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The lateralization of the human brain may provide clues into the pathogenesis and progression of neurodegenerative diseases.

Though differing in their presentation and underlying pathologies, neurodegenerative diseases are all devastating and share an

intriguing theme of asymmetrical pathology and clinical symptoms. Parkinson’s disease, with its distinctive onset of motor symp-

toms on one side of the body, stands out in this regard, but a review of the literature reveals asymmetries in several other neurode-

generative diseases. Here, we review the lateralization of the structure and function of the healthy human brain and the common

genetic and epigenetic patterns contributing to the development of asymmetry in health and disease. We specifically examine the

role of asymmetry in Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and multiple sclerosis, and interrogate

whether these imbalances may reveal meaningful clues about the origins of these diseases. We also propose several hypotheses for

how lateralization may contribute to the distinctive and enigmatic features of asymmetry in neurodegenerative diseases, suggesting

a role for asymmetry in the choroid plexus, neurochemistry, protein distribution, brain connectivity and the vagus nerve. Finally,

we suggest how future studies may reveal novel insights into these diseases through the lens of asymmetry.
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Introduction
Brain asymmetry and lateralization have been investigated

for over a century. Broca and Wernike’s findings of lan-

guage lateralization1,2 and Sperry’s split-brain experi-

ments3 contributed to the early understanding of brain

laterality and laid the foundation of understanding brain

asymmetry. Today, it is well-established that in the

majority of people, the left-brain hemisphere is dominant

for language processing and speech, whereas the right

hemisphere is dominant for visuospatial functions.4,5

Lateralization of the brain is also clearly seen in motor
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function with the typical preference for one side of the

body over the other, most obviously seen in ‘handedness’.

Despite increased investigation into brain asymmetry and

its development, much of the functions and consequences

of this fundamental lateralization of the CNS remain

largely unknown.

Hemispheric asymmetry is a feature of brain organiza-

tion across many species, including both invertebrates

and vertebrates.6,7 The development of brain laterality

likely provides some degree of evolutionary advantage, as

it can be seen throughout the animal kingdom and is

associated with increased cognitive ability.8,9 One hypoth-

esis suggests that lateralization of the brain allows for

more efficient function of the hemispheres and prevents

feedback from conflicting CNS responses from occurring

simultaneously.7,10–12

However, does this complex delega-

tion of tasks to particular hemispheres come with a cost

of increased hemispheric vulnerability to brain patholo-

gies like neurodegenerative disease? If so, how and why?

Clinical neuroscience has long recognized hemispheric

asymmetries found across many psychiatric, neurological

and neurodevelopmental disorders, which has been re-

cently summarized in depth.13 The ENIGMA (Enhancing

Neuro-Imaging Genetics through Meta-Analysis) consor-

tium laterality working group (http://enigma.ini.usc.edu/

ongoing/enigma-lateralization-working-group/. last

accessed September 13, 2021) has laid a foundation for

exploring the connection between structural asymmetry in

the human brain and neurological disorders, mapping

structural asymmetries in healthy individuals as well as in

obsessive–compulsive disorder, major depressive disorder

and autism spectrum disorder.14 Similarly, abnormal

brain lateralization has been studied in schizophrenia,

which has been previously reviewed.15–21 The most com-

mon neurological disorder, stroke, also typically affects

one side of the brain and thus symptoms and recovery

may be influenced by hemispheric asymmetries.22–26

Though this lateralization in neurological disease is well-

documented, much research is needed to explore how

these asymmetries may connect with pathogenesis and

progression, particularly among neurodegenerative

diseases.
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This review will focus on four common neurodegenera-

tive diseases in which asymmetric features are prominent

but often neglected in research. The neurodegenerative

diseases of Parkinson’s disease, Alzheimer’s disease,

amyotrophic lateral sclerosis (ALS) and multiple sclerosis

(MS) all have asymmetric pathological features. Unilateral

symptom onset distinguishes Parkinson’s disease in the

clinic27; likewise, ALS and MS often include an onset of

limb weakness or numbness on only one side of the

body.28,29 Alzheimer’s disease, while lacking the obvious

clinical asymmetries, also is characterized by asymmetric

neurodegeneration and perhaps vulnerability of the left

hemisphere.30–32 Given that the pathogeneses of all these

neurodegenerative disorders remain enigmatic, we pro-

pose that understanding the fundamental asymmetries in

the CNS could provide clues into the onset and/or spread

of these diseases, which may guide new research avenues

for biomarkers or treatment strategies. Such research is

essential as the global burden of these diseases continues

to grow while limited to no disease-modifying treatment

options exist. Alzheimer’s disease is the fifth leading

cause of death in the U.S. in people age 65 and older

and affects almost 44 million people globally.33

Parkinson’s disease affects around 1% of people over the

age of 65 in the U.S.34,35 As the ageing population

expands, these numbers are expected to increase dramat-

ically.33,34 Likewise, ALS and MS, while comparatively

less common, represent a significant health burden, with

the latter also impacting young people, and case numbers

have also been on the rise.36,37 Despite years of dedicated

research, these diseases are still not well understood, sug-

gesting that new avenues of research may be needed.

We propose two broad hypotheses of why an asymmet-

ric component characterizes these neurodegenerative dis-

eases. The first, and the focus of this review, suggests

that the brain develops with inherent differences in hemi-

spheres which makes one side more vulnerable such that

the initiation of pathology will first precipitate the disease

in only one hemisphere. Alternatively, the brain could de-

velop with the same relative vulnerability of the hemi-

spheres, but after the initiation of pathology on both

sides, some unknown factor or factors lead to degener-

ation at a more rapid pace on one side. Given the clinical

variability within each neurodegenerative disease, both

possibilities are worth considering and a combination of

processes may be at play.

In this review, we give a brief overview of the inherent

asymmetry in the healthy human brain. We discuss the

clinical asymmetries associated with neurodegenerative

diseases and their relevance to disease severity and pro-

gression, while also comparing asymmetry in early and

late disease progression and patterns of neuropathology.

Finally, we consider possible mechanisms leading to these

asymmetries and suggest how future research may reveal

novel insights into these diseases through the lens of

asymmetry.

The healthy asymmetric
brain

Asymmetry in structure and
connectivity

Several structural and functional asymmetries are present

in the human brain and appear early in development.

Recent work by the ENIGMA consortium has thoroughly

mapped brain anatomical asymmetry in a large cohort of

healthy individuals from across the globe. Their study of

cortical asymmetry found that the left hemisphere exhib-

its greater cortical thickness in the anterior cortex, while

rightward asymmetry exists in posterior cortex, creating a

global ‘torque’ pattern that has been widely reported.38

This study, as well as others, have also found specific

regions (the transverse temporal gyri, opercular part of

the inferior frontal gyrus, and planum temporale) to be

larger on the left hemisphere, which is linked to a func-

tional asymmetry in language processing.39–41 However,

this lateralization is complex, with a few language-related

subregions showing greater surface area in the right

hemisphere.41 The bilaterally paired subcortical structures

also are asymmetric by volume; in particular, the thal-

amus, putamen and pallidum are larger in the left hemi-

sphere, and the hippocampus, amygdala, nucleus

accumbens and caudate nucleus are larger in the right.42

Asymmetry in the epithalamus is also conserved across

vertebrate species, though it is more subtle in mammals.43

This region contains the bilaterally paired habenular nu-

clei which are involved in dopaminergic circuits (govern-

ing movement and reward behaviours), spatial learning

and attention, conditional avoidance response, and regu-

lation of circadian rhythms and aspects of sleep.44

Interestingly, the habenular nuclei exhibit left–right differ-

ences in size, cell-type composition, distribution of neuro-

transmitters and connectivity.44 There are no sex

differences in total mean cortical thickness or in key lan-

guage regions. However, on a regional level, there is a

leftward asymmetry in males in the parahippocampal

gyrus and rightward asymmetry in the entorhinal cortex

in females; these regions are relevant to Alzheimer’s dis-

ease, which disproportionately affects women.45–47

Leftward asymmetry in cortical thickness and in the puta-

men also varies with age, which also may be relevant for

neurodegenerative diseases that typically occur later in

life.42,48

Further functional asymmetries have been shown in the

dispersal of neurites—axonal and dendritic projections—

in the healthy brain. Such asymmetries have previously

been reported in relatively small, post-mortem histological

studies49–51; however, recent work on two large separate

cohorts of healthy participants was conducted using neu-

rite orientation dispersion and density imaging. This

work found asymmetric neurite orientation dispersion, a
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tortuosity measure, towards frontal areas and early audi-

tory areas in the left and right hemispheres, respectively.52

In addition, estimations of neurite density found greater

leftward density in the early auditory, inferior parietal and

temporal–parietal–occipital areas.52 These findings are in

line with the sum of histological studies and suggest micro-

structural asymmetries in grey matter. In addition to left–

right differences in grey matter volume, diffusion tensor

imaging has also revealed a broad leftward asymmetry in

the microstructure and connectivity of white matter. Several

functional MRI studies indicate greater functional connect-

ivity in the right hemisphere, but the direction of this

asymmetry seems to shift at various stages of development.

Some suggest a pattern of lateralization in which the left

hemisphere has greater inter-connectivity, while the right

hemisphere interacts across both hemispheres, allowing for

visuospatial and attention processing.9,18 The global torque

pattern of the brain is also observable in white matter

tracts.53

One of the most apparent asymmetries in humans is

the phenomenon that humans tend to prefer one side of

the body over the other. The most obvious and well-

studied preference is that of handedness, though humans

also show subtle preferences for one foot over the other

and even for head turning direction.54–57 Definitions of

‘handedness’ can vary, but it is typically defined by the

preferred hand for writing. The majority of humans ex-

hibit right handedness, with only about 10.6% of the

population being left-handed.58 Men are also slightly

more likely to be left-handed than women.59 Cultural fac-

tors may impact hand preference (for example, a bias

against left handers may cause some children to act right-

handed despite their initial, natural preference),60 but

there does appear to be a neurological basis for this phe-

nomenon. Asymmetry in functional activation of the

motor cortex reflects handedness, where greater activation

occurs on side contralateral to the hand movement.61,62

Hemispheric differences in the microstructure of the corti-

cospinal tract also predict the degree of functional dexter-

ity in the right hand compared to the left.63 Some studies

have shown that left-handed individuals generally exhibit

less asymmetry, suggesting that left hand dominance may

reflect a lack of asymmetrical development more than an

opposite structure.62,64,65 Left handedness is also associ-

ated with greater functional connectivity between hemi-

spheres in language networks.66 However, recent studies

on large cohorts found no correlations between handed-

ness and anatomical asymmetries, 14,67,68 although one

looking at global asymmetrical organization did find pat-

terns of abnormal skew associated with left-handed

individuals.53

The development of the
asymmetric brain

Exactly how and when brain lateralization develops is

still being unraveled. Thus far it has been shown that a

combination of genetic and environmental factors can im-

pact the lateralized development of the brain, which has

previously been reviewed in depth.8 Structural asymme-

tries as well as handedness can be observed even during

early development in humans, suggesting that fundamen-

tal genetic pathways establish lateralization.39,40,65,69–74

Left–right body asymmetry is established during the early

stages of development in part through Nodal signalling,

which relies on ciliary movement; indeed, gene mutations

leading to ciliary defects often results in the condition of

situs inversus, in which organ placement is reversed.8,75

People with this rare condition do not show an increased

prevalence of left-handedness and retain language domin-

ance in the left hemisphere, suggesting that the processes

that establish brain lateralization and handedness are dif-

ferent than those that control the asymmetrical organiza-

tion of visceral organs.76–78 The work of the ENIGMA

consortium has found low but significant heritability for

asymmetry in several cortical and subcortical regions.41,42

Another study found heritability of 4–13% for the more

global asymmetrical skew pattern of the brain.53

Likewise, handedness is a weak genetic trait that has a

heritability estimate of about 0.25 in twin studies. SNP-

based heritability estimates are lower, between 1.2 and

6%.66,79,80 No single gene has been found to control for

handedness or other forms of lateralization in the human

brain; rather, the consensus is that these complex pheno-

types are controlled by a variety of genetic loci and pos-

sibly environmental influences.8

Recent genome-wide association studies (GWAS) on

large datasets have begun to reveal loci that are associ-

ated with brain lateralization. From these studies, cilia

and cytoskeleton-related pathways have emerged as com-

mon contributors to brain lateralization, as well as some

loci involved in neuronal development and organiza-

tion.66,75,79,81 Many of these associated genes are those

which show higher mRNA expression at early to mid-

prenatal stages of development.81 Looking at more broad

measures of brain asymmetrical skew, however, did not

reveal any significant GWAS loci.53 Future region-specific

studies are needed to further pinpoint genes and mecha-

nisms which contribute to brain lateralization.

Given that only a fraction of brain structural asym-

metry and handedness can be explained by heritability, it

is likely that non-shared environmental factors and epi-

genetics play a major role in determining lateralization.

Likewise, since the two brain hemispheres are genetically

identical, at least in terms of DNA sequences, genomic

differences between the hemispheres most likely originate

in epigenetics and manifest as different chromatin struc-

ture and function. 98% of our genome is not protein-

coding (instead designated as intronic or intergenic) and

encodes various gene regulatory elements. It is at these

regions that hemispheric differences likely exist.

Epigenetic regulation includes DNA methylation and

post-translational histone modifications, which influence

gene transcription, as well as post-transcriptional
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regulation by small non-coding RNAs. These marks have

been shown to influence neurodevelopment,82–85 and it is

likely that these epigenetic modifications help explain

complex phenotypes that have no clear primary genetic

heritability.86 Even in monozygotic twins, several germ-

line mutations, which occurred after twinning, were evi-

dent, including methylated CpG to TpG transitions.87

Environmental factors during foetal development have

been shown to influence both motor and language lat-

eralization; these factors include season of birth, foetal

posture and hormone exposure.7,86 A more recent study

found that the probability of left-handedness is associated

with a number of environmental factