterized by neurofibrillary pathology.    
 
The frontotemporal dementias, which represent  
in prevalence the second group of senile 
dementias [100] are also characterized by 
neurofibrillary pathology. However, no decrease 
in cortical or thalamic AChE was observed by 
neuroimaging [98]. They are characterized by 
personality and behavior disturbances and 
limited memory loss and present several variants 
on the basis of the nature of the characteristic 
protein inclusions [101]. Pick’s disease is 
included in the frontotemporal dementias [102]. 
The studies of the cholinergic neurons of the NB 
report contrasting findings [82] ranging from no 
loss of cholinergic neurons to a 70% decrease. 
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However, according to Hansen et al. [103], ChAT  
levels were normal in 5 cases of Pick’s disease  
whereas they were reduced in AD cases studied 
by comparison. 
    
3.2.4 Mechanisms responsible of the 

degeneration of the cholinergic neurons 
in parkinson’s disease and atypical 
parkinsonian diseases 

 
As described above, in AD the loss of cholinergic 
neurons is confined to the cholinergic forebrain 
nuclei and according to the most likely 
hypothesis, their degeneration results from a 
dysregulation of NGF formation and metabolism 
caused by direct Aβ toxicity and the associated 
extensive inflammatory response [56,57,64].  
The degeneration of the cholinergic neurons in 
PD and the other neurodegenerative diseases 
which share the presence of tau neurofibrils, 
neurofibrillary tangles and Lewy bodies, shows 
different patterns. In PD, PD with dementia and 
LBD there is a loss of forebrain cholinergic 
neurons [81,82,87] which may be caused by the 
presence of an Aβ load and Aβ plaques, 
particularly in LBD, through the mechanisms 
discussed above. However, in PD and LBD there 
is a degeneration of the midbrain cholinergic 
neurons located in Ch5 and Ch6 [93] and a 
thalamic cholinergic denervation which do not 
occur in AD. The midbrain cholinergic neurons 
do not express NGF receptors [41] and do not 
depend on NGF supply. In PSP, besides the loss 
of the forebrain and midbrain cholinergic 
neurons, a degeneration of the striatal 
cholinergic interneurons was described [96]. 
Therefore, different mechanisms must be 
responsible for the degeneration of the 
cholinergic neurons located in different brain 
regions. Finally, the frontotemporal dementias, 
including Pick’s disease, do not show a 
consistent loss of forebrain cholinergic neurons 
and a significant cortical and thalamic cholinergic 
denervation. The fronto-temporal dementias are 
tauopathies characterized by neurofibrillary 
deposits, but it appears that tau deposition alone 
is not sufficient to induce the degeneration of the 
cholinergic neurons, even if tau neurotoxicity has 
been well documented in hippocampal 
organotypic slice cultures [104]. Indeed, no 
obvious differences in the distribution and density 
of cholinergic and monoaminergic neurons were 
found comparing tau filament-forming transgenic 
mice with wild type mice [105]. Conversely, in 
A30P mice, α-synuclein-expressing transgenic 
strain, a degeneration of the forebrain cholinergic 
neurons was observed after dopamine depletion 

induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) administration [106]. 
This observation was confirmed and extended  
by Szego et al. [107] who reported that the 
number of neurons expressing a cholinergic 
marker in the medial septum-diagonal band of 
Broca complex decreases in the α-synuclein-
expressing mice during aging. The decrease is 
associated with a lower AChE fiber density in the 
dentate gyrus and in the hippocampal CA1 field. 
After inducing dopamine depletion by MPTP, a 
delayed loss of cholinergic neurons and AChE-
positive fibers was observed, which was 
attenuated by L-3,4-dihydroxyphenylalanine 
(DOPA) treatment. However, P301L tau 
transgenic pR5 mice, overexpressing α-
synuclein, develop neurofibrillary lesions but do 
not show the degeneration of basal forebrain 
cholinergic neurons observed in AD [108]. It 
appears that α-synuclein toxicity for the 
cholinergic neurons is reinforced by age and 
dopamine depletion, a situation occurring in PD 
and parkinsonian diseases and therefore α 
synuclein seems to be co-responsible for the 
degeneration of the midbrain cholinergic neurons 
and to contribute to that of the forebrain neurons. 
 
