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for  ‘ pure ’  ALS cortical, brainstem and spinal gluta-
matergic motor neurons. However, there are incon-
sistencies. For example, there is evidence that 
glutamatergic neurons located in the hippocampus 
and in the frontal, temporal and parietal cortex in 
AD are severely affected, whereas similar neurons in 
the motor and sensory cortex are relatively spared 
(2). The neurons involved in the neurodegenerations 
are all large and metabolically demanding, but do 
differ in size, the number and complexity of den-
drites, number of synaptic connections, length of 
axons and distance across which synaptic connec-
tions are established, extent of axonal myelination, 
and other morphological characteristics (3,4). Fur-
thermore, the fate of neurons regarded as prime 
in neurodegeneration, may be largely determined 
by their local supply and support networks. Evi-
dence implicates non-neuronal cells, including 
microglia, astrocytes, and oligodendrocytes having 
a disease-initiating, facilitatory, or simply a permis-
sive role (5    –    8). If correct, this might be expected to 

  Introduction 

  “ That apparent disorder of the cerebral jungle, so 
different from the regularity and symmetry of the 
spinal cord and of the cerebellum, conceals a pro-
found organization of the utmost subtlety which is 
at present inaccessible ”  (1). 

 The crude incidence of Alzheimer ’ s disease (AD) 
is approximately 10-fold that of idiopathic Parkin-
son ’ s disease (PD), which in turn is approximately 
10-fold that of amyotrophic lateral sclerosis (ALS). 
An explanation for this large difference in incidence 
rates between the three major neurodegenerations 
has not been specifi cally questioned. However, it is 
frequently inferred that these disorders differ in their 
susceptibility simply because of the selective vulner-
ability of the specifi c neurons that appear, in our 
present understanding, to underlie their clinical phe-
notypes. For AD, these are principally cholinergic 
neurons in the entorhinal cortex, hippocampus 
CA1 region, frontal cortex, and amygdala; for PD, 
dopaminergic neurons of the substantia nigra; and 
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  Abstract 
 Alzheimer ’ s disease (AD) is 10-fold more frequent than Parkinson ’ s disease (PD), which in turn is 10-fold more frequent 
than amyotrophic lateral sclerosis (ALS). The differences between these neurodegenerative diseases have been ascribed to a 
selective vulnerability of specifi c neuronal sub-types that then determine each disorder. However, there are non-neuronal cells 
that are ubiquitously and possibly primarily involved in all of them, and they share regulatory mechanisms through similar 
interneurons and, typically inhibitory, neurotransmitters. There is recognized clinical and neuropathological overlap between 
AD, PD and ALS, the best example being Guamanian Lytico-Bodig, but increasingly recognized in larger populations, e.g. 
carriers of C9orf72 hexanucleotide expansions. From early embryogenesis to adulthood, genetic and experience-dependent 
functional neural networks develop primarily in relation to the neocortex. From an evolutionary standpoint, cognition, 
memory, executive function, linguistics and fi ne motor function are most prominent in humans. It is concluded that neural 
networks, rather than specifi c neuronal sub-types defi ned regionally or by individual transmitters, underlie the marked dif-
ferences between neurodegenerative disorders in terms of susceptibility and clinical features. This requires the continued 
development of strategies to study brain function in health and disease as the  ‘ system ’ , greater than the sum of its parts.  
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apply equally across the neurodegenerative disor-
ders. In ALS, and probably in AD and PD, inhibitory 
gamma-aminobutyric acid (GABA)-ergic interneu-
rons appear prominent in pathology (9,10). GABA-
ergic interneurons regulate striatal output, and in 
PD, dysfunction in the cholinergic system may be 
responsible for many non-motor features (11,12). 
Marked reductions in serotonergic (5-HT1 A ) recep-
tor binding, once the preserve of major depressive 
disorders, have been demonstrated in non-depressed 
ALS and FTD patients (13    –    15), yet also separately 
linked to tremor in PD (16). Thus, it is diffi cult to 
conceive that differences in principal neurotransmit-
ter receptor sub-types primarily drive the magni-
tudes of difference in incidence. Rather it is proposed 
that different clinical patterns of neurodegeneration 
might depend on differences in the underlying neu-
ronal networks that constitute the different  ‘ systems ’  
we recognize at the functional level, rather than neu-
ronal sub-types or individual regions (Figure 1).   

