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A B S T R A C T   

The disproportionate evolutionary expansion of the human cerebral cortex with reinforcement of cholinergic 
innervations warranted a major rise in the functional and metabolic load of the conserved basal forebrain (BF) 
cholinergic system. Given that acetylcholine (ACh) regulates properties of the microtubule-associated protein 
(MAP) tau and promotes non-amyloidogenic processing of amyloid precursor protein (APP), growing neocortex 
predicts higher demands for ACh, while the emerging role of BF cholinergic projections in Aβ clearance infers 
greater exposure of source neurons and their innervation fields to amyloid pathology. The higher exposure of 
evolutionary most recent cortical areas to the amyloid pathology of Alzheimer’s disease (AD) with synaptic 
impairments and atrophy, therefore, might involve attenuated homeostatic effects of BF cholinergic projections, 
in addition to fall-outs of inherent processes of expanding association areas. This unifying model, thus, views 
amyloid pathology and loss of cholinergic cells as a quid pro quo of the allometric evolution of the human brain, 
which in combination with increase in life expectancy overwhelm the fine homeostatic balance and trigger the 
disease process.   

1. Introduction 

In 1884 Croonian Lectures on the Evolution and Dissolution of the 
Nervous System, Hughlings Jackson asserted that ‘on account of the 
great preponderance of the highest centers in man, he differs so greatly 
from lower animals.. we can have a combination.. (of diseases). . never 
actually experienced’ [1], implying that some neurological and psy
chiatric conditions can be viewed from an evolutionary perspective as 
human-specific. Amongst the largely or exclusively human-specific 
brain diseases, frontal dementia, schizophrenia, and Alzheimer’s dis
ease (AD) are most frequently discussed [2–4]. The bona fide AD-like 
neuro-behavioural symptoms and associated pathological changes are 
very rare in other animals, including in our closest evolutionary relative 
primates, whereas in humans they are common in old age. The sporadic 
form of the disease typically sets on after 65 years of age and its prev
alence doubles every five years. In developed countries in over 85-year-
old populations, the occurrence of AD ranges from 20 to 40 % [5,6]. 

In support of H. Jackson’s thesis, many recent studies have viewed 
the disproportionate enlargement of the evolutionary most progressive 

and dynamic cortical areas as a key for the prevalence of AD in humans 
[7–9]. Clinically, the disease manifests via an irreversible decline in 
higher mental faculties, including executive and cognitive functions, 
working and declarative memory, language, computation skills, judg
ment and social intelligence. While present in various animals, these 
functions have advanced dramatically in humans in parallel with the 
expansion of association cortical networks. The latter has contributed 
greatly towards the disproportionate increase in the human brain size 
and its higher susceptibility to AD. Indeed, during recent past four 
million years of evolution, the ~400 cm3 brain of human ancestors has 
transformed into the ~ 1465 cm3 brain of the Homo sapiens, primarily 
owing to the enlargement of cortical structures, and more specifically, 
the association areas [10–12] (Fig. 1). Although the evolution of the 
association cortex in human ancestors has been largely allometric, the 
process involved a major reorganization of connected cortical and 
subcortical structures, in accordance with the model of integrated 
phylogeny [12–14]. As a result of this process, basal forebrain (BF) 
cholinergic nuclei became more specialized and compartmentalized in 
primates, and especially in humans [15–17]. Changes in BF nuclei, 
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however, have been relatively modest, as compared to the major 
expansion of the association cortex [15,18–22]. Such asymmetric up
grades of the deeply integrated sub-systems of the brain, therefore, 
entailed a selective pressure for elaboration of basalo-cortical pro
jections, to ensure acetylcholine supply to expanding innervation fields, 
resulting in a rise in functional and metabolic load of source neurons. 