3.2.5 Alcoholic dementia    
 
Chronic ethanol abuse may lead to alcoholic 
dementia and the related Korsakoff’s syndrome 
and Wernicke’s encephalopathy (WE), whose 
cognitive deficits mimic AD. The first observation 
of a loss of cholinergic neurons in the NB of 
subjects affected by Korsakoff’s syndrome was 
made by Arendt et al. [109]. No significant 
decrease in the number of cholinergic neurons 
was found in chronic alcoholism without 
dementia. The loss of cholinergic neurons 
concurs with the large decrease in ChAT activity 
detected in the cortex, hippocampus and 
cerebellum of subjects with alcoholic dementia 
by [110]. The degeneration of the cholinergic 
neurons caused by ethanol abuse can be 
reproduced in the rat. After 6 months of ethanol 
intake, a loss of cholinergic neurons, affecting 
the forebrain nuclei but sparing the brain stem  
Ch5 and Ch6 nuclei, was observed by Arendt et 
al. [111] and was accompanied by a decrease            
in AChE activity in the cerebral cortex, 
hippocampus and amygdala which indicates  a 
cholinergic denervation. In rats drinking ethanol 
for 6 months, the decrease in ChAT activity and 
ACh release in the cortex and hippocampus, 
together with cognitive impairment, was still 
observed after four week withdrawal [112].  
Investigating the mechanism of the neuronal 
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degeneration induced by ethanol abuse, Cullen 
and Halliday [113] observed that in 
chronic alcoholics with thiamine deficiency, 
neurofibrillary pathology was found in the NB, but 
in no other brain regions. Neurofibrillary tangles 
were not seen in age-matched controls and were 
infrequent in alcoholics without neuropathological 
signs of thiamine-deficiency. Neurofibrillary 
tangles were most numerous in the cases 
showing NB cell loss. The authors concluded that 
NB neurodegeneration in chronic alcoholics 
proceeds through the formation of neurofibrillary 
tangles. Extending their investigations, Cullen 
and Halliday, [114] observed that tau-positive 
granular and fibrillary inclusions were frequent 
within the magnocellular neurons of the NB in 
WE subjects, occasional in non-WE alcoholics, 
and absent in controls. Tau immunoreactivity 
was not observed in cortical, brainstem, 
diencephalic or non-cholinergic forebrain 
structures. The majority of neurons in the basal 
forebrain showed an increased peroxidase 
activity in all WE alcoholics and in some NB 
neurons of non-WE alcoholics, but was rarely 
seen in controls. These results suggest a link 
between peroxidase activity and the abnormal 
accumulation of phosphorylated tau. It should 
also be mentioned that thiamine deficiency is a 
common consequence of alcohol abuse and the 
impairment of ACh synthesis caused by thiamine 
deficiency was demonstrated since a long time 
[115]. Thiamine deficiency is therefore an 
important factor in the dysfunction of the 
cholinergic neurons in alcoholic dementia. 
However, it does not explain why the 
degeneration occurs almost exclusively in the 
Ch1–Ch4 nuclei. The involvement of players 
contributing to cholinergic degeneration in other 
neurodegenerative disease, such as   
neuroinflammation and NGF dysfunction, may be 
hypothesized. In organotypic brain slices of NB 
exposed to ethanol,  NGF and the  inhibition of 
MAPK p38 and NOS protected the 
cholinergic neurons against the ethanol-induced 
effect [116] confirming the complexity of the  
mechanism leading to cholinergic cell 
degeneration in this pathology.  
 

4. CONSEQUENCES OF THE 
DEGENERATION OF THE BRAIN 
CHOLINERGIC SYSTEM 

 
The most evident consequence of the 
degeneration of the forebrain cholinergic system 
is a cognitive deficit. More than thirty years ago 
Drachman [117] asked in a seminal paper, 
whether the cholinergic system had a specific 

role in memory and cognitive functions in man.  
Shortly later, the cholinergic hypothesis of 
geriatric memory dysfunction [24] was proposed 
and was followed by countless papers 
investigating and demonstrating the role of the 
cholinergic system in learning and memory. An 
analysis of these papers is beyond the scope of 
this article and therefore the reader is referred to 
a few recent reviews [118-122]. ACh in the brain 
alters neuronal excitability, influences synaptic 
transmission, induces synaptic plasticity and 
coordinates firing of groups of neurons. As a 
result, it changes the state of neuronal networks 
throughout the brain and modifies their response 
to internal and external inputs [123]. The 
administration of anticholinergic drugs to humans 
and animals, the use of cholinergic receptor 
knockout mice and the lesioning of the forebrain 
cholinergic neurons in animals result in deficit of 
attention, impairment in information acquisition 
and amnesia. Since dementias are characterized 
by multiple cognitive deficits including the 
impairment of memory [124], it may be assumed 
that the loss of forebrain cholinergic neurons is 
largely responsible for the cognitive deficits of 
dementias. On this assumption, cholinesterase 
inhibitors are used as therapeutic agents in AD 
with the aim to enhance the residual cholinergic 
function [125].   
  