 Neurodegenerative diseases as overlapping 
syndromes 

 ALS affects many extramotor systems, but usually to 
a degree below overt clinical defi cit. The neuronal 
circuitries in the frontal parts of the brain are, how-
ever, prominently affected. ALS has pathological 
(17), and recently also genetic, overlap with fronto-
temporal dementia (FTD) through expansions of the 

hexanucleotide repeat in C9orf72 (18,19). Members 
of the same family may develop relatively  ‘ pure ’  FTD 
or ALS or both (20), and there is increased recognition 
of an association with primarily psychotic syndromes, 
thus broadening the phenotypes still further (21). The 
incidence of frank dementia in apparently sporadic 
ALS is approximately 15%, with a much higher pro-
portion showing sub-clinical evidence of executive 
dysfunction in particular (22). PD forms a clinico-
pathological spectrum with diffuse Lewy body disease, 
and a similar spectrum might be conceived between 
the diffuse cerebral amyloid deposition of AD and pri-
mary amyloid angiopathies. Parkinsonian features 
have been long recognized to be detectable in those 
with ALS (23). It is also well established that AD and 
PD share common clinical and neuropathologic fea-
tures with extensive overlap between the two condi-
tions. The extent of such overlap is far greater than one 
would anticipate by chance alone (24,25). In Guama-
nian ALS/PD/AD there are amyloid plaques in patients 
with dominant or only ALS (26). At present the tax-
onomy of neurodegenerative disorders, particularly in 
the case of overlap syndromes, is based upon the 
predominant (mis)-aggregated protein signature.   

 Network development and connectivity 

 Throughout mammalian evolution, the neocortex 
has increased disproportionately in size and com-
plexity, affording our species enhanced abilities 

  Figure 1.     A Forth rail bridge analogy for the consideration of neurodegeneration at the systems level, whose substrate is a series of 
networks of varying size and complexity. While these networks are comprised of tracts, in turn composed of individual neurons, 
understanding the variation in incidence and overlap between neurodegenerative disorders may require in vivo study at higher 
organizational levels.  
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including higher-order cognition and reasoning, lan-
guage, advanced motor skills, and social-emotional 
behaviour. Over the course of development, the 
human brain evolves from a few immature connec-
tions to an estimated 20 billion neocortical neurons 
each with an average 7000 synaptic connections and 
linked by over 150 km of myelinated axonal projec-
tions (27). The brain shows protracted increases in 
connectivity as white matter develops, changing from 
a relatively random to a more ordered confi guration, 
and brain structures are commonly known to work 
as part of functional systems in which interconnected 
structures work together in processing particular 
types of information (28). The development of corti-
cal functions and the capacity of the mature brain to 
learn are largely determined by the establishment 
and maintenance of neocortical networks. The mat-
uration of cortical networks is not uniform, with 
change occurring more rapidly in posterior rather 
than frontal regions and taking place earlier in the 
primary visual than in the primary motor area (29). 
The precise profi le of neocortical function results 
from a series of complicated developmental pro-
cesses, wherein genes interact with in utero and neo-
natal environmental factors, to pattern the structure 
into a network of functionally and architectonically 
distinct sensory, motor, and association areas 
(30    –    33). Network formation, including the GABA-
ergic system, develop prominently in the perinatal 
and early childhood period, when risk of malfunc-
tion is greatest (34,35). In addition, comparative 
studies are beginning to indicate that human neural 
network connectivity is unique compared to non-
human primates (36,37). This is relevant given the 
absence of animal models that truly replicate any of 
the human neurodegenerative disorders. 

 Brain networks consist of spatially distributed 
but functionally connected regions that process 
information and a neural network can be defi ned as 
a population of interconnected nodes that perform 
a specifi c physiological function (38). Failure, for 
example, of the motor network(s) controlling muscle 
and movement, relates to ALS. A failing  ‘ node ’  can 
impact related nodes that are nearby or even ana-
tomically separated by large distances, and it has 
been proposed that there is a hierarchy (39). This 
might also underlie phenotypic variation across indi-
viduals considered to have the same disease, as well 
as symptom fl uctuation. Neural network failure and 
function is complex, resulting from a host of patho-
genic mechanisms (40). They include distance from 
the primary node, physiology, integrity and genetics 
of the synaptic terminals, and the  ‘ stress ’  of the 
whole node in terms of functional adaptation.    

 Networks in neurodegeneration 

 From an evolutionary viewpoint, the increase in 
hominid neocortex was not uniform and the largest 
increases have been related to cognition, memory, 

executive function and linguistic expression (41). 
Based upon extensive anatomic review, Solari and 
Stoner (42) conceptualized seven functional circuits 
corresponding to cognitive perspectives of the brain. 
To a greater or lesser extent all are impaired in AD. 
It is possible that less well-conserved, perhaps more 
recently developed, neocortical networks are more at 
risk to the degenerative processes, in contrast to 
highly conserved archaic networks. Most networks 
that become dysfunctional in AD are probably of 
recent origin, which might in part underlie why AD 
is so much more common than PD or ALS. In ALS, 
some clinical defi cits can be related to evolutionary 
development of bipedalism, fractionation of fi nger 
movement, especially the thenar hand and synchro-
nization of speech and breathing (43,44). These 
probably involve a majority of smaller, archaic, per-
haps more isolated, less  ‘ plastic ’  networks, refl ecting 
their critical role in survival in evolutionary terms. 
As a result they may then be more resistant to degen-
erative processes. Once fully breached, however, for 
the typically much more aggressive degenerative pro-
cesses like ALS, certain networks may be then more 
permissive to rapid extension of pathology. While 
some PD networks are also archaic and developed 
in most animals, there are more recently evolved 
ones in primates and in particular humans, so that 
overall there are more of the  ‘ poorly conserved ’  net-
works involved in PD compared to ALS. 

 We propose that susceptibility and phenotype in 
neurodegenerations vary in relation to the cortical 
networks involved, and in turn this may refl ect how 
recent these functions are phylogenetically. However, 
in such a model one might anticipate that networks 
involved in social cognition and human interaction 
and, language, both impaired in FTD (and the rarer 
progressive aphasias) might have an even higher inci-
dence than AD, whereas the incidence of FTD is 
about the same as ALS (45). Several hypotheses on 
the emergence of human culture and cognitive 
capacities suggest a close evolutionary link between 
praxis, including tool use, and language, which, 
although not unique to humans or even primates, is 
most highly developed in humans (46). Further-
more, gestural communication, involving action rec-
ognition and imitation might have constituted an 
intermediary between the development of tool man-
ufacture and use, and the emergence of spoken lan-
guage. Gesture and vocalization have a long 
evolutionary history that goes back several million 
years (47), which might then account for the rarity 
of language-selective dementias. 

 The functional anatomy of language has largely 
departed from the classical localizationist views, 
favouring the idea that language might be organized 
in networks rather than specialized brain areas. The 
networks involved partially overlap and involve the 
superior temporal, posterior parietal and ventral pre-
frontal areas, which underpin the phonological, 
semantic and syntactic levels of language (48). The 
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classical concept in which the frontal lobe is respon-
sible for speech production and temporal areas for 
language comprehension, cannot account for the 
cases of patients presenting with, for example, apha-
sia without lesions in Broca’s area or, conversely, 
defi cits of speech comprehension in the presence of 
a Broca’s area lesion. 

 Although the cerebral cortex still appears, despite 
the advances in neuroscience, as it did to Cajal  –  a 
 “ jungle of axonal and dendritic wiring ”   –  its vast 
network composed of billions of highly intercon-
nected, spatially distributed neurons, is processed 
accurately and rapidly (49). The distribution and 
integrity of cerebral neural networks has begun to be 
explored in vivo, using mathematical analysis (includ-
ing graph theory) of both structural and functional 
advanced magnetic resonance imaging (MRI) mea-
sures (50    –    52). Over the last decade accumulating 
evidence points to cortical neural network dysfunc-
tion as crucial to the pathogenesis of all neurodegen-
erative diseases, with each type of neurodegeneration 
related to semi-specifi c networks (53,54). Seeley has 
eloquently pointed to early neural circuit dysfunc-
tion in AD (medial temporal lobe-posterior cingu-
late-lateral temporoparietal) and the different types 
of FTD, with and without ALS (55). Females have 
higher connectivity in network regions that show 
metabolic decrements in Alzheimer ’ s disease (AD), 
which might infl uence why female AD patients show 
greater impairments than male patients for the 
equivalent reduction in cerebral metabolic rate (56). 
Carriers of the AD high-risk apolipoprotein E e4 
allele demonstrate altered hippocampal-region acti-
vation decades prior to symptom onset (57). Symp-
toms of PD extend beyond the cardinal features of 
tremor, bradykinesia, and rigidity to other domains, 
including non-motor symptoms. These manifesta-
tions of the disease cannot be attributed to simple 
dysfunction of the basal ganglia, but rather point to 
widespread functional abnormalities involving a 
number of neuronal circuits (58,59). 

 There is good evidence for cortical regions being 
selectively engaged in the perception of faces, places, 
bodies, words and for Theory of Mind (60). Bak 
succinctly encapsulated the link between network 
development and patterns of neuropsychological 
impairment in ALS degeneration as  “ what wires 
together dies together ”  (61). The stereotyped pro-
gression of pathology along anatomical connections 
is well-recognized in AD and PD (62,63). In ALS, 
too, structural motor network deterioration has 
been shown to occur with preserved, indeed pos-
sibly increased, functional connectivity (64,65), 
with the suggestion of spread of disease along func-
tional connections of the motor network (66), 
molecular mechanisms for which are now emerg-
ing (67). However, a  ‘ prion-like ’  mechanism for 
spread of pathology proposed for the largely age-
related neurodegenerative disorders typifi ed by 
AD, PD and ALS, might be less consistent with the 

diffuse, apparently non-selective neuronal loss seen 
in classical, transmissible prion-mediated processes 
such as Creutzfeld-Jakob disease (although function-
ally selective variants, e.g. Heidenhain, are certainly 
recognized (68)).   

 Corpus callosum networks 

 Inter-hemispheric networks, transiting through the 
corpus callosum, have been less well studied than 
hemispheric networks but are important in the aging 
cortex (69,70). In relation to the neurodegenerative 
disorders, these networks may be more relevant than 
are their intra-hemispheric networks (71). Atrophy of 
the corpus callosum predates cognitive decline in an 
age-dependent manner and in AD is evident when 
cognitive dysfunction is mild (72,73). In PD, it has 
even been suggested that the disease is a  ‘ disconnec-
tion syndrome ’  (74). In ALS, diffusion tensor imag-
ing and post mortem studies indicate that corpus 
callosum impairment is a consistent pathological fea-
ture (75,76), and may underlie the frequent observa-
tion of mirror movements (77). The very large human 
corpus callosum and the originating corpus callosum 
projection neurons are, on an evolutionary basis, 
recent, containing both homotopic and heterotopic 
interhemispheric connections with a preponderance 
of the former. Although some callosal connections 
are inhibitory, allowing the hemispheres to inhibit 
each other to maximize independent function of each 
hemisphere, the majority are excitatory, integrating 
information across both hemispheres (78).   

 Molecular considerations 

 Alterations in cerebral regional gene expression is an 
alternative, and not necessarily mutually exclusive, 
consideration in relation to understanding varying 
patterns of neurodegeneration (79). The current tax-
onomy of neurodegenerative disorders is based upon 
the predominant protein aggregate, which has natu-
rally led to focus on the fundamental role and asso-
ciated upstream pathways of these proteins. Within 
this framework, the relative abundance of such pro-
teins might be expected to correlate with the inci-
dence of the various neurodegenerative disorders. 
However, a disparity between the  ‘ amyloid ’  and 
regional functional pathology has been observed 
(80). Further, against a simplistic aggregate-based 
model, AD, PD and ALS are well defi ned clinical 
syndromes that arise from very disparate genes in 
rare familial cases, yet are then typically indistin-
guishable on clinical grounds. In ALS par excellence, 
cases associated with mutations in  SOD1 ,  TARDBP , 
 FUS  or linked to GGGGCC expansions in  C9orf72  
may all show entirely typical features and, although 
there is an emerging common theme of aberrant 
RNA biology, this is not currently clear in relation 
to SOD1-linked ALS cases which are nonetheless a 
signifi cant proportion overall.   
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 Conclusions 

 We concur with the view that these neurodegenera-
tive diseases are not diffuse, random, or confl uent 
but target specifi c  ‘ large-scale ’  distributed networks 
(53). Despite sharing fundamentals of neurobiology, 
the susceptibility as well as clinical features differ 
considerably and we propose this might relate to the 
size, number and complexity of the neural networks 
involved in each disorder. Trans-hemispheric net-
works involving callosal pyramidal neurons might be 
crucial to this concept. Although it is obvious that 
genes and experience both play crucial roles in the 
development of these networks, it is less clear to what 
extent the circuitry within them is genome-depen-
dent, and which are derived from experience. As 
noted, overlap syndromes occur. Many of the 
mutated or dysregulated genes associated with a high 
risk of neurodegenerative diseases have functions 
critical to viable embryonic development and are 
(perhaps then unsurprisingly) strongly selected 
against (36,81). Equally, however, such mutated 
genes appear to permit functionally entirely normal 
early development that, importantly, does not appear 
to limit reproductive success, so that any deleterious 
effects may simply refl ect recent and disproportion-
ate increases in human survival in the post-repro-
ductive years. Indeed, there may also be unrecognized 
 ‘ trade-offs ’  that subtly infl uence the persistence of 
some neurodegenerative disorders (82). We eagerly 
anticipate an era where tools to simultaneously study 
brain and downstream neuronal activity in real time 
will allow understanding of nervous system dysfunc-
tion at a network, rather than neuronal, level. 
Increased evolutionary and developmental under-
standing, and the increasingly complex genetic and 
epigenetic basis for disease, will coalesce to allow 
earlier intervention, and ultimately prevention of 
neurodegenerative disorders.      

  Declaration of interest:  The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper.   
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