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Abstract
Scientific evidence collected over the past 4 decades suggests 
that a loss of cholinergic innervation in the cerebral cortex 
of patients with Alzheimer’s disease is an early pathogenic 
event correlated with cognitive impairment. This evidence 
led to the formulation of the “Cholinergic Hypothesis of AD” 
and the development of cholinesterase inhibitor therapies. 
Although approved only as symptomatic therapies, recent 
studies suggest that long-term use of these drugs may also 
have disease-modifying benefits. A Cholinergic System 
Workgroup reassessed the role of the cholinergic system on AD 
pathogenesis in light of recent data, including neuroimaging 
data charting the progression of neurodegeneration in the 
cholinergic system and suggesting that cholinergic therapy 
may slow brain atrophy. Other pathways that contribute 
to cholinergic synaptic loss and their effect on cognitive 
impairment in AD were also reviewed. These studies indicate 
that the cholinergic system as one of several interacting systems 
failures that contribute to AD pathogenesis.

Key words: Alzheimer’s disease, cholinergic system, cholinesterase 
inhibitors, nucleus basalis of Meynert (NbM) degeneration, nerve 
growth factor, basal forebrain cholinergic system atrophy.
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Introduction

The discovery, testing and validation of a 
broad spectrum of interventions to delay 
and eventually prevent neurodegeneration 

underlying chronic brain disorders such as dementia and 
Alzheimer’s disease (AD) remain vital global strategic 
goals (1-3). This mega-challenge regarding current R&D 
paradigms for therapy development and the associated 
question of how to improve the productivity of drug 
development and accelerate the discovery of cures 
have been extensively deliberated at several meetings 
organized by the Alzheimer’s Association’s Research 
Roundtable, the Alzheimer’s Association International 
Conference, Clinical Trials on Alzheimer’s Disease, 
the Advances in Alzheimer Therapy conferences, and 
the EU-US Task Force (4-10). These deliberations have 
examined the challenges as well as potential solutions to 
the problems facing current therapy development efforts..              

One critical factor that may account for the failure of 
current paradigms to yield effective disease-modifying 
treatments in recent years is the inadequacy of current 
concepts on the origins of neurodegeneration and the 
underlying pathogenic mechanisms (11). Now, there is 
growing recognition in the field for the necessity of a 
formal and comprehensive re-assessment of all major 
ideas or theories on pathogenesis and the need to foster 
new thinking on the neurobiology of neurodegeneration 
(2). The Cholinergic Hypothesis Workgroup [CWG] was 
convened to address this need. The current paper, which 
merely represents a ‘work-in-progress’, is an interim 
account based on a reassessment of the ‘Cholinergic 
Hypothesis’ in light of emerging evidence.  Further 
revisions of this initial report are expected as this 
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stocktaking exercise proceeds with specific feedback 
or general commentaries from the wider scientific 
community.

History of cholinergic involvement in AD

The concept of a significant cholinergic participation 
in the Alzheimer’s pathology has its roots in 
neurochemistry, neuropharmacology and neuroanatomy. 
Some of these roots relate to the effects of scopolamine in 
memory mechanisms. Earlier rodent studies by Pazzagli 
and Pepeu proposed a correlation between the amnesic 
properties of scopolamine and brain acetylcholine content 
(12), while Bohdanecky and colleagues demonstrated, in 
primates, dose-related effects of scopolamine in impairing 
memory mechanisms in the delayed-to-matching 
paradigm (13). Since the mid-‘60s, a number of related 
publications appeared in the literature including an 
opinion article by Deutsch in Science in 1971, signaling 
the cholinergic synapse as a possible “site of memory” 
(14). In the ‘60s and ‘70s there was a vague idea of the 
actual cholinergic pathways responsible for the above 
functions. Thus, most of the early anatomical information 
derived from histochemical techniques demonstrated 
in situ enzymatic activity of acetyl cholinesterase. Shute 
and Lewis early on proposed that the cortical cholinergic 
innervation was part of the “reticular ascending system” 
(15). The definitive conceptualization of the existence 
of basal forebrain neuronal cell body groups supplying 
cholinergic synaptic terminations to the hippocampus 
and cerebral cortex and its involvement in AD pathology 
had to wait for more advanced techniques, as discussed 
further below. 

The attention on brain acetylcholine as crucial 
to the mechanisms of memory functions took on new 
momentum with the thorough and influential 1974 
publication of Drachman and Leavitt, in which the 
authors studied the differential effects of scopolamine 
(central and peripheral effects), methscopolamine 
(peripheral effects), and physostigmine on cognitive 
performance. The performance of young subjects 
receiving scopolamine was comparable to that of 
untreated aged subjects on the same memory tests, 
suggesting possible cholinergic involvement in age-
related cholinergic losses (16).

The seminal findings of Drachman and Leavitt were 
soon followed by the simultaneous discovery in 1976 by 
Davies and Maloney and by Bowen and collaborators 
demonstrating significant depletion in the cerebral cortex 
of the acetylcholine biosynthetic enzyme (choline acetyl 
transferase) in post-mortem brain samples identified as 
bearing AD pathology (17, 18). In the same year, Bartus 
and Johnson reinforced the concept of the cholinergic 
participation in short-term memory in studies applying 
scopolamine in primates (19). Bartus subsequently 
found that relatively high doses of physostigmine, by 
blocking acetylcholine degradation, would help memory 

outcomes in aged but not young primates, leading to 
the consequential proposition of a potential therapeutic 
avenue for age-related memory losses (20). These studies 
culminated with the much noted 1982 Science review by 
Bartus and colleagues on the cholinergic hypothesis of 
geriatric memory dysfunction (21). 

At around the same time as research began to clarify 
the relationship between acetylcholine and memory, 
the nucleus basalis of Meynert (NbM) was identified 
as the source of cortical cholinergic innervation in the 
primate brain (22). In the same year, Whitehouse and 
collaborators provide neuropathological evidence of 
significant losses of “magnocellular neurons” of the NbM 
in patients with AD (23); a report soon followed by a 
review from Coyle and coworkers presenting arguments 
supporting the notion of AD as a disorder of the cortical 
cholinergic innervation (24). 

The severity of dementia in AD was found to have 
a positive correlation with the extent of the cholinergic 
loss (25, 26) and animals with cholinergic lesions and 
resultant learning impairments were characterized as 
models of AD (21).  These developments culminated in 
the demonstration that inhibitors of acetylcholinesterase 
could lead to symptomatic improvement in patients 
with AD (27). It  was subsequently found that 
neurofibrillary degeneration of the cholinergic NbM 
neurons, designated Ch4, was already present at the 
very early stages of AD, and that the extent of this 
neurofibrillary degeneration, even at a stage prior to 
cell death, is correlated with cognitive deficits (28, 
29). Additional lines of research have also raised the 
possibility that this cholinergic lesion may influence AD 
pathogenesis through complex and poorly understood 
effects on amyloidogenesis, tau phosphorylation, and 
neuroplasticity (30). Although changes in other cortical 
neurotransmitters such a dopamine, norepinephrine, 
and histamine were also reported in AD, a review of the 
extensive literature led Geula and Mesulam to conclude 
that the cholinergic lesion is earlier, more widespread, 
and more consistent than the pathological alterations of 
other neurotransmitter systems (31, 16, 21).

The above body of ideas indicating that the decline 
in a system regarded as fundamental for memory 
mechanisms contributes to age-associated memory 
losses, along with evidence of atrophy of that system 
in AD, became by extension the simplified “cholinergic 
hypothesis of Alzheimer’s disease” (32), and was 
understood as causative of the disease. However, that 
was not the message promulgated by proponents of 
significant involvement of the cholinergic system in AD, 
nor of Bartus et al., who in 1985, revised the historical 
status of “The Cholinergic Hypothesis”, specifically 
clarifying that “it states nothing about etiological factors” 
but rather describes the role of cholinergic dysfunction in 
memory mechanisms (33). 

To this day, cholinesterase inhibitors (ChEIs) 
remain the main approved pharmacological therapies 
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for cognitive deficits in AD. Currently, three ChEIs – 
donepezil, rivastigmine, and galantamine – are widely 
used as standard of care for the pharmacological 
treatment of clinical symptomatic stage AD. The 
efficacy of ChEIs has been demonstrated in multiple 
large-scale studies, although effect sizes are considered 
modest and ChEIs are traditionally conceptualized as 
“symptomatic” treatment. Critical questions remain to be 
answered, including whether it is useful to dichotomize 
pharmacological treatments in exclusive categories 
such as “symptomatic” versus “disease-modifying” 
and whether one can expect much higher effect sizes in 
co-primary outcomes of any treatment at the late and 
potentially largely irreversible stage of AD dementia. 
Moreover, as summarized in section 6, the use of ChEIs 
for more than two decades raises questions as to whether 
their effects are more significant and longer-lasting than 
has been assumed. Whether more effective or additional 
cholinergic interventions may have a more consequential 
effect on AD at symptomatic and pre-symptomatic stages 
is not yet clear. 

Current status of the search for AD treatments

Success rates among AD drugs in clinical development 
are disappointing low (34, 35), much lower than for 
cancer and other complex diseases. In the past 25 years, 
the search for therapies aimed at slowing or halting AD 
progression has been dominated by the straightforward 
rationale of developing compounds targeting or 
disrupting amyloid beta (Aβ) formation (35). There is 
broad consensus that early onset autosomal dominant 
AD (ADAD) is caused by amyloidopathy. While the 
same may also be true for the more common late-
onset, polygenic sporadic forms of the disease (LOAD), 
other factors may also contribute to or aggravate the 
disease. Indeed, the sporadic forms of AD have multiple 
variants, each with distinct clinical features and genetic 
associations (36). The pathophysiology of sporadic AD 
is therefore likely to be heterogeneous (i.e., in terms of 
disease onset, presentation and progression), and to 
reflect non-linear dynamic interactions among multiple 
factors. An integrated understanding of these genetic 
and biological interactions, processes, and feedback 
mechanisms is needed to develop more effective 
interventions based on the principles of biomarker-
guided precision medicine tailored to individual patients 
at early disease stages (37, 38). The limitations of the 
amyloid cascade hypothesis and the failure of several 
Aβ-focused therapy development efforts, together with 
the recognition of the close relationship between tau 
pathology and cognitive status, have encouraged the 
development of other therapeutic approaches for AD, 
including tau-targeted therapies (39).

Cholinergic systems in aging, mild cognitive 
impairment and dementia 

Anatomical studies conducted in the 1980s using 
choline acetyltransferase (ChAT) immunolabeling 
demonstrated that cholinergic innervation of the 
primate cerebral cortex begins in the basal forebrain 
(BF), specifically in Ch4 neurons within the NbM (40). 
Ch4 neurons project to all regions of the rhesus monkey 
cerebral cortex but receive cortical input only from limbic 
and paralimbic areas (41). Indeed, cortical cholinergic 
innervation arising from the NbM provides the largest 
component of the extra-thalamic ascending reticular 
activating system (ARAS); thus, its loss can result in 
impaired attention, memory, motivation, sleep, and 
plasticity (42). 

Ch4 neurons are highly susceptible to degeneration in 
AD (28). In the advanced stages of AD, most Ch4 neurons 
contain a substantial number of neurofibrillary tangles; 
and neurofibrillary degeneration in the NbM appears 
to be responsible for destruction of outgoing axons. In 
the prodromal mild cognitive impairment (MCI) stage, 
there is also a marked increased density of neurofibrillary 
tangles in NbM neurons, and the amount is significantly 
correlated with performance on memory tests (28). 
Neurofibrillary tangles are even detected at low levels in 
cognitively healthy elderly (28). Altogether, these results 
indicate that neurofibrillary degeneration of cholinergic 
neurons in the NbM, which innervate the cortex, is a very 
early event in the age-MCI-AD continuum. However, 
neurofibrillary pathology of the NbM is not an isolated 
component of the healthy aging-MCI-AD dementia 
continuum, and there is no definite evidence that it 
drives other aspects of the pathophysiological cascade 
(30). The differential vulnerability of Ch4 sectors to AD 
pathology has been addressed by many investigators. 
Geula and Mesulam (31) reviewed 22 studies reporting 
Ch4 neuronal loss in AD and concluded that the posterior 
(Ch4p) and anterolateral (Ch4al) sectors tended to 
show the most pathology, and that these sectors were 
likely to project to areas known to display the greatest 
cholinergic denervation. These conclusions were offered 
with multiple caveats revolving around the heterogeneity 
of the histopathologic methods and of the patient 
populations. 

While cholinergic neurotransmission is disrupted in 
individuals with AD dementia (43) and in the prodromal 
stage of AD (i.e., individuals with MCI) (44, 45), it is not 
clear whether such disruption also occurs in cognitively 
normal older adults who have increased levels of 
Aβ. Post-mortem studies of cognitively normal older 
adults have reported that decreased ChAT activity was 
significantly associated with increased concentration 
of Aβ (46, 47). Similarly, increased levels of Aβ were 
associated with accelerated loss of cholinergic fibers in 
the entorhinal cortex and inferior temporal gyrus (48) 
and recent studies have also shown that Aβ burden 
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correlates significantly with basal forebrain atrophy (49, 
50). However, as normal cognitive function depends on 
adequate cholinergic neurotransmission, particularly the 
acquisition, storage and use of new knowledge (51, 52), 
the integrity of the cholinergic system in preclinical AD 
must be sufficiently intact to allow neuropsychological 
test performance to remain generally within normal 
limits (53).  

Receptor changes in AD reflect the degree of synaptic 
deafferentation and are secondary to neuronal, mainly 
synaptic, pathology. Therefore, muscarinic and nicotinic 
receptors are not equally affected at different stages of 
the disease (54). This difference may have therapeutic 
implications (55).

The cholinergic hypothesis implies that the 
efficiency of a reduction in the number or activity level 
of cholinergic synapses can be improved by either 
increasing the synaptic level of ACh or by allosteric 
modulation of postsynaptic cholinergic receptors with 
selective agonists. The second alternative can be best 
satisfied by stimulating or modulating either the M1 
muscarinic receptor or some of the nicotinic cholinergic 
receptors subtypes. Both ways have been clinically 
exploited. M1 receptors play a role into memory and 
learning processes as demonstrated by effects in animal 
models and are impaired in AD at different stages of 
the disease (55, 56). The clinical experience with the first 
generation of M1 agonists has been largely disappointing, 
either because of clinically insignificant cognitive 
effects or side effects, often of cardiac nature (56). A 
promising extension of the concept of selective allosteric 
M1 receptor modulation is the recent development of 
muscarinic agonists targeting the sigma-1 receptor such 
as AF710B (57). In animal models, these compounds 
result in improved cognition, reduced synaptic loss, and 
reduced amyloid and tau pathologies (57). In this regard, 
it is encouraging that in a rat transgenic model of AD-like 
amyloid pathology, the AF710 B allosteric muscarinic and 
sigma 1 agonist, after a month of treatment interruption 
has shown “disease- modifying” sustained effects on 
diminishing the Aβ pathology and improving cognitive 
outcomes in a variety of tasks (58). However, these 
compounds have not yet been tested clinically.

In contrast to studies of muscarinic receptors, nicotinic 
receptor binding is reduced in autopsied AD brains 
(55, 59). Biopsy and PET imaging studies confirmed the 
severe loss of cortical nicotinic receptors in AD (60, 61), 
supporting the use of selective nicotinic agonists. Of 
particular interest have been alpha-7 nicotinic receptors, 
which are highly expressed in brain regions involved in 
cognitive processes and are particularly vulnerable to 
AD pathology (62). Encenicline, a partial selective agonist 
of the alpha-7 subunit, showed encouraging results in 
a phase 2 trial in mild to moderate AD patients but was 
put on hold in phase 3 trials because of rare but severe 
side effects (63). Thus, despite a solid pharmacological 
background and convincing implications in AD 

cognitive deficits, both muscarinic and nicotinic agonists 
or modulators have been so far disappointing in the 
treatment of AD.

During the last 10 years, neuroimaging studies 
have helped to chart the in vivo progression of 
neurodegeneration in the cholinergic system and to 
demonstrate its connection to anatomical and cognitive 
correlates of AD. For example, Teipel, Hampel, 
and colleagues developed innovative structural 
magnetic resonance imaging (MRI) analytic methods 
to demonstrate the presence of NbM atrophy in the 
AD brain as well as a decline in related cholinergic 
cortical projection areas. In a first study in 2005, they 
accomplished this stereotactic mapping of the basal 
forebrain cholinergic system (BFCS), which contains the 
NbM and Ch4, with the help of combined examination 
of histological sections and post-mortem MRI in a non-
demented patient, and then applied this stereotactic map 
onto MRI scans of patients with probable AD (64). The 
same team replicated these results in an independent 
sample, additionally using diffusion tensor imaging 
(DTI), where they demonstrated an association with fiber 
tract disintegration within the ascending cholinergic 
pathways and confirmed that significant atrophy of the 
NbM occurs in patients with AD dementia and even in 
those with MCI (65). Together, these studies indicate that 
structural decline in the NbM may indeed be an early 
event during disease progression (66).

In addition, by studying MRI-based morphometry 
in a large cohort of healthy individuals across the adult 
lifespan, as well as patients with prodromal or mild AD 
dementia, Grothe and colleagues revealed that BFCS 
atrophy in AD occurs against a background of notable 
age-related degeneration and that exacerbated atrophy in 
AD progressed from the posterior NbM, at the prodromal 
stage, to include the entire basal forebrain in mild AD 
dementia (67). They also used serial scanning to show 
reduced baseline volumes and accelerated atrophy 
over time as the disease progresses, such that MCI-to-
dementia converters show larger baseline decrease in BF 
volume compared with subjects that remained in the MCI 
range within the same time interval (45). A population-
based study in healthy elderly subjects showed that 
changes in the BF may even precede symptom onset by 5 
years (68).  

Schmitz and Spreng asked the question whether 
longitudinal shrinkage of the basal forebrain region 
containing the NbM and entorhinal cortex grey 
matter volume were interdependent and sequential. 
Surprisingly, their data indicate that basal forebrain 
volume predicts longitudinal entorhinal degeneration. 
The Aβ positive cognitively normal subgroup, showed 
abnormal degeneration in basal forebrain, but not 
entorhinal cortex. Both abnormal basal forebrain and 
entorhinal cortex atrophy was exclusively observed 
among prodromal individuals, providing evidence 
that basal forebrain atrophy precedes and predicts 
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both entorhinal pathology and memory impairment, 
challenging the traditional view on brain regional AD 
pathological progression (66).

Kilimann and colleagues showed that NbM volume 
change was a robust neuroimaging marker even 
when probed with different scanner types in different 
medical research centers. In AD patients, significant 
volume reductions were observed in all sub-regions of 
the BFCS, with the posterior subregion of Ch4 (Ch4p) 
showing the best utility as a diagnostic classifier (69). BF 
atrophy was also associated with cognitive decline (44) 
as well as regional cortical degeneration (65), and glucose 
hypometabolism (50) that links to the cognitive deficits 
in a domain-specific manner; additionally, it correlated 
with Aβ burden in healthy controls, MCI subjects, and 
AD patients (49, 70). The mechanisms underlying these 
correlations are poorly understood and need to be 
investigated.

A recent overview describing late-stage AD drug 
trials conducted in the period 1984 - 2013, indicates that 
there has been a recent surge in interest in therapies 
targeting a range of receptors to modulate cholinergic 
or other neurotransmitter systems (35). These recent 
studies indicate that cholinergic therapies may have 
heretofore unsuspected disease-modifying properties 
and that, administering them early in the disease 
process and relying on compounds that are both more 
selective and more potent, might represent one of the 
many interventions that will be needed to delay the 
progression of cognitive impairment in asymptomatic 
individuals at risk for AD. The most recent evidence 
has been presented by the Hippocampus Study, a 
double-blind randomized controlled trial of donepezil 
with primary MR imaging outcomes. Dubois, Hampel, 
Cavedo, and colleagues showed a significant treatment 
effect of donepezil in reducing rate of atrophy in the 
hippocampus, cortex, and basal forebrain volume, 
areas that are strongly involved in the pathophysiology 
of AD and cholinergic innervation (71). In particular, 
individuals in the treatment group with suspected 
prodromal AD showed a 45% reduction in the rate of 
hippocampal atrophy compared to the placebo group 
after one year of treatment (72). In a follow-up study 
by the same group, donepezil-treated participants also 
showed reductions in the annualized rate of change 
in regional cortical thickness compared to participants 
receiving placebo. The main cortical areas revealing 
reduced cortical thinning in the treatment group were 
the rostral anterior cingulate, the orbitofrontal, the right 
inferior frontal cortices and the right insula (71). Recently, 
Cavedo and Hampel and colleagues presented evidence 
reporting reduced basal forebrain system atrophy after 
one year of donepezil treatment in the same study 
population. Notably, the exploratory analysis on the basal 
forebrain cholinergic system nuclei revealed a specific 
effect of donepezil in reducing rate of atrophy in the 
NbM, representing the region with the most elevated 

concentration of cholinergic neurons projecting to 
the cortex, and in the medial septum/diagonal band 
nuclei connected to hippocampus and entorhinal cortex 
(73).  These remarkable effects cannot be explained by 
currently known mechanisms of cholinergic biology 
and deserve further investigation.  Although trials 
exploring the effectiveness of cholinesterase inhibitors in 
MCI have yielded variable results, and a recent practice 
guideline update could find no Level A evidence that 
cholinesterase inhibitors offer symptomatic improvement 
at the MCI stage,  it is encouraging that some multicenter, 
double-blind, placebo-controlled trials of cholinesterase 
inhibitors in MCI suggest that conversion to clinically 
diagnosed AD may be delayed in Apolipoprotein 
Eε4 carriers on cholinesterase inhibitors as compared 
to placebo. In a rat transgenic model with AD-like 
amyloid pathology, an allosteric muscarinic and sigma 1 
agonist reportedly showed “disease-modifying” effects, 
diminishing the Aβ pathology and improving cognitive 
outcomes (41).

Obviously, no therapeutic strategy can overlook 
other aspects of AD pathophysiology. For instance, 
neurofibrillary degeneration and neuritic amyloid 
plaques are present in areas of the brain beyond the 
NbM, including the entorhinal cortex, amygdala, 
and hippocampus, as well as other areas of the 
cortex. Treating the loss of cholinergic innervation 
might therefore have only a partial effect on overall 
pathogenesis and symptomatology (30). Inflammatory 
pathways also appear to play an important role in 
disease timing and severity. For example, pharmaco-
epidemiology data suggest that long-term use of non-
steroidal anti-inflammatory drugs (NSAIDs) may protect 
against AD (74, 75); and at preclinical stages, NSAIDs 
may diminish significantly AD prevalence (42), while 
they are ineffective after its clinical presentation (43). 

In individuals with intact NbM and intact cortical 
cholinergic axons, ChEIs are expected to have 
cholinomimetic effects on cortical neurons by delaying 
the hydrolysis of presynaptically-released ACh. 
However, since few if any cholinergic axons remain intact 
in advanced AD, ChEIs are unlikely to have the same 
type of cholinomimetic effect. In fact, the bulk of cortical 
cholinesterases in advanced AD are found in plaques 
and tangles (13).  Since the cholinergic innervation of the 
striatum and thalamus are largely intact in AD, ChEIs in 
these patients could potentially exert their symptomatic 
effects on cognition by altering cholinergic activity along 
these subcortical pathways (13).

The CNS cholinergic phenotype: implications 
of a novel nerve growth factor (NGF) 
metabolic pathway in Alzheimer’s pathology

N e r v e  g r o w t h  f a c t o r  ( N G F )  r e t r o g r a d e l y 
transported from cortex has been known for many 
years to be necessary for the maintenance of BFCS. 

REVISITING THE CHOLINERGIC HYPOTHESIS IN ALZHEIMER’S DISEASE
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During development, NGF is essential for survival, 
differentiation, and establishment of synaptic density, 
while in the mature central nervous system (CNS) it 
is critical for preserving the neuronal phenotype of 
cholinergic NbM cells and synaptic density (76). This 
knowledge, as well as the experimental evidence that 
lesion-induced cholinergic atrophy and death could 
be prevented by the application of exogenous NGF, 
stimulated interest in a possible neurotrophic therapy in 
AD (77). Unfortunately, the earliest interventions with 
the direct intracerebral application of exogenous NGF 
in AD patients had a number of undesirable effects. 
Based on a single case observation of positive cognitive 
outcomes on verbal memory (78, 79), the Karolinska team 
embarked in a larger study with exogenous intracranial 
NGF application in AD. At the time, the outcome of the 
early clinical attempts to treat Alzheimer’s disease with 
intracerebroventricular exogenous NGF was discussed 
by Cuello and Thoenen (80), highlighting the significant 
adverse effects such as hyperalgesia, anorexia and herpes 
zoster. A full report of the three cases studied with such 
approach was published in 1998 (81), indicating that no 
significant improvement was noticed in the MMSE scores 
of the treated patients. 

More recent attempts for neurotrophin-oriented 
therapies involved the implantation of NGF-secreting 
cells or the actual local transfection of cells to release 
neurotrophins in the selected brain areas. Thus, a series 
of AD patients have been treated with encapsulated 
NGF-transfected cells to secure neurotrophin secretion 
at the basal forebrain (NbM and diagonal band regions) 
(82). Another recent alternative approach has been 
applying adeno-associated virus vectors expressing NGF 
(AAV-NGF) in the NbM. Such studies were initiated in 
2001, demonstrating in a 2005 report a slower cognitive 
deterioration in some AD individuals thus treated (83). 
A more recent report on post-mortem material of AD 
sufferers who received AAV-NGF transfections revealed 
trophic responses in cholinergic neurons of the NbM (84).

The above approaches, while encouraging, are 
rather invasive and rely entirely on the application of 
exogenous NGF, as a pharmacological agent, at non-
physiological sites of release. The discovery of a novel 
NGF metabolic pathway offers the theoretical possibility 
of modifying the rate of production of endogenous NGF 
at its physiological sites of release, i.e. the cerebral cortex 
for the cholinergic neurons of the nucleus basalis and the 
hippocampus for septal/diagonal band neurons.   

The discovery of this novel metabolic pathway 
resolved the apparent paradox in AD of marked 
cholinergic atrophy of the NbM despite an abundance of 
the NGF precursor and no compromise of NGF synthesis. 
This pathway revealed that pro-NGF is released in an 
activity-dependent form, converted to mature NGF in 
the extracellular space, and eventually degraded by a 
complex CNS metabolic pathway (85). In brains with 
AD pathology the conversion of the released pro-NGF 

is compromised, resulting in the pathological brain 
build-up of pro-NGF and very limited production of 
the biologically active mature NGF. This deregulation 
can be provoked by oligomeric amyloid peptides and 
likely aggravated by Aβ –induced neuroinflammation 
(86, 87). The possibility that other inducing factors, such 
as metabolic stress, may precede the aggregation of Aβ 
peptides has not yet been explored.   

The degeneration of basal forebrain cholinergic 
neurons observed in AD is also seen in patients with 
Down syndrome (DS) (88), who typically develop 
neuropathology nearly identical to that reported in 
AD by their 30s; and, by age 70, they will most likely 
have dementia (89). In both AD and DS, dysregulated 
metabolism or retrograde transport of NGF to the NbM 
may provide a mechanism for cholinergic synaptic loss, 
neuronal atrophy, and eventually cognitive impairment. 
NGF metabolic deficits, including increased pro-NGF 
concentration and reduced tissue plasminogen activator 
(tPA) activity appear at early stages of Aβ accumulation 
in DS, before the onset of dementia (87). Moreover, 
longitudinal studies of asymptomatic DS and AD patients 
have shown that a rise in  plasma pro-NGF from baseline 
to year one predicts a greater cognitive decline at year 
two (90). These data suggest that the NGF metabolic 
pathway is likely to be substantially compromised during 
the “silent stages” of AD, which may offer opportunities 
to search for novel biomarkers (i.e. a raise of pro-NGF 
in body fluids anticipating worsening of AD pathology 
at preclinical stages). The therapeutic possibilities of 
manipulating this CNS metabolic pathway responsible 
for the endogenous production of mature NGF has 
not been explored. However, there is already data 
demonstrating that both conversion and degradation 
of NGF are amenable to pharmacological manipulation 
in naïve rats with an impact on the cortical cholinergic 
synaptic phenotype (91). 

Ident i fy ing  prec l in ica l  AD through 
pharmacologic action on the cholinergic 
system 

Following recent clinical trials of anti-amyloid 
therapies that failed to demonstrate significant 
therapeutic benefits, positron emission tomography 
(PET) imaging with amyloid ligands revealed that up 
to a quarter of the participants in those trials did not 
have fibrillary amyloid pathology targeted by the drug’s 
mechanism of action, despite a clinical diagnosis of mild-
to-moderate AD (92, 93). This has highlighted the need 
for better patient selection based on biomarker positivity. 
The problem, however, is that PET imaging is expensive, 
hardly generalizable, invasive and labor-intensive.  One 
question worth addressing, based on the hypothesis that 
there is subtle disruption to cholinergic system integrity 
during the preclinical stage of the disease, is whether a 
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challenge test can be created and effectively utilized that 
would allow for more reliable subject selection for clinical 
trials (and eventually as a screening test for preclinical 
AD).  

Snyder and colleagues have suggested that it 
may be possible to transiently disrupt cholinergic 
neurotransmission in a stress test designed to unmask 
very early, otherwise undetectable cognitive impairment 
in a modestly compromised system such as preclinical 
AD (53). They have developed what they call a “cognitive 
stress test” analogous to the cardiac stress test that is used 
to unmask preclinical cardiac physiologic markers of 
early cardiovascular disease. 

The procedure  re l ies  on the  subcutaneous 
administration of  a low dose of  scopolamine 
hydrobromide, a muscarinic cholinergic antagonist 
that has short-term negative effects on cognition, as the 
temporary stressor (94). For a cognitive assay that is 
sensitive to subtle perturbation of the cholinergic system, 
they use the Groton Maze Learning Test (GMLT), which 
has been shown to detect subtle alterations in working 
memory and problem solving in the visual-spatial 
domain (95). The test is available in 20 well-matched 
alternate forms and can be completed in five minutes. 
Approximately 45 validation and factor analytic studies, 
as well as approximately 60 phases 1 and 2 clinical trials 
support the validity of the test to assess two cognitive 
domains: error monitoring and learning efficiency. The 
GMLT has also been shown to detect specific working 
memory impairments following low-dose scopolamine 
challenge in healthy elderly adults (96). 

Using amyloid PET imaging to identify healthy elderly 
adults with AD risk factors but low cortical Aβ burden, 
Snyder and colleagues showed that a very low dose of 
scopolamine leads to cognitive impairment at 3 hours 
that can be detected by the GMLT, with full recovery 
within 5 hours (97). The idea of the stress test is that 
individuals in the early stages of AD will recover less 
quickly. At present, they are conducting a 27-month 
double-blinded, controlled longitudinal study in adult 
caregivers of 1st degree relatives of individuals with AD 
who have subjective memory impairment but do not 
(yet) qualify for a diagnosis of mild cognitive impairment 
(MCI).  In this sample, they have shown that subjects’ 
ability to recover rapidly from the pharmacologic 
challenge is correlated with neocortical amyloid burden 
(39). Snyder and colleagues suggest that patients who 
present with relative decrements in cholinergic tone, 
identified by this stress test, may represent a clinically 
specific subpopulation who would respond best to 
secondary prevention treatment with a potent cholinergic 
agonist and/or with novel ChEI (39). 

Best possible utilization of cholinesterase 
inhibitors in AD therapy 

The use of ChEIs as a treatment for AD derives from 
the hypothesis that deterioration in cholinergic neuron 
function causes the cognitive and behavioral impairments 
of AD.  Twenty years of experience with these drugs 
show that they can be of benefit for patients in all stages 
of AD, including those with progressively worsening 
disease. However, while long-term follow-up assessment 
of AD patients treated with ChEIs have suggested a 
delay in cognitive deterioration, long -term effects of 
such therapy on disease progression have not been 
systematically explored, and flaws in study designs have 
made it difficult to interpret existing studies difficult. 

Higher doses of ChEIs show increasing clinical 
benefits; however, increasing dose has been limited 
by greater adverse effects. Long-term efficacy studies 
suggest that cognitive benefits may persist for up to five 
years (98-101). Longer-term open-labeled studies suggest 
that there is a subgroup of patients with stabilized 
cognition and activities of daily living, presumably 
in response to ChEIs, although this could reflect a 
selection bias. Moreover, several studies have shown 
that patients with moderate or moderately-severe AD 
exhibited greater response to ChEI therapy (102, 103), 
thus suggesting that cholinergic deficits progress during 
the latter course of disease (104). As discussed above, 
however, it is not entirely clear that ChEIs in advanced 
disease can have the type of cholinomimetic effect on the 
cerebral cortex that is seen in the normal brain. 

ChEIs may also have beneficial effects on sleep, which 
is commonly disrupted in individuals with AD.  Indeed, 
ChEIs have been shown to produce positive effects in 
cognitive function and sleep in elderly and non-demented 
individuals with sleep disorders (105). However, most 
of these benefits were observed during the day while at 
night there was some exacerbation of sleep disorders. In 
AD patients, adverse sleep-related events are rare and 
short lasting and generally attenuated with prolonged 
use of ChEI (106). Continuous monitoring of AChE 
and butylcholinesterase inhibition in CSF and plasma, 
following administration of rivastigmine showed no 
differences throughout the day and directly correlated 
with cognitive benefits in AD patients (107).

Although ChEIs are still largely believed to provide 
“symptomatic” benefits only, evidence discussed above 
suggests that they may affect disease progression. For 
example, a very small preliminary study in mild AD 
demonstrated preserved cognitive function after 12 
months of treatment, which was associated with levels 
of ChE inhibition in plasma (108). Open-label extensions 
of short duration trials and long-term observational 
controlled studies have provided further evidence 
suggesting sustained benefits for patients who take 
ChEIs for many years (109). These and other studies 
have prompted the search for novel «cholinergic-
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oriented» treatments with higher clinical efficacy than 
ChEIs. Thus, it would be of interest to assess the possible 
clinical efficacy of new and under development allosteric 
modulators of muscarinic and nicotinic receptors. 
Ideally, drugs needed to substantially slow or block 
NbM neuronal atrophy or loss during the asymptomatic 
preclinical phase would represent a logical strategy to 
delay progression of cholinergic denervation and its 
effects on cognition. 

As described above, a placebo-controlled French multi-
center donepezil MRI Trial reported a considerable effect 
of one year of donepezil treatment on reduced rate of 
hippocampus and basal forebrain atrophy, as well as on 
regional cortical thickness, suggesting a potential slowing 
of brain structural decline in treated versus placebo 
control patients with suspected prodromal AD (71).  
The mechanism underlying this unique finding needs 
further elucidation. The pharmacological intervention for 
correcting the AD pathology by targeting the deregulated 
NGF metabolic pathway is also being investigated. 

Such pharmacological treatments may also be of 
benefit for other neurodegenerative diseases involving 
the cholinergic system, such as dementia with Lewy 
bodies (DLB), Parkinson’s disease dementia, mixed 
AD and vascular dementia, and traumatic brain injury. 
Antagonists of 5-HT6, combined with ChEIs, higher 
doses of ChEIs combined with peripheral blockers of 
undesirable side effects also appear to have therapeutic 
potential. Nicotinic or muscarinic agonists are also likely 
to be promising if side effects can be managed. There is 
also evidence that a loss of calcium binding proteins such 
as calbindin may precede neurofibrillary degeneration 
and loss of neurons in the NbM (13). Calcium channel 
blockers may therefore also have a role in preventive 
cholinergic therapies.

Why therapy development efforts have failed 
– the need for novel concept and models of 
Alzheimer’s disease

One of the major barriers to effective therapy 
development for complex neurodegenerative disorders is 
the lack of appropriate models or modeling systems. The 
entire enterprise of developing therapies, ranging from 
drug discovery to testing for the efficacy of treatments, is 
in urgent need for substantially more accurate models of 
disease than those currently available.  

Prospective experimental prototypes necessary for 
the study of complex neurodegenerative disorders such 
as dementia should not only account for heterogeneous 
biological phenotypes but also must explain the full 
spectrum of clinical features across the complete 
spectrum of the syndrome. For example, a future ‘ideal 
model(s)’ (110) should address, and if possible, account 
for: 
• Why the pathobiology preferentially affects specific 

locations, or neural systems in the brain
• How different pathologies shape pre-clinical and 

clinical phases of disease
• How individual environmental and genetic factors 

contribute to the development of clinical symptoms
• The relationships between risk factors and underlying 

pathophysiological mechanisms
• The preponderance of mixed pathologies
• The role of existing medical comorbidities

A vital limitation of current models of AD, and 
associated paradigms for therapy development, 
is their unquestioned acceptance of the idea that a 
unitary etiological pathway or a single causative factor 
underlies the neurobiology of the disease, including 
all its heterogeneous forms of expression. The key 
problem is that although the theory of a single pathogenic 
mechanism might adequately explain some forms of the 
disease (e.g., ADAD), it may not be necessary or sufficient 
to account for the underlying complex biology of all 
other forms of the disorder (e.g., LOAD) (2).  Increasing 
evidence indicates that chronic neurodegenerative 
disorders and dementia, particularly late onset sporadic 
form of AD, are polygenic disorders that entail complex 
pathogenic paths with multiple components and 
mechanisms that are yet to be sorted out. Thus, there is 
the need for critical re-evaluation of all old assumptions 
and the adoption of radically new thinking about the 
origins of complex neurological disorders. 

The recent sequential failure of treatment trials for 
LOAD, which uniformly have relied on interventions 
derived from extrapolations of a unitary pathogenic 
pathway model, have reinforced growing doubts about 
the validity of current theories on therapy development 
and the prevailing assumptions that one mode of action 
fits all forms of AD.  This commonly held implicit 
supposition has contributed to unrealistic expectations 
for efficacy in the current drug development environment 
and may also explain the selection of inappropriate 
treatment targets that fail to consider the complex 
interactions among multiple pathogenic pathways or the 
intricate cascade of molecular events leading to late-stage 
dementia of AD. 

A more productive future R&D enterprise for 
discovery and testing of therapies for complex 
neurological disorders may require radically different 
ways of conceptualizing these disorders. For example, 
AD might be characterized not as a disease but as a 
clinical-pathological syndrome that reflects varying 
patterns of failure in various related neural systems 
that underlie behaviors such as memory, language, 
attention, affect, motor function, etc.  The critical feature 
of such a systems failure model is that this approach to 
thinking about the disorder does not rely on a unitary 
etiologic factor or a linear pathogenic process but rather 
requires dissecting the key components of the system 
and understanding the complex interactions among the 
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constituents of the systems. 
The field is still at an early stage in the comprehensive 

exploration of the complex spectrum of neurobiological 
mechanisms that underlie chronic neurodegeneration 
or the intricate pathogenesis of Alzheimer syndrome. 
To move forward in this direction, we need to adopt 
new concepts and principles from other fields that also 
grapple with understanding the behavior or functioning 
of complex non-linear systems; for example, studies or 
research based on general systems theory, complexity 
science, and computational biology. Novel conceptual 
models or theories of the Alzheimer syndrome, which 
take into account the complex polygenic nature of 
underlying biology, may well change current paradigms 
and lead to successes in treatment and/or prevention. 
However, such a radical change in thinking or a tectonic 
shift in current research philosophies will not be easy. 

In particular, discovering and testing new therapeutic 
targets focusing on disease progression (and eventual 
prevention) will require addressing the full spectrum of 
pathophysiologic mechanisms, as well as the biomarkers 
associated with these neuropathologic process across 
all involved systems. This will require identification 
of all critical components of these systems, along with 
time-space relationships of key elements involved in the 
clinical manifestations of the disease. 

 The fragmented R&D enterprise – including drug 
discovery, clinical testing, biomarker development, 
molecular genetics/genomics, neurochemistry, and 
neuroimaging – needs to be integrated to enable problem 
solving based on systems approach. Better alliances and 
collaborative models will need to be coordinated between 
industry and academia. Current paradigms of therapy 
development need to be expanded to include the concept 
of a complex, multifactorial brain failure involving a 
wide array of interlinked systems and brain regions.  
The continuation of traditional search for magic bullets 
or “one-size-fits-all” drugs will not likely succeed in 
treating sporadic AD, which largely includes clinically 
heterogeneous cohorts with multiple underlying genetic 
and biological variants. 

The road ahead will likely mirror other advanced 
fields, such as oncology, using genomic screening 
and biomarker-guided targeted therapies tailored to 
an individual’s biological makeup. This will include 
understanding how the pathophysiology of the 
cholinergic system differs among individual patients, 
potentially explaining the spectrum of responders and 
non-responders according to neural network paradigms 
(37, 38). 

Conclusion and future efforts

The present provisional report reassessing the 
‘Cholinergic Hypothesis’ is intended as initial phase of 
what would be an ongoing and an expanded effort to 
re-formulate this ‘hypothesis’.  We expect to enlarge the 

CWG by inviting wider participations and contributions 
of differing perspective, via formal commentaries, in the 
preparation of a final version of this hypothesis and its 
putative linkages to other ideas or theories on dementia.  
Here we discuss some of the major unanswered questions 
and challenges facing this enduring effort to revitalize 
the ‘hypothesis’. For example, how do we understand the 
cholinergic hypothesis and explain to clinicians the novel 
features learned from emerging evidence?

Re-formulation of the ‘Cholinergic Hypothesis’ 

Thus far, the primary focus of the CSW was to 
re-evaluate existing information pertaining to the role 
of the cholinergic system in memory dysfunction. The 
remaining essential task is to re-define the so-called 
‘Cholinergic Hypothesis’ as a formal premise to explain 
neurodegeneration in the pathogenesis of the Alzheimer’s 
dementia syndrome.

The first formal formulation of the ‘‘Cholinergic 
Hypothesis’ in the 1982 Science article by Bartus et al 
was not a truly formal ‘hypothesis’ but rather offered a 
review of the associations between cholinergic system 
and geriatric memory dysfunction (21). Thus, one of the 
unfinished critical tasks is to characterize objectively 
the potential pivotal role of the early structural (i.e., 
anatomical) and functional (i.e., neurochemical) changes 
in the cholinergic system as an important component of 
AD pathogenesis. 

The remaining challenge for the CSW is to integrate 
the emerging understanding of the cholinergic system 
into a formal hypothesis that specifies some major 
testable assertions or predictions about the role or place 
of the cholinergic system in neurodegeneration and 
dementia (112). Then we will need to identify the crucial 
experiments that will be required to validate the major 
postulated or the central claims of the revised hypothesis 
and test its key predictions (113, 114). 

One important paradox to be resolved is whether to 
emphasize the putative role of the cholinergic system as 
a key component of dementia pathogenesis via amyloid-
tau pathways or to stress the strong relation of the 
cholinergic system to the hallmark behavioral or clinical 
features of the disorder e.g., memory or cognition, affect, 
agitation etc.

If the focus of the revised hypothesis is to explain 
the etiologic role of the cholinergic system via the 
‘amyloid-tau’ story, then this proposition will be 
obliged to elucidate how (mechanistically) cholinergic 
system dysfunction leads to synapse loss or cell death. 
However, if the amended hypothesis focuses on 
explaining cognition, then the questions to be addressed 
are how the cholinergic hypothesis explains memory 
change associated with Parkinson’s, ALS or any 
other neurodegenerative disorder; whether different 
cholinergic neural nets are involved in these different 
disorders; and whether the cholinergic hypothesis 
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accounts for other related symptoms with these 
disorders, such as motor and sensorimotor dysfunction 
and changes in affect. The answers to these questions 
could provide new therapeutic targets or different 
strategies for tweaking the cholinergic system as 
interventions for these and other related burdensome 
conditions.

What are the linkages between ‘Cholinergic 
H y p o t h e s i s ’  a n d  o t h e r  t h e o r i e s  o n 
neurodegeneration and dementia? 

Where does the notion of cholinergic deficits fit 
among the universe of all the different theories about 
the pathobiology of the disease, including amyloid, tau, 
calcium, inflammation, vascular changes, and metabolic 
dysfunction? Although the CWG discussed some 
possible linkages between cholinergic deficits and other 
neurobiological markers of dementia, associations do 
not indicate causal relationships. A future challenge for 
a reformulated cholinergic hypothesis is to postulate 
specific mechanistic relationships. For example, how 
does the cholinergic hypotheses account for synaptic loss 
and/or in what way is this effect (if any) similar to or 
different from synaptic loss resulting from amyloid- or 
tau-induced pathobiology? 

Given that cholinergic loss in AD is confined to 
cortical structures (e.g. cerebral cortex, basal forebrain, 
and hippocampus), and that cholinergic innervation of 
subcortical structures remains spared, any mechanistic 
explanation must recognize that the cholinergic lesion 
in AD reflects vulnerability of the NbM and cholinergic 
medial septum neurons rather than a general failure of 
cholinergic neurotransmission. While there is growing 
knowledge about the anatomy and structural changes 
in the cholinergic system, this is only part of the story; 
there are yet additional unresolved questions regarding 
functional and mechanistic aspects of these alterations. 
Thus, the key research themes emerging from the CWG 
deliberations include a need to focus on these questions: 
• A critical issue for any hypothesis is the specificity 

of the damage, i.e., why certain cells in some specific 
structures are affected while others are not. For 
example, cholinergic neurons in the hypothalamus 
and some in the thalamic nuclei ones are not affected 
in AD, whereas cells in NbM begin to gradually 
deteriorate. The question is, what starts that process? 

• What are the upstream events that trigger the 
cholinergic changes?  Is there something about 
specific cholinergic cell types that renders them 
more vulnerable, or are these specificities due to 
some unique features of the signals that initiate the 
degenerative processes? 

• A related challenge is how to reduce the loss of 
forebrain cholinergic neurons or how to enhance the 
cholinergic activation of the remaining NbM neurons, 
for example, by stimulating still viable cortical and 

hippocampal muscarinic and nicotinic receptors. 

Delaying the progression of disease represents an 
important goal: The question of whether cholinergic 
therapies can play a central role remains a crucial 
subject for future investigation, which warrants further 
validation in well-powered, longitudinal follow-up 
studies. At present, the weight of evidence suggests 
the potential for use of ChEIs in patients with MCI 
or dementia due to AD pathology, although Level A 
evidence to recommend this practice in MCI is not yet 
available. Possibly this lack of evidence may reflect 
the heterogeneity of MCI (115). In the future, studies 
restricted to MCI patients with positive AD biomarkers 
may yield more encouraging results. Evidence that 
some ChEIs have shown an apparent protective effect 
on cholinergic neurons (72) and that they may delay 
or reduce amyloid deposition (111) is already most 
encouraging. 

Potential utility of early alterations in 
cholinergic functions as a biomarker 

A huge unanswered question is whether markers of 
cholinergic function change, including clinical-behavioral 
changes, can accurately predict with great precision 
what is going to happen clinically down the road. If so, 
this would argue forcefully for intervention as early as 
possible. 

Thus, a future reformulation of the ‘Cholinergic 
Hypothesis’  should incorporate a mechanistic 
explanation for the emerging evidence from in-vivo brain 
imaging studies that the cholinergic system undergoes 
particularly early degeneration even at the preclinical 
stage of AD. The finding of these relationships opens the 
door for further research on the impact of cholinergic 
therapy at asymptomatic stages.

A big challenge for the field, as well as for the 
prospective hypothesis, is to identify the earliest 
measurable changes in the cholinergic system – or 
perhaps a combination of several early markers -- that 
could accurately predict the onset of symptoms or 
cognitive decline in asymptomatic people. Presently, 
several biomarkers have been identified with high 
degree of confidence for significant associations with 
various aspects of the pathobiology of the Alzheimer 
dementia syndrome. However, virtually all these 
observed correlations are derived from cross sectional 
data; their putative causal relationships have yet 
to be demonstrated. None of these biomarkers has 
been validated by prospective longitudinal studies to 
determine whether, or to what extent, the patterns of 
biomarker changes will enable accurate prediction on an 
individual, rather than population, level. 

Emerging new knowledge about the cholinergic 
system, e.g., retinal imaging is beginning to provide 
the tools for measuring biomarkers derived from the 
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cholinergic hypothesis. The future validation of such 
biomarkers as predictive tests will require studies with: 
a) huge numbers of subject, b) very large numbers of 
measurements, c) follow-up longitudinal recording of 
several biomarkers from different domains, and d) new 
computational algorithms to detect meaningful patterns 
of changes in several biomarkers rather than relying on 
a single marker in a particular domain. Thus, we will 
need to link the cholinergic hypothesis with advances 
in computational biology to develop the algorithms for 
predicting risk. 

A revised ‘Cholinergic Hypothesis’ from the 
vantage point of systems biology 

A crucial question for the development of future 
or second-generation interventions based on the 
‘Cholinergic Hypothesis’ is how to account for the fact 
that cholinergic therapies have demonstrated relatively 
minimal clinical effects given that acetylcholine affects 
multiple mechanisms including neuroprotection, 
inflammation, and neuromodulation.  How can we 
enhance the robustness of the effect and make cholinergic 
therapy more effective? Perhaps combining treatments 
is the answer, for example, by using a 5-HT6 blocker 
in addition to cholinesterase inhibitors. Determining 
whether combination therapy adds clinical value will 
require a revised view of the cholinergic hypothesis that 
incorporates a systems approach to therapy development.

The adoption of a systems point of view will require 
the prospective revision of the ‘Cholinergic Hypothesis’ 
to explain the complex interrelationships between 
multiple variables. Thus, the reformulation of the 
hypothesis needs to focus on identifying the essential 
components of the system as well as their complex 
relationships, including the dynamic interactions 
among these key components that underlie the system’s 
functionality. For example, testable assertions are needed 
regarding the functionality of the cholinergic system with 
respect to the production or processing of amyloid or 
the tau, including (perhaps more importantly) its role in 
maintaining synaptic integrity.  

A ‘Systems Theory’ perspective in redefining the 
cholinergic hypothesis will require the field to consider 
novel ideas, such as the notion that multiple seemingly 
disparate pathways can lead to a common endpoint 
such as synaptic loss and changes in neural connectivity. 
For example, cholinergic mechanisms for synthesis, 
re-uptake, and receptor-turnover could interact with 
calcium toxicity and inflammatory activation of one 
or more components, leading to dendrite pruning and 
synapse loss.  

The adoption of notions from ‘systems theory’ to 
reframing the cholinergic hypothesis could provide 
the mechanistic rationale for combining cholinergic 
treatments with other interventions as a means to tweak 
the cholinergic neuron through different pathways to 

get better results.  For example, one might envision 
combining a cholinergic agonist with neurotrophins or 
some of the metabolic enhancers. 

In summary, substantial work is required to 
position the cholinergic system within the context of 
other pathophysiological mechanisms. Progress in this 
direction could pave the way for novel and more effective 
interventions across the continuum of the disease but will 
require filling a number of research gaps, including:
• Identifying, developing, and validating novel imaging 

and CSF biomarkers to quantify the “intactness” of 
cholinergic system.

• Developing tools to assess cholinergic activity in vivo. 
• Understanding the “neurotransmitter-independent” 

effects of cholinesterases.
• Developing novel cholinomimetic agonists with 

tolerable side effects.
• Understanding the factors that make the BFCS 

selectively vulnerable to degeneration. 
• Understanding of the mechanisms of how ChEIs 

impact progression of regional brain atrophy.
• Seeking corrective therapies for mechanisms leading to 

degeneration of BFCS. 

Table 1. Abbreviations used in this manuscript
5-HT6 5-hydroxytryptamine receptor 6
AAV-NGF Adeno-associated virus vectors expressing nerve growth 

factor
AChE Acetylcholinesterase
Aβ Amyloid beta
AD Alzheimer’s disease
ADAD Autosomal dominant Alzheimer’s disease
ARAS Ascending reticular activating system
BF Basal forebrain
BFCS Basal forebrain cholinergic system
CCB Calcium-channel blockers
ChAT Choline acetyltransferase
ChEIs Cholinesterase inhibitors
CNS Central nervous system
CWG Cholinergic System Working Group
DAT Dementia of the Alzheimer’s type
DLB Dementia with Lewy Bodies
DS Down syndrome
GMLT Groton Maze Learning Test
LOAD Late-onset Alzheimer’s disease
MCI Mild cognitive impairment
MRI Magnetic resonance imaging
NbM Nucleus basalis of Meynert
NGF Nerve growth factor
NSAIDs Nonsteroidal anti-inflammatory drugs
PET Positron emission tomography
RES Reticuloendothelial system
SD-OCT Spectral-domain optical coherence tomography
tPA Tissue plasminogen activator

REVISITING THE CHOLINERGIC HYPOTHESIS IN ALZHEIMER’S DISEASE



13

Disclosure: The present paper was originally submitted for publication in 
Alzheimer’s & Dementia [A&D]; because it fit the new initiative the journal had 
launched to propose novel ‘hypotheses’ of AD pathogenesis and also to reevaluate 
existing theories related to tau, amyloid, cholinergic systems, an so on. The first 
version of this paper was rejected after peer review but with sufficient constructive 
criticism to warrant a resubmission. The revision underwent a second peer review, 
which generated a positive decision. This led to a pre-publication posting on the 
A&D website (October 10, 2017, DOI: https://doi.org/10.1016/j.jalz.2017.08.016).  
At that time, colleagues outside of the coauthor group, pointed out two potential 
conflicts of interest.  First, four of the authors were on the A&D editorial board, 
including the Chief and Executive Editors.  Secondly, the meeting that brought 
the coauthors together for a brainstorming session had been funded by Axovant, 
which at that time was developing a cholinergic agent which has since been shown 
ineffective for treating AD.  Although the Editors and other coauthors believed 
that the A&D peer review had been conducted impartially and free of interference 
(appropriate recusals and appointment of an independent Editor), and even 
though Axovant neither compensated the authors for the writing of the paper 
nor had any input into its contents, the authors felt that it would be in the best 
interest of all to withdraw the paper from A&D and resubmit it for an additional 
independent assessment to Journal of Prevention of Alzheimer’s Disease  that may 
also offer the additional benefit of open peer commentary from the community as 
a whole. Although unusual and potentially confusing, we feel that this course of 
action prevents the appearance of conflict related to the contents of the paper.

Acknowledgments: This research benefited, also for the publication 
fees (i.e. printing costs), from the support of the Program “PHOENIX” led 
by the Sorbonne University Foundation and sponsored by la Fondation pour 
la Recherche sur Alzheimer. HH is supported by the AXA Research Fund, 
the “Fondation partenariale Sorbonne Université” and the “Fondation pour 
la Recherche sur Alzheimer”, Paris, France. Ce travail a bénéficié d’une aide 
de l’Etat “Investissements d’avenir” ANR-10-IAIHU-06. The research leading 
to these results has received funding from the program “Investissements 
d’avenir” ANR-10-IAIHU-06 (Agence Nationale de la Recherche-10-IA Agence 
Institut Hospitalo-Universitaire-6). ACC is supported by the CIHR (Canadian 
Institutes of Health Research), the NSERC (National Research Council) and the 
Alzheimer Society of Canada. ACC is a Member of the Canadian Consortium 
of Neurodegeneration in Aging and has received unrestricted support from 
Merck Canada, Dr. Alan Frosst and the Frosst Family. CONTRIBUTORS 
TO THE ALZHEIMER PRECISION MEDICINE INITIATIVE – WORKING 
GROUP (APMI–WG):  Lisi Flores AGUILAR (Montréal), Claudio BABILONI 
(Rome), Filippo BALDACCI (Pisa), Norbert BENDA (Bonn), Keith L. BLACK 
(Los Angeles), Arun L.W. BOKDE (Dublin), Ubaldo BONUCCELLI (Pisa), Karl 
BROICH (Bonn), René S. BUN (Paris), Francesco CACCIOLA (Siena), Juan 
CASTRILLO† (Derio), Enrica CAVEDO (Paris), Roberto CERAVOLO (Pisa), 
Patrizia A. CHIESA (Paris), Olivier COLLIOT (Paris), Cristina-Maria COMAN 
(Paris), Jean-Christophe CORVOL (Paris), Augusto Claudio CUELLO (Montréal), 
Jeffrey L. CUMMINGS (Las Vegas), Herman DEPYPERE (Gent), Bruno DUBOIS 
(Paris), Andrea DUGGENTO (Rome), Stanley DURRLEMAN (Paris), Valentina 
ESCOTT-PRICE (Cardiff), Howard FEDEROFF (Irvine), Maria Teresa FERRETTI 
(Zürich), Massimo FIANDACA (Irvine), Richard A. FRANK (Malvern), Francesco 
GARACI (Rome), Hugo GEERTS (Berwyn), Remy GENTHON (Paris), Nathalie 
GEORGE (Paris), Filippo S. GIORGI (Pisa), Manuela GRAZIANI (Roma), Marion 
HABERKAMP (Bonn), Marie-Odile HABERT (Paris), Harald HAMPEL (Paris), 
Karl HERHOLZ (Manchester), Eric KARRAN (Cambridge), Seung H. KIM (Seoul), 
Yosef KORONYO (Los Angeles), Maya KORONYO-HAMAOUI (Los Angeles), 
Foudil LAMARI (Paris), Todd LANGEVIN (Minneapolis-Saint Paul), Stéphane 
LEHÉRICY (Paris), Simone LISTA (Paris), Jean LORENCEAU (Paris), Dalila 
MANGO (Rome), Mark MAPSTONE (Irvine), Christian NERI (Paris), Robert 
NISTICÒ (Rome), Francis NYASSE-MESSENE (Paris), Sid E. O’BRYANT (Fort 
Worth), George PERRY (San Antonio), Craig RITCHIE (Edinburgh), Katrine 
ROJKOVA (Paris), Simone ROSSI (Siena), Amira SAIDI (Rome), Emiliano 
SANTARNECCHI (Siena), Lon S. SCHNEIDER (Los Angeles), Olaf SPORNS 
(Bloomington), Nicola TOSCHI (Rome), Steven R. VERDOONER (Sacramento), 
Andrea VERGALLO (Paris), Nicolas VILLAIN (Paris), Lindsay A. WELIKOVITCH 
(Montréal), Janet WOODCOCK (Silver Spring), Erfan YOUNESI (Esch-sur-
Alzette).. https://www.apmiscience.com/. The authors thank Lisa J. Bain for 
assistance in the preparation of this manuscript.

Funding sources: Axovant* supported the travel and lodging expenses of the 
authors for two meetings of the CWG in New York City. The authors were also 
paid as consultants at customary rates for the time spent at the two meetings of 
the CWG; there were no other honoraria provided to the authors. A science writer, 
paid by Axovant help to compile the contributions of the authors into a coherent 
document. However, the various sections of the paper were prepared exclusively 
by the authors who were not paid in any way or the time spent in writing-editing 
the manuscript. All proceedings of the CWG were independent from Axovant. 
The support for the meetings was accepted by the CWG with the stipulation 
that Axovant would have no input to the deliberations of the Workgroup and/
or influence in anyway the final conclusions/recommendations of the WG. Thus, 
no member of the company participated in development, discussion or drafting 
of this manuscript.  *NOTE – Axovant has had under development a compound 
RVT-101 (aka Intepirdine) an antagonist of the serotonin receptor 6 (5-HT6) [which 

was found to lack efficacy for the treatment of Alzheimer’s disease], as well as 
RVT-104 (combination of glycopyrrolate and high-dose rivastigmine) a compound 
that targets the cholinergic mechanism.

Conflict of interest: HH serves as Senior Associate Editor for the Journal 
Alzheimer’s & Dementia; he received lecture fees from Biogen and Roche, research 
grants from Pfizer, Avid, and MSD Avenir (paid to the institution), travel funding 
from Functional Neuromodulation, Axovant, Eli Lilly and company, Takeda and 
Zinfandel, GE-Healthcare and Oryzon Genomics, consultancy fees from Jung 
Diagnostics, Cytox Ltd., Axovant, Anavex, Takeda and Zinfandel, GE Healthcare 
and Oryzon Genomics, and Functional Neuromodulation, and participated in 
scientific advisory boards of Functional Neuromodulation, Axovant, Eli Lilly and 
company, Cytox Ltd., GE Healthcare, Takeda and Zinfandel, Oryzon Genomics 
and Roche Diagnostics. He is co-inventor in the following patents as a scientific 
expert and has received no royalties: • In Vitro Multiparameter Determination 
Method for The Diagnosis and Early Diagnosis of Neurodegenerative Disorders 
Patent Number: 8916388; • In Vitro Procedure for Diagnosis and Early Diagnosis 
of Neurodegenerative Diseases Patent Number: 8298784; • Neurodegenerative 
Markers for Psychiatric Conditions Publication Number: 20120196300; • In Vitro 
Multiparameter Determination Method for The Diagnosis and Early Diagnosis 
of Neurodegenerative Disorders Publication Number: 20100062463; • In Vitro 
Method for The Diagnosis and Early Diagnosis of Neurodegenerative Disorders 
Publication Number: 20100035286; • In Vitro Procedure for Diagnosis and Early 
Diagnosis of Neurodegenerative Diseases Publication Number: 20090263822; 
• In Vitro Method for The Diagnosis of Neurodegenerative Diseases Patent 
Number: 7547553; • CSF Diagnostic in Vitro Method for Diagnosis of Dementias 
and Neuroinflammatory Diseases Publication Number: 20080206797; • In Vitro 
Method for The Diagnosis of Neurodegenerative Diseases Publication Number: 
20080199966; • Neurodegenerative Markers for Psychiatric Conditions Publication 
Number: 20080131921. ACC - No conflicts to declare. EG – No conflicts to 
declare.PJS – No conflicts to declare. AV - No conflicts to declare; MF has 
received research support from Accera, Biogen, Eisai, Eli Lilly, Genentech, Roche, 
Lundbeck, Chase Pharmaceuticals, Boehringer Ingelheim, Novartis, and Suven 
Life Sciences, Ltd.; and has been a consultant and/or advisory or DSMB board 
member for Accera, AstraZeneca, Avanir, Axovant, AZTherapies, Eli Lilly & 
Company, FORUM Pharmaceuticals, INC Research, KCRN Research, Longeveron, 
Medavante, Merck and Co., Inc., Medtronic, Proclara (formerly Neurophage 
Pharmaceuticals), Neurotrope Biosciences, Novartis, Sanofi-Aventis, Stemedica 
Cell Technologies, Inc., Takeda, United Neuroscience Inc., and vTv Therapeutics. 
He also holds a patent for a transgenic mouse model that is licensed to Elan. ZK 
and AK serve as senior science advisors to the Alzheimer’s Association , employed 
by KAI consulting, and are editors of the journal Alzheimer’s & Dementia.

References
1. Khachaturian ZS, Khachaturian AS. Prevent Alzheimer’s disease by 2020: a 

national strategic goal. Alzheimers Dement. 2009;5:81-4.
2. Khachaturian ZS, Mesulam MM, Khachaturian AS, et al. The Special Topics 

Section of Alzheimer’s & Dementia. Alzheimers Dement. 2015;11:1261-4.
3. OECD. OECD Analytical Report on Dementia: Emerging trends in 

biomedicine and health technology innovation: addressing the global 
challenge of Alzheimer’s. 2013.

4. Andrieu S, Coley N, Aisen P, et al. Methodological issues in primary 
prevention trials for neurodegenerative dementia. J. Alzheimers Dis. 
2009;16:235-70.

5. Carrillo MC, Brashear HR, Logovinsky V, et al. Can we prevent Alzheimer’s 
disease? Secondary «prevention» trials in Alzheimer’s disease. Alzheimers 
Dement. 2013;9:123-31 e1.

6. Carrillo MC, Vellas B. New and different approaches needed for the design 
and execution of Alzheimer’s clinical trials. Alzheimers Dement. 2013;9:436-7.

7. Doody RS, Cole PE, Miller DS, et al. Global issues in drug development for 
Alzheimer’s disease. Alzheimers Dement. 2011;7:197-207.

8. Mohs RC, Kawas C, Carrillo MC. Optimal design of clinical trials for drugs 
designed to slow the course of Alzheimer’s disease. Alzheimers Dement. 
2006;2:131-9.

9. Vellas B, Carrillo MC, Sampaio C, et al. Designing drug trials for Alzheimer’s 
disease: what we have learned from the release of the phase III antibody trials: 
a report from the EU/US/CTAD Task Force. Alzheimers Dement. 2013;9:438-
44.

10. Vellas B, Hampel H, Rouge-Bugat ME, et al. Alzheimer’s disease therapeutic 
trials: EU/US Task Force report on recruitment, retention, and methodology. 
J. Nutr. Health Aging. 2012;16:339-45.

11. Khachaturian ZS. The paradox of reearch on dementia - Alzheimer’s disease. J. 
Prev. Alzheimers Dis. 2015;4:1-3.

12. Pazzagli A, Pepeu G. Amnesic properties of scopolamine and brain 
acetylcholine in the rat. Int. J. Neuropharmacol. 1965;4:291-9.

13. Bohdanecky Z, Jarvik ME, Carley JL. Differential impairment of delayed 
matching in monkeys by scopolamine and scopolamine methylbromide. 
Psychopharmacologia. 1967;11:293-9.

14. Deutsch JA. The cholinergic synapse and the site of memory. Science. 
1971;174:788-94.

JPAD  - Volume 6, Number 1, 2019



14

15. Shute CC, Lewis PR. The ascending cholinergic reticular system: neocortical, 
olfactory and subcortical projections. Brain. 1967;90:497-520.

16. Drachman DA, Leavitt J. Human memory and the cholinergic system. A 
relationship to aging? Arch Neurol. 1974;30:113-21.

17. Bowen DM, Smith CB, White P, Davison AN. Neurotransmitter-related 
enzymes and indices of hypoxia in senile dementia and other abiotrophies. 
Brain. 1976;99(3):459-96.

18. Davies P, Maloney AJ. Selective loss of central cholinergic neurons in 
Alzheimer’s disease. Lancet. 1976;2:1403.

19. Bartus RT, Johnson HR. Short-term memory in the rhesus monkey: disruption 
from the anti-cholinergic scopolamine. Pharmacol. Biochem. Behav. 1976;5:39-
46.

20. Bartus RT. Physostigmine and recent memory: effects in young and aged 
nonhuman primates. Science. 1979;206:1087-9.

21. Bartus RT, Dean RL 3rd, Beer B, et al. The cholinergic hypothesis of geriatric 
memory dysfunction. Science. 1982;217:408-14.

22. Mesulam MM, Van Hoesen GW. Acetylcholinesterase-rich projections from 
the basal forebrain of the rhesus monkey to neocortex. Brain Res. 1976;109:152-
7.

23. Whitehouse PJ, Price DL, Struble RG, et al. Alzheimer’s disease and senile 
dementia: loss of neurons in the basal forebrain. Science. 1982;215:1237-9.

24. Coyle JT, Price DL, DeLong MR. Alzheimer’s disease: a disorder of cortical 
cholinergic innervation. Science. 1983;219:1184-90.

25. Francis PT, Palmer AM, Sims NR, et al. Neurochemical studies of early-onset 
Alzheimer’s disease. Possible influence on treatment. The New England 
journal of medicine. 1985;313:7-11.

26. Perry EK, Tomlinson BE, Blessed G, et al. Neuropathological and biochemical 
observations on the noradrenergic system in Alzheimer’s disease. J. Neurol. 
Sci. 1981;51:279-87.

27. Summers WK, Majovski LV, Marsh GM, et al. Oral tetrahydroaminoacridine 
in long-term treatment of senile dementia, Alzheimer type. The New England 
journal of medicine. 1986;315:1241-5.

28. Mesulam M, Shaw P, Mash D, et al. Cholinergic nucleus basalis tauopathy 
emerges early in the aging-MCI-AD continuum. Ann. Neurol. 2004;55:815-28.

29. Mufson EJ, Counts SE, Perez SE, et al. Cholinergic system during the 
progression of Alzheimer’s disease: therapeutic implications. Expert Rev. 
Neurother. 2008;8:1703-18.

30. Mesulam M. The cholinergic lesion of Alzheimer’s disease: pivotal factor or 
side show? Learn. Mem. 2004;11:43-9.

31. Geula C, Mesulam M-M. Cholinergic systems in Alzheimer’s disease. In: 
Terry RD, Katzman R, Bick KL, Sisodia SS, editors. Alzheimer Disease. 2nd ed. 
Philadelphia: Lippincott, Williams & Wilkins; 1999. p. 269-92.

32. Francis PT, Palmer AM, Snape M, et al. The cholinergic hypothesis of 
Alzheimer’s disease: a review of progress. J. Neurol. Neurosurg. Psychiatry. 
1999;66:137-47.

33. Bartus RT, Dean RL, Pontecorvo MJ, et al. The cholinergic hypothesis: a 
historical overview, current perspective, and future directions. Ann. N Y 
Acad. Sci. 1985;444:332-58.

34. Cummings JL, Morstorf T, Zhong K. Alzheimer’s disease drug-development 
pipeline: few candidates, frequent failures. Alzheimers Res. Ther. 2014;6:37.

35. Schneider LS, Mangialasche F, Andreasen N, et al. Clinical trials and late-stage 
drug development for Alzheimer’s disease: an appraisal from 1984 to 2014. J. 
Intern. Med. 2014;275:251-83.

36. Rogalski E, Sridhar J, Rader B, et al. Aphasic variant of Alzheimer disease: 
Clinical, anatomic, and genetic features. Neurology. 2016;87:1337-1443.

37. Hampel H, O’Bryant SE, Castrillo JI, Ritchie C, Rojkova R, Broich K, et al. 
Precision Medicine - The golden gate for detection, treatment, and prevention 
of Alzheimer’s disease. J. Prev. Alzheimers Dis. 2016;3:243–259.

38. Hampel H, O’Bryant SE, Durrleman S, et al. A precision medicine initiative for 
Alzheimer’s disease – the road ahead to biomarker-guided integrative disease 
modeling. Climacteric. 2017;20: 107–118.

39. Giacobini E, Gold G. Alzheimer disease therapy--moving from amyloid-beta 
to tau. Nat. Rev. Neurol. 2013;9:677-86.

40. Mesulam MM. Cholinergic circuitry of the human nucleus basalis and its fate 
in Alzheimer’s disease. J. Comp. Neurol. 2013;521:4124-44.

41. Mesulam MM, Mufson EJ. Neural inputs into the nucleus basalis of the 
substantia innominata (Ch4) in the rhesus monkey. Brain. 1984;107:253-74.

42. Mesulam M. Cholinergic aspects of aging and Alzheimer’s disease. Biol. 
Psychiatry. 2012;71:760-1.

43. Schliebs R, Arendt T. The cholinergic system in aging and neuronal 
degeneration. Behav. Brain Res. 2011;221:555-63.

44. Grothe M, Zaborszky L, Atienza M, et al. Reduction of basal forebrain 
cholinergic system parallels cognitive impairment in patients at high risk of 
developing Alzheimer’s disease. Cereb. Cortex. 2010;20:1685-95.

45. Grothe M, Heinsen H, Teipel S. Longitudinal measures of cholinergic 
forebrain atrophy in the transition from healthy aging to Alzheimer’s disease. 
Neurobiol. Aging. 2013;34:1210-20.

46. Beach TG, Kuo YM, Spiegel K, et al. The cholinergic deficit coincides with 
Abeta deposition at the earliest histopathologic stages of Alzheimer disease. J. 
Neuropathol. Exp. Neurol. 2000;59:308-13.

47. Potter PE, Rauschkolb PK, Pandya Y, et al. Pre- and post-synaptic cortical 
cholinergic deficits are proportional to amyloid plaque presence and density 

at preclinical stages of Alzheimer’s disease. Acta Neuropathol. 2011;122:49-60.
48. Beach TG, Honer WG, Hughes LH. Cholinergic fibre loss associated with 

diffuse plaques in the non-demented elderly: the preclinical stage of 
Alzheimer’s disease? Acta Neuropathol. 1997;93:146-53.

49. Kerbler GM, Fripp J, Rowe CC, et al. Basal forebrain atrophy correlates with 
amyloid beta burden in Alzheimer’s disease. Neuroimage Clin. 2015;7:105-13.

50. Grothe MJ, Heinsen H, Amaro E, Jr., et al. Cognitive Correlates of Basal 
Forebrain Atrophy and Associated Cortical Hypometabolism in Mild 
Cognitive Impairment. Cereb. Cortex. 2016;26:2411-26.

51. Corkin S. Acetylcholine, aging and Alzheimer’s disease. Trends in 
Neurosciences. 1981;4:287-90.

52. Gerretsen P, Pollock BG. Drugs with anticholinergic properties: a current 
perspective on use and safety. Expert Opin. Drug Saf. 2011;10:751-65.

53. Lim YY, Maruff P, Schindler R, et al. Disruption of cholinergic 
neurotransmission exacerbates Abeta-related cognitive impairment in 
preclinical Alzheimer’s disease. Neurobiol. Aging. 2015;36:2709-15.

54. Giacobini E, DeSarno P, McIlhany M, et al. The cholinergic receptors system 
in the frontal lobe of Alzheimer patients. In: Clementi F, Gotti C, Sher E, 
editors. Nicotinic Acetylcholine Receptors in the Nervous System. 25. Berlin, 
Heidelberg: Springer; 1988. p. 367-78.

55. Giacobini E. The cholinergic system in Alzheimer disease. Prog. Brain Res. 
1990;84:321-32.

56. Fisher A. Cholinergic modulation of amyloid precursor protein processing 
with emphasis on M1 muscarinic receptor: perspectives and challenges in 
treatment of Alzheimer’s disease. J. Neurochem. 2012;120 Suppl 1:22-33.

57. Fisher A, Bezprozvanny I, Wu L, et al. AF710B, a Novel M1/sigma1 Agonist 
with Therapeutic Efficacy in Animal Models of Alzheimer’s Disease. 
Neurodegener. Dis. 2016;16:95-110.

58. Hall H, Iulita MF, Ducatenzeiler A, et al. Pro-cognitive and anti-inflammatory 
effects of AF710B, a mixed M1 muscarinic/sigma-1 receptor agonist, in 
the McGill-R-Thy1-APP rat model of human AD-like amyloid pathology. 
Alzheimers Dement. 2016;12:P1019.

59. Nordberg A, Winblad B. Reduced number of [3H]nicotine and [3H]
acetylcholine binding sites in the frontal cortex of Alzheimer brains. Neurosci. 
Lett. 1986;72:115-9.

60. DeSarno P, Giacobini E, McIlhany M, et al. Nicotinic receptors in human 
CNS: a biopsy study. In: Agnoli A, editor. 2nd Int Symp on Senile Dementias 
Montrouge, France: John Libbey Eurotext, Ltd.; 1988. p. 329-34.

61. Kadir A, Almkvist O, Wall A, et al. PET imaging of cortical 11C-nicotine 
binding correlates with the cognitive function of attention in Alzheimer’s 
disease. Psychopharmacology (Berl). 2006;188:509-20.

62. Parri HR, Hernandez CM, Dineley KT. Research update: Alpha7 nicotinic 
acetylcholine receptor mechanisms in Alzheimer’s disease. Biochem. 
Pharmacol. 2011;82:931-42.

63. Deardorff WJ, Shobassy A, Grossberg GT. Safety and clinical effects of EVP-
6124 in subjects with Alzheimer’s disease currently or previously receiving an 
acetylcholinesterase inhibitor medication. Expert Rev Neurother. 2015;15:7-17.

64. Teipel SJ, Flatz WH, Heinsen H, et al. Measurement of basal forebrain atrophy 
in Alzheimer’s disease using MRI. Brain. 2005;128:2626-44.

65. Teipel SJ, Meindl T, Grinberg L, et al. The cholinergic system in mild cognitive 
impairment and Alzheimer’s disease: an in vivo MRI and DTI study. Hum. 
Brain Mapp. 2011;32:1349-62.

66. Schmitz TW, Nathan Spreng R, et al. Basal forebrain degeneration precedes 
and predicts the cortical spread of Alzheimer’s pathology. Nat. Commun. 
2016;7:13249.

67. Grothe M, Heinsen H, Teipel SJ. Atrophy of the cholinergic Basal forebrain 
over the adult age range and in early stages of Alzheimer’s disease. Biol. 
Psychiatry. 2012;71:805-13.

68. Hall AM, Moore RY, Lopez OL, et al. Basal forebrain atrophy is 
a presymptomatic marker for Alzheimer’s disease. Alzheimers Dement. 
2008;4:271-9.

69. Kilimann I, Grothe M, Heinsen H, et al. Subregional basal forebrain atrophy in 
Alzheimer’s disease: a multicenter study. J. Alzheimers Dis. 2014;40:687-700.

70. Grothe MJ, Ewers M, Krause B, et al. Basal forebrain atrophy and cortical 
amyloid deposition in nondemented elderly subjects. Alzheimers Dement. 
2014;10:S344-53.

71. Cavedo E, Dubois B, Colliot O, et al. Reduced Regional Cortical Thickness 
Rate of Change in Donepezil-Treated Subjects With Suspected Prodromal 
Alzheimer’s Disease. J. Clin. Psychiatry. 2016;77: e1631–e1638.

72. Dubois B, Chupin M, Hampel H, et al. Donepezil decreases annual rate 
of hippocampal atrophy in suspected prodromal Alzheimer’s disease. 
Alzheimers Dement. 2015;11:1041-9.

73. Cavedo E, Grothe M, Colliot O, et al. Reduced basal forebrain atrophy 
progression in a randomized Donepezil trial in prodromal Alzheimer’s 
disease. Scientific Reports. 2017;7:11706.

74. in t’ Veld BA, Ruitenberg A, Hofman A, et al. Nonsteroidal antiinflammatory 
drugs and the risk of Alzheimer’s disease. The New England journal of 
medicine. 2001;345:1515-21.

75. Zandi PP, Anthony JC, Hayden KM, et al. Reduced incidence of AD with 
NSAID but not H2 receptor antagonists: the Cache County Study. Neurology. 
2002;59:880-6.

76. Cuello AC. Effects of trophic factors on the CNS cholinergic phenotype. Prog. 

REVISITING THE CHOLINERGIC HYPOTHESIS IN ALZHEIMER’S DISEASE



15

Brain Res. 1996;109:347-58.
77. Hefti F. Neurotrophic factor therapy for nervous system degenerative 

diseases. J. Neurobiol. 1994;25:1418-35.
78. Olson L, Nordberg A, von Holst H, et al. Nerve growth factor affects 

11C-nicotine binding, blood flow, EEG, and verbal episodic memory in an 
Alzheimer patient (case report). J. Neural. Transm. Park. Dis. Dement. Sect. 
1992;4:79-95.

79. Seiger A, Nordberg A, von Holst H, et al. Intracranial infusion of purified 
nerve growth factor to an Alzheimer patient: the first attempt of a possible 
future treatment strategy. Behav. Brain Res. 1993;57:255-61.

80. Cuello AC, Thoenen H. The Pharmacology of Neurotrophic Factors. In: Cuello 
C, Collier B, editors. Pharmacologic Sciences: Perspectives for Research and 
Therapy in the Late 1990s. Basel: Birkhauser-Verlag; 1995.

81. Er iksdot te r  Jonhagen  M,  Nordberg  A ,  Amber la  K ,  e t  a l . 
Intracerebroventricular infusion of nerve growth factor in three patients with 
Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 1998;9:246-57.

82. Eyjolfsdottir H, Eriksdotter M, Linderoth B, et al. Targeted delivery of nerve 
growth factor to the cholinergic basal forebrain of Alzheimer’s disease 
patients: application of a second-generation encapsulated cell biodelivery 
device. Alzheimers Res. Ther. 2016;8:30.

83. Tuszynski MH, Thal L, Pay M, et al. A phase 1 clinical trial of nerve growth 
factor gene therapy for Alzheimer disease. Nat. Med. 2005;11:551-5.

84. Tuszynski MH, Yang JH, Barba D, et al. Nerve Growth Factor Gene Therapy: 
Activation of Neuronal Responses in Alzheimer Disease. JAMA Neurol. 
2015;72:1139-47.

85. Bruno MA, Cuello AC. Activity-dependent release of precursor nerve growth 
factor, conversion to mature nerve growth factor, and its degradation by a 
protease cascade. Proc. Natl. Acad. Sci. U S A. 2006;103:6735-40.

86. Bruno MA, Leon WC, Fragoso G, et al. Amyloid beta-induced nerve growth 
factor dysmetabolism in Alzheimer disease. J. Neuropathol. Exp. Neurol. 
2009;68:857-69.

87. Iulita MF, Do Carmo S, Ower AK, et al. Nerve growth factor metabolic 
dysfunction in Down’s syndrome brains. Brain. 2014;137:860-72.

88. Casanova MF, Walker LC, Whitehouse PJ, et al. Abnormalities of the nucleus 
basalis in Down’s syndrome. Ann. Neurol. 1985;18:310-3.

89. Wilcock DM. Neuroinflammation in the aging down syndrome brain; lessons 
from Alzheimer’s disease. Curr. Gerontol. Geriatr. Res. 2012;2012:170276.

90. Iulita MF, Ower AK, Barone C, et al. An inflammatory and trophic disconnect 
biomarker profile revealed in Down syndrome plasma: Relation to cognitive 
decline and longitudinal evaluation. Alzheimers Dement. 2016;12:1132-1148.

91. Allard S, Leon WC, Pakavathkumar P, et al. Impact of the NGF maturation 
and degradation pathway on the cortical cholinergic system phenotype. J. 
Neurosci. 2012;32:2002-12.

92. Doody RS, Thomas RG, Farlow M, et al. Phase 3 trials of solanezumab for 
mild-to-moderate Alzheimer’s disease. The New England journal of medicine. 
2014;370:311-21.

93. Salloway S, Sperling R, Fox NC, et al. Two phase 3 trials of bapineuzumab in 
mild-to-moderate Alzheimer’s disease. The New England journal of medicine. 
2014;370:322-33.

94. Fredrickson A, Snyder PJ, Cromer J, et al. The use of effect sizes to characterize 
the nature of cognitive change in psychopharmacological studies: an example 
with scopolamine. Hum. Psychopharmacol. 2008;23:425-36.

95. Papp KV, Snyder PJ, Maruff P, et al. Detecting subtle changes in visuospatial 
executive function and learning in the amnestic variant of mild cognitive 
impairment. PLoS One. 2011;6:e21688.

96. Thomas E, Snyder PJ, Pietrzak RH, et al. Specific impairments in visuospatial 

working and short-term memory following low-dose scopolamine challenge 
in healthy older adults. Neuropsychologia. 2008;46:2476-84.

97. Snyder PJ, Lim YY, Schindler R, et al. Microdosing of scopolamine as a 
«cognitive stress test»: rationale and test of a very low dose in an at-risk cohort 
of older adults. Alzheimers Dement. 2014;10:262-7.

98. Courtney C, Farrell D, Gray R, et al. Long-term donepezil treatment in 565 
patients with Alzheimer’s disease (AD2000): randomised double-blind trial. 
Lancet. 2004;363:2105-15.

99. Doody RS, Dunn JK, Clark CM, et al. Chronic donepezil treatment is 
associated with slowed cognitive decline in Alzheimer’s disease. Dement. 
Geriatr. Cogn. Disord. 2001;12:295-300.

100. Farlow MR, Lilly ML, Group EBS. Rivastigmine: an open-label, observational 
study of safety and effectiveness in treating patients with Alzheimer’s disease 
for up to 5 years. BMC Geriatr. 2005;5:3.

101. Rogers SL, Doody RS, Pratt RD, et al. Long-term efficacy and safety of 
donepezil in the treatment of Alzheimer’s disease: final analysis of a US 
multicentre open-label study. Eur. Neuropsychopharmacol. 2000;10:195-203.

102. Doraiswamy PM, Krishnan KR, Anand R, et al. Long-term effects of 
rivastigmine in moderately severe Alzheimer’s disease: does early initiation 
of therapy offer sustained benefits? Prog. Neuropsychopharmacol Biol. 
Psychiatry. 2002;26:705-12.

103. Foster NL, Petersen RC, Gracon SI, et al. An enriched-population, double-
blind, placebo-controlled, crossover study of tacrine and lecithin in 
Alzheimer’s disease. The Tacrine 970-6 Study Group. Dementia. 1996;7:260-6.

104. Davis KL, Mohs RC, Marin D, et al. Cholinergic markers in elderly patients 
with early signs of Alzheimer disease. JAMA. 1999;281:1401-6.

105. Schredl M, Weber B, Leins ML, et al. Donepezil-induced REM sleep 
augmentation enhances memory performance in elderly, healthy persons. 
Exp. Gerontol. 2001;36:353-61.

106. Davis B, Sadik K. Circadian cholinergic rhythms: implications for 
cholinesterase inhibitor therapy. Dement. Geriatr. Cogn. Disord. 2006;21:120-9.

107. Giacobini E, Spiegel R, Enz A, et al. Inhibition of acetyl- and butyryl-
cholinesterase in the cerebrospinal fluid of patients with Alzheimer’s disease 
by rivastigmine: correlation with cognitive benefit. J. Neural. Transm. 
(Vienna). 2002;109:1053-65.

108. Almkvist O, Darreh-Shori T, Stefanova E, et al. Preserved cognitive function 
after 12 months of treatment with rivastigmine in mild Alzheimer’s disease in 
comparison with untreated AD and MCI patients. Eur. J. Neurol. 2004;11:253-
61.

109. Rountree SD, Atri A, Lopez OL, et al. Effectiveness of antidementia drugs in 
delaying Alzheimer’s disease progression. Alzheimers Dement. 2013;9:338-45.

110. Selkoe DJ. SnapShot: pathobiology of Alzheimer’s disease. Cell. 2013;154:468- 
e1.

111. Castro A, Martinez A. Targeting beta-amyloid pathogenesis through 
acetylcholinesterase inhibitors. Curr. Pharm. Des. 2006;12:4377-87.

112. Hampel H, Mesulam MM, Cuello AC, et al. The cholinergic system in the 
pathophysiology and treatment of Alzheimer’s disease. Brain. 2018 Jul 
1;141:1917-1933.

113. Gauthier S, Herrmann N, Rosa-Neto P. Optimal use of cholinergic drugs in 
Alzheimer’s disease. Brain. 2018. in press

114. Hampel H, Cavedo E, Vergallo A. Dawn of Alzheimer Precision 
Pharmacology and the Renaissance of Cholinergic drugs. Brain. 2018. in press

115. Petersen RC, Oscar Lopez O, Armstrong MJ, et al. Practice guideline update 
summary: Mild cognitive impairment Report of the Guideline Development, 
Dissemination, and Implementation Subcommittee of the American Academy 
of Neurology. Neurology 2018;90:126-135. 

JPAD  - Volume 6, Number 1, 2019