As discussed in this study, the radical expansion of the association 
structures with a conserved BF seem to play a key role in the selective 
vulnerability of the human brain to amyloid β (Aβ) depositions and 
related pathological alterations of AD. Indeed, unlike the vast majority 
of sporadic cases exhibiting complex and characteristic amyloid plaques 
and neurofibrillary tangles with widespread loss of synapses and neu
rodegeneration, combination of these changes are extremely rare in 
other mammals, including non-human primates [23,24]. To date, Aβ 
deposits have been described in a few occasions in camels, polar bears, 
dogs, and cats, with neuritic plaques and vascular deposits also present 
[25–28]. Importantly, in all these animals, the amyloid pathology and 
neurodegeneration occur spontaneously, unlike laboratory rodents, 
where they occur as a result of genetic manipulations. In aged dogs, for 
instance, while extracellular Aβ (oligomers and fibrils) deposits have 
been demonstrated, the dog brain rarely contains neurofibrillary tangles 
[29]. Aged dogs also display signs of vasculopathies with degeneration 
of cholinergic neurons of the BF, with the latter not correlating with the 
extent of the Aβ cortical load [29,30]. Research by Raghanti and 
co-workers have demonstrated several pathological hallmarks of AD in 

aged chimpanzee, including parenchymal and vascular amyloid deposits 
[31–34]. Authors also report AD-like changes in microglia phenotypes 
with increased activation, which unlike human AD cases, did not 
correlate with neurofibrillary tangle pathology [33]. Likewise, although 
chimpanzees exhibit age-related regional neuronal loss, they appear 
protected from cell death found in AD [31]. Overall, in non-human 
primates as well as in other animals, the extent and intensity of amy
loid pathology with neurofibrillary tangles and related neuropatholog
ical effects vary considerably and are being less robust as compared to 
human AD. These and a growing number of similar studies have recently 
led to the notion that while some AD-like signs can manifest in aging 
primates and other mammals, only humans develop the fully blown 
neuropathological and clinical phenotype of the disease. 

In developing the thesis of AD as a human-specific condition, 
Rapoport and others noted that one of the corollary criteria for quali
fying it as such is that the pathology affects evolutionary most recent and 
rapidly expanding cortical structures, which arose during primate and 
especially human speciation [7,8,35]. Although comparative evidence 
supports the selective vulnerability of specific cortical areas and func
tions to the disease, the underlying mechanisms of such effects remain 
controversial. Proposed mechanistic models view pathological alter
ations in the AD cortex exclusively as a fall-out of intrinsic processes [2, 
7,36], neglecting the potential contribution of subcortical effects. Given 
the well-recognized early onset deficiency of acetylcholine (ACh) with 
loss of cortical cholinergic innervations in AD, none of the proposed 

Fig. 1. Enlargement of human brain capacity (A) and increase in average life expectancy of the Homo sapiens throughout ~ 4 million years of evolution (B).  
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models so far can be considered as complete, but warrant conciliatory 
revision. Throughout this study, we provide a unifying outlook at AD 
evolution that integrates established and more recently emerging facets 
of the neurobiology of the BF cholinergic system along with their po
tential contribution to greater susceptibility of the expanding human 
cortex to the disease. 

2. Differential susceptibility of cortical regions to AD pathology 

There is overwhelming data from functional brain imaging and au
topsy studies suggesting differential vulnerability of various cortical 
regions to neuropathological changes of AD. In the majority of reports, 
the onset of cortical pathology with early amyloid-related impairments 
have been mapped to temporal areas, spreading from there over the 
medial parietal, prefrontal, posterior parietal association areas, orbito
frontal cortex, and cingulate gyrus [37–40]. At more advanced stages of 
the disease, the neuropathological changes propagate further over the 
primary sensory and motor areas as well as subcortical structures. Such 
orderly spread of the pathology provided a basis for staging of AD 
proposed by Braak and co-workers [37]. Mapping and correlational of 
cortical regions affected by AD with networks of resting-state activity, or 
so-called default mode network (i.e. DMN), has shown a high degree of 
spatial correspondence [41,42] (Fig. 2), which has been interpreted as 
evidence for a mechanistic connection between neuronal activity and 
amyloid load with neurotoxicity [41,43,44]. Importantly, DMNs also 
overlap with evolutionary youngest and most dynamic cortical regions. 
Despite growing data supporting the link between neuronal activity with 
the release of the Aβ peptide from neurons and neuronal activity, a 
major gap remains in understanding specific mechanisms of the higher 
susceptibility of the evolutions most progressive and plastic cortical 
structures to the disease [36]. The dependence of APP processing and Aβ 
production on synaptic activity might contribute towards greater amy
loid load [45–48] given the above average basal activity in DMN circuits 
[42,49]. Anatomical evidence shows that dramatic evolutionary 
enlargement of temporal association, prefrontal, and parietal areas was 
related to the reorganization of connectivity, to process increasingly 
complex and multimodal information related to sensory inputs and 
intrinsic cortical activity. Accordingly, pyramidal cells in human asso
ciation areas show more elaborate synaptic architecture with complex 
connections, as compared to those in other cortical regions in humans 
and non-human primates [40,50,51]. 

The fundamental link between the level of neuronal activity and 
metabolism with production of toxic by-products is also in agreement 
with early-onset neurodegeneration and atrophy of selected association 

areas, given the reliance of neurons and glial cells on aerobic meta
bolism, with related risks for oxidative damage [52,53]. Accordingly, 
the decrease in glucose metabolism (hypo-metabolism) has been re
ported from the early stage of AD, with affected areas closely over
lapping with the most active cortical regions [49,54,55]. Moreover, it 
was shown that the association circuits with above-average activity 
maintain large number of juvenile neurons, displaying higher structural 
plasticity with incomplete myelination [2,56–58]. The latter is expected 
to contribute to greater energy demands with higher risks for oxidative 
stress and toxicity. Indeed, during development, parts of the prefrontal 
cortex and parietal association areas display the slowest myelination, 
with a large fraction of axons maintained in non-myelinated state in 
adulthood. The combination of higher activity levels of juvenile neurons 
with low levels of myelination, hence, rear the energy expenditure and 
related risk of oxidative damage an above average level [58]. Also, the 
high concentration of iron in immature oligodendrocytes, which is 
released upon their damage, would promote Aβ oligomerization with 
plaque formation. 

Arendt and co-workers proposed that the greater vulnerability of the 
association cortex to AD could also be contributed by the excessive 
rounds of division of neuronal precursors supplying neurons toexpand
ing cortical regions [7]. Although the general mechanisms of cortical 
development in mammals are relatively conserved, major variations in 
cortical size in different lineages implies considerable evolutionary ad
justments in cell proliferation programs, resulting in a differential sup
ply of neurons. The expanding cortex, thus, requires a supply of extra 
neurons produced via additional mitotic rounds [59–62]. Generated by 
asymmetric division, post-mitotic neurons migrate out of the ventricular 
area, leaving behind dividing progenitors. Analysis of the kinetics of cell 
division in monkeys and murine models [59,60] showed that in ma
caques, the period during which progenitor cells proliferate is 10 times 
longer than in mice. The extended cell division accounts for the 
expansion of the cortical sheet, including in primates and humans. Un
like progenitor cells in the ventricular zone of mice undergoing ~11 
rounds of division, in macaque, progenitors of cortical neurons divide at 
least 28 times, with these numbers most likely even higher in humans 
[59,60,62–64]. Additional mitotic cycles of progenitors, hence, in
creases the exposure of new cells to harmful exogenous and endogenous 
factors, resulting in genetic aberrations, which accumulate, enhancing 
the rate of molecular errors and propensity to degeneration. 

While supported by strong experimental data, the principal shortfall 
of the discussed models is that they attribute the cause of selective 
susceptibility of the association cortex to AD exclusively to intrinsic 
cortical processes, disregarding subcortical effects. Also, none of the 

Fig. 2. Demonstration of topographical relationship between cortical regions that underwent significant expansion throughout human evolution (left) with those 
known as default mode networks (left middle), areas with the highest load of amyloid β peptide (right middle) and undergoing atrophy during AD (right). Adapted 
with permission [8,55]. 
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Fig. 3. Brain size changes in primates and humans with relatively conserved BF cholinergic nuclei. (A) From top to bottom: illustration photos of brains of the 
squirrel monkey, macaque, chimpanzee, and human with outlines (dashed, red) of the human brain for better visibility of size differences. Inset histograms illustrate 
the relative ratio of cholinergic (CH) cell number and brain mass of squirrel monkey (rhodamine red bar), macaque (black bar), and chimpanzee (orange bar) vs. 
humans (all three superimposed, left bar). Brown bars on the right in all histograms show the ratio of CH cells and brain mass of humans. Note that the ratio of CH cell 
number and brain mass is the lowest in humans, indicating the lowest number of cholinergic neurons per innervation cortical area. Numbers in panels: blue – 
cholinergic cell number in NBM, green – the mass of the brain in grams. (B) Schematic of coronal brain sections containing cholinergic forebrain area (black dots, 
delignated by a red line) illustrating relative conservation of cholinergic nuclei from squirrel monkey to human. Ot - optic tract; ac – anterior commissure; EGP and 
IGP – external and internal globus pallidus; Th – thalamus; ic – internal capsule; cc – corpus callosum; C – claustrum; P – putamen; Adapted with permission [15]. 
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models explains the early onset of ACh deficit with loss of cholinergic 
innervations, which is one of the best recognized characteristic of the 
disease. Finally, all models leave unattended the potential contribution 
of a reduced functional reserve of the BF cholinergic system, due to an 
out of proportion expansion of cortical projection fields. 

3. Integrated evolution of the human brain and AD 

There has been a long-standing debate as to whether the cephaliza
tion process in mammals has gone through a mosaic reorganization of 
selected brain structures, or evolutionary upgrades occurred as an in
tegral part of a holistic process [14]. Comparative anatomical evidence 
suggests that dramatic expansion of association areas in the course of 
mammalians brain evolution is a part of a broader process [10,12,14]. 
Neuro-anatomical analysis with connectome studies have shown that as 
the size of the forebrain has increased, largely due to the growth of 
frontal, occipital, and parietal association areas, other connected 
structures also underwent considerable reorganization [12,14]. In pri
mates, for instance, the enlargement of the neocortex was paralleled 
with upgrades in old cortical structures such as the hippocampus and 
particularly the CA2 and subicular regions with associated entorhinal 
area [65,66]. Similar reorganisations occurred in subcortical forma
tions, including BF cholinergic nuclei, which are known to play a key 
role in modulating functions and plasticity of association circuits [12,16, 
17,67–70]. In primates and humans, for instance, changes in the size and 
complexity of the medial septum and nucleus basalis Meynert (NBM) 
show a clear connection with upgrades and expansion of the cerebral 
cortex [12,17]. This trend is evident from the relatively early stages of 
mammalian evolution. In insectivores with the rudimentary cortex, the 
cholinergic BF is not discernible. In rodents, the cholinergic BF nuclei 
can be readily distinguished, although they remain somewhat under
developed and incompletely demarcated from the adjacent globus pal
lidus [71,72]. In macaques and in higher primates, the cholinergic BF is 
well developed and shows features of a high compartmentalization. In 
humans, this evolutionary trend led to condensation of BF cholinergic 
cells in elaborate chain of nuclei, with NBM reaching its highest orga
nization, comprised of densely packed neurons readily discernible from 
the overlying globus pallidus [17]. The resulting human NBM presents 
sole source of cortical cholinergic innervations comprised of ~200 000 
neurons within each hemisphere which project their axons free of long 
collaterals to the cerebral cortex, innervating specific cortical fields [73, 
74]. 

As already noted, upgrades of the BF cholinergic system were far 
modest as compared to those in cerebral cortex (Fig. 3). Indeed, the 
radical enlargement of the neocortex in humans resulted in a structure 
~5000 times larger than that in mice, ~1400 times than that in rats, and 
~4 times than that of our closest relative chimpanzee. For comparison, 
increase in the number of BF cholinergic cells in humans was only 
~100− 150 times as compared to mice and rats, respectively, and less 
than ~40 % as compared to chimpanzee [15,18–21]. Notably, the 
cortical expansion in primates and humans was associated with rein
forcement of cholinergic innervations, with density of cholinergic axons 
in humans ~4− 6 times higher than that in rat and mouse, and 
~10− 15% higher than that in chimpanzee [15,21]. In the absence of 
cortical cholinergic neurons in humans, the disproportionate enlarge
ment of the associative fields with increasing cholinergic innervations 
infers a major elaboration of cholinergic axons [18]. Given that the in
crease in axon size comes with considerable neurobiological challenges 
[75,76], it is reasonable to think that the most recent evolutionary up
grades of basalo-cortical cholinergic projections with cortical expansion 
might have contributed towards the selective vulnerability of the human 
brain to AD. If nothing else, larger axons present a major source of 
cellular expenditure as well as challenges for transport of trophic factors 
and metabolites, exposing neurons to greater risks [77,78]. 

In light of all mentioned, early-onset acetylcholine decline in the AD 
cortex followed by depletion of cholinergic innervations might present a 

knock-on effect of unbalanced evolutionary expansion and upgrades of 
cholinergic BF structures and projection association fields. Of note, the 
degeneration of cholinergic axons in the cortex adheres to a consider
able anatomical specificity, with association areas typically showing 
strong depletion of cholinergic innervations, while cholinergic in
nervations of motor and anterior cingulate cortices, and sensory areas 
remain relatively intact [40,67]. In functional brain imaging studies, 
there is a significant overlap between the DMN and cortical regions 
undergoing extensive depletion of cholinergic innervations of AD, with 
~45− 85% of ChAT-positive fibre degeneration reported in temporal, 
prefrontal, posterior parietal, and orbitofrontal areas and cingulated 
gyrus, whereas cholinergic inputs to primary sensory and motor sub
systems stay relatively unaffected (5 %–15 % loss of ChAT-positive 
axons) [79]. Although the extent of amyloid plaque load does not 
directly correlate with the absolute amount of degenerated cholinergic 
axons, it correlates significantly with the percentage of lost cholinergic 
axons [80]. Importantly, the regional density of residual cholinergic 
axons in AD seems to reflect differences in premorbid levels of cholin
ergic innervations, with the most severely affected cortical regions i.e. 
inferior, medial, and superior temporal association areas appearing 
almost completely denuded of cholinergic innervations. In contrast, 
structures with a higher premorbid density of cholinergic innervations 
retain higher levels of residual fibres [81]. As discussed below, along 
with extra metabolic and functional burden, evolutionary expansion of 
cholinergic axons with extended innervation fields entail considerable 
additional consignments related to regulation of APP processing with Aβ 
production, as well as control of MAP tau phosphorylation and Aβ 
clearance [77,78]. 

4. The homeostatic hypothesis of the cholinergic system and AD 

As noted, despite considerable supportive evidence, the principal 
limitation of all models explaining the selective vulnerability of the as
sociation cortex to AD is that they assign the cause of cortical pathology 
to intrinsic processes. Also, none of the models explains the age- 
dependence of the onset of sporadic AD and degeneration of cholin
ergic neurons [79,82]. There is substantial evidence showing a positive 
correlation between the extent of cortical amyloid pathology and per
centage of cholinergic axon loss [79]. With the progression of the dis
ease, the degenerative process propagates back to the source neurons in 
the BF, and especially in the NBM [83]. It is important to stress that 
neither amyloid pathology nor cognitive decline in AD can be solely 
attributed to depletion of cortical ACh, as a comparable decrease in 
cortical ACh in subjects with olivo-ponto-cerebellar atrophy reveals 
neither accumulation of Aβ plaques nor AD-like cognitive deficit [84, 
85]. These findings together with overtly intact striatal and brainstem 
cholinergic systems in the AD brain [86,87] suggest unique neurobio
logical characteristics of the BF cholinergic system, which extend its role 
beyond diffuse supply of cortical ACh and neuromodulation. In agree
ment with this view, Mesulam proposed that the selective loss of cortical 
cholinergic innervations is unlikely to be related with cholinergic 
mechanisms only, but may reflect the unique anatomical position and 
connectivity of the NBM [88]. 

We and others have shown that in addition to widely appreciated 
modulator functions, cortical cholinergic innervations might play a key 
role in homeostatic regulation of APP processing and clearance of Aβ 
[89,90]. As reported by Nitsch et al. [91], activation of M1 and M3 
muscarinic AChR suppresses the amyloidogenic processing of APP with 
Aβ production. This finding was replicated in neuronal cultures, brain 
slices, and in vivo, with anti-Aβ effects of M1 receptors being attributed 
to stimulation of protein kinase C a/ε and downregulation of α-secretase 
ADAM17 activity [89]. We have shown the significance of cholinergic 
BF neurons and their projections in the sequestration of Aβ followed by 
lysosomal degradation, which might be of relevance to the maintenance 
of physiological levels of Aβ in cortical projection fields [77,78]. Such a 
unique homeostatic role is attributed to cholinergic axons enriched with 
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the p75 neurotrophin receptor (NTR), which is known to bind and 
facilitate the internalization of Aβ mono- and oligomers [92], followed 
by degradation [77] (Fig. 4). In agreement with homeostatic role of 
basalo-cortical projections, selective ablation of BF cholinergic neurons 
or genetic deletion of p75NTR accelerates the deposition of Aβ plaques 
and associated histopathological changes in the cortex and hippocampus 
in AD murine models [93–96]. These findings accord with observations 
in rabbits, which showed progressive accumulation of perivascular Aβ 
after targeted lesion of BF cholinergic neurons with targeted immuno
toxins [97]. The absence of axonal dystrophies in 
Thy1-hAPP-London/Swe-p75NTR− /− mice, which contrasts with wide
spread axonal pathology and loss of BF cholinergic cells in 
Thy1-hAPP-London/Swe-p75NTR+/+ genotype [98] supports the 
important role of p75NTR in mediating neurotoxic effects of Aβ in BF 
cholinergic neurons. It also suggests that the role of cholinergic inputs to 
the hippocampus and cortex extends beyond the supply of ACh with 
neuromodulator effects. Such dual functionality of cholinergic in
nervations agrees with results of human autopsy studies, which revealed 
a stronger decline in the number of p75NTR expressing BF cholinergic 
cells in plaque laden AD brains [99,100]. 

With above average activity and higher propensity of Aβ load in the 
associative cortex, degeneration of p75NTR enriched cholinergic in
nervations is expected to further exacerbate the progression of amyloid 
pathology. On the other hand, the increase of Aβ level would overwhelm 
the proteolytic machinery of cholinergic neurons, aggravating further 
amyloid toxicity and lysosomal deficiency, leading to metabolic collapse 
and neuronal degeneration. Unlike double transgenic APPSwe/PS1dE9 
mice in which selective ablation of BF cholinergic cells facilitates 
cortical Aβ load with cognitive decline and memory deficit [95], 
APPSwe/PS1dE9/p75NTR− /− triple transgenic mice reveal no cognitive 

decline and memory deficit, despite extensive amyloid pathology in the 
hippocampus and cerebral cortex [96]. Such dissociation of cognitive 
and homeostatic role of the BF cholinergic system supports its dual, ACh- 
and p75NTR-dependent functionality, and agrees with results of the 
above mentioned above clinical studies of olivo-ponto-cerebellar atro
phies [84,85]. 