In PD and LBD a degeneration of the midbrain 
cholinergic neurons located in the Ch5 and Ch6 
nuclei was observed, with or without the 
concomitant loss of Ch1–Ch4 neurons. The 
midbrain cholinergic neurons innervate the spinal 
cord, brain stem, thalamus, hypothalamus, basal 
forebrain and medial frontal cortex and are 
involved in motor activity, arousal and attention, 
the sleep-wakefulness cycle, the regulation of 
muscular tone during REM sleep [119]. Their 
loss may contribute to mobility impairment [84] 
and be a cause of the sleep behavior disorders in 
LB dementia [93].  
 
Since the first observation in transfected  
cultured cells [126] that stimulation of M1 and M3 
muscarinic receptor subtypes increased the 
basal secretion of amyloid precursor protein 
(APP), the possible  role of the brain cholinergic 
system in the regulation of Aβ peptide 
metabolism has been the object of much 
investigations (see ref. in [34]). Experiments “in 
vitro” and in murine AD models showed that M1 
receptors have a role in APP secretion via α-
secretase activation and in decreasing Aβ levels, 
via ß-secretase inhibition  [127]. Therefore it has 
been assumed that in AD the degeneration of the 
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cholinergic neurons, with the ensuing cholinergic 
hypofunction, may aggravate the Aβ overload 
which is considered a main pathogenetic 
mechanism. 
 
5. CONCLUSION 
 
The first question asked in the Introduction was 
about which nuclei of the cholinergic system 
degenerate in different neurodegenerative 
disease. The answer is that there are remarkable 
differences among diseases. In AD there is a 
progressive degeneration of the forebrain 
cholinergic neurons, leading to a cholinergic 
denervation of the cortical mantel and 
hippocampus, whereas the cholinergic neurons 
of the brain stem and spinal cord are spared. In 
LBD the rapid and severe degeneration of the 
cholinergic forebrain neurons also involves the 
brain stem cholinergic nuclei resulting in a 
denervation of the thalamus besides the cortex. 
In some of the atypical Parkinsonian diseases, a 
degeneration of the cholinergic neurons in the 
caudate nucleus and putamen was also 
detected. In PD a degeneration of the forebrain 
cholinergic neurons occurs in cases with 
dementia. In alcoholic dementia a degeneration 
of the cholinergic neurons, confined to the 
forebrain nuclei, was found. In all these 
neurodegenerative diseases, the loss of the 
forebrain cholinergic neurons is associated with 
dementia, strongly indicating a role in the 
cognitive processes of the neurons located in the 
Ch1–Ch4 nuclei.   
 
The different degeneration patterns of the 
cholinergic neurons observed in the 
neurodegenerative diseases lead to ask which 
are the reasons of the differences. The 
pathogenetic mechanisms of the 
neurodegenerative diseases are not yet fully 
understood but three culprits stand out, Aβ 
deposition, tau fibrillary tangles and the 
synuclein-containing Lewy Bodies. Aβ deposition 
and tau fibrillary tangles are present in AD, PD 
with dementia and LBD. Lewy Bodies are 
present in PD and LBD. A genetic and age 
related mitochondrial dysfunction has been also 
proposed as a possible common upstream cause 
of AD, PD and other neurodegenerative diseases 
[128]. Neuroinflammation, developing particularly 
in AD, but present in all neurodegenerative 
diseases, is a further pathogenetic factor. The 
finding that in frontoparietal dementias, which are 
typical tauopathies, there is no degeneration of 
the cholinergic neurons suggests that 
neurofibrillary deposition alone is not sufficient to 

damage the cholinergic neurons. Much evidence 
demonstrates that Aβ is toxic for the cholinergic 
neurons. However, not all cholinergic nuclei are 
affected in AD but only the forebrain neurons. 
Their vulnerability in AD has been attributed to 
the fact that they are continuously dependent on 
NGF for the preservation of their phenotype and 
function. Differences in NGF receptor 
expression, a dysregulation in NGF formation 
and metabolism, resulting from the joint toxicities 
of Aβ and inflammatory products, are the factors 
whose interplay is presently considered 
responsible for the degeneration of the 
cholinergic neurons in AD. However, the possible 
contribution of tau fibrils in this complex picture 
needs to be considered and investigated. 
Moreover, a definite mechanism explaining the 
loss of the midbrain cholinergic neurons in LBD 
and PD has not yet been found. 
 
In conclusion, our review shows that three 
decades of investigations provide an ample 
histopathological description of the loss of                   
the cholinergic neurons in different 
neurodegenerative diseases and its behavioral 
consequences. However, the pathological 
mechanisms responsible for their degeneration 
are only beginning to be unraveled.     
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