In addition to well-known modulator functions, BF cholinergic pro
jections, thus, seem to play an essential homeostatic role in clearance of 
Aβ from projection fields, mediated via a p75NTR mechanism. 
Conceivably, with expansion of the association cortex and elaboration of 
basalo-cortical innervations in humans, cholinergic neurons came under 
excessive strain to maintain their dual, neuromodulator and homeostatic 
role. Discussed above examples of the dissociation between cognitive 
and homeostatic mechanisms of the BF cholinergic neurons is in 
agreement with their dual role, with dramatic expansion of the cortex 
contributing towards a reduced functional reserve and a higher 
vulnerability of the human brain to AD. Whereas the cognitive and 
mnemonic mechanisms depend on the modulation of the neuronal ac
tivity and plasticity by ACh [70,101], the homeostatic and neuro
protective effects involve regulation of APP metabolism as well as 
p75NTR-mediated sequestration of the Aβ peptide [78,90], keeping in 
check its physiological level and activity. 

5. Closing remarks 

Over the past four million years of human evolution, the brain of our 
primate ancestor quadrupled in size, resulting in the brain of the Homo 
sapiens. Such dramatic enlargement of the organ of thought with func
tional upgrades has been key to the transition of the Homo from scav
enger to hunter-gatherer, which led to radical dietary changes and socio- 

Fig. 4. Demonstration of selective enrichment of BF cholinergic neurons with p75NTR and mediated by this receptor internalization of Aβ peptide in cholinergic 
neurons with sorting to acidifying late endosomes. (A) Confocal images of rat BF cholinergic area with neurons labelled using ChAT markers specific for cholinergic 
neurons and IgG-192-CY3 labelling p75NTR enriched neurons. Note a high degree of colocalization. Adapted with permission [103]. (B) Cholinergic neurons in 
primary neuronal cultures after exposure to Alexa488 labelled Aβ and IgG-192-CY3 (left) and staining with an anti-RAB-7 antibody specific for late endosomes 
(right). (C) Cholinergic neurons in primary neuronal cultures after exposure to IgG-192-CY3 and core streptavidin fused with heavy chain of tetanus toxin, know also 
to bind to p75 NTR (CS-TeTX-Hc). Courtesy of I. Antyborzec (image taken from Ph.D. thesis). 
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behavioural adaptations. The restructuring of anatomical and functional 
landscapes of the human brain were accounted for largely by the 
expansion of the frontal, occipital, and parietal association fields, which 
evolved to meet the emerging needs and challenges of dynamic and 
highly complex organization of the society, leading to a remarkable 
extension of life expectancy (Fig. 1). Even under high mortality expe
rienced by hunters-foragers, human life expectancy (LE0) was twice that 
of chimpanzee [102], which doubled further during the recent indus
trialization, causing a major extension in older ages with related phys
iological conditions and diseases. 

As it emerges from this review, major adaptive changes in the brain 
with increased LE0 came with considerable costs, conforming to J. H. 
Jackson’s ‘doctrine’ that evolutionary upgrades of the human nervous 
system might conceal neurological and psychiatric conditions, which are 
human-specific. Indeed, the expansion of cortical association fields with 
reinforcement of cholinergic innervations combined with prolongation 
of the LE0 has placed the BF cholinergic system under major homeostatic 
and metabolic strain, which possibly contributed to higher incidents of 
age-related degeneration of cholinergic neurons as well as sporadic 
amyloid pathology with degenerative changes characteristic to AD 
(Fig. 5). In summary, the out-of-proportion enlargement of innervation 
fields of individual cholinergic neurons and LE0 extension lowered the 
functional reserve of the BF cholinergic system and enhanced the ho
meostatic assignments in terms of Aβ clearance and regulation of APP 
metabolism, overwhelming proteolytic and metabolic machinery of 
cholinergic neurons, which have led to higher risks of amyloid pathol
ogy and age-dependent onset of AD, with functional impairments and 
neurodegeneration. While bearing an array of major adaptive benefits 
and protective effects empowering progressive mental facilities, the 
disproportionate growth of the human cerebral cortex, thus, came with 
significant unfavourable effects, with implications for the neurobiology 
of aging and global health. 
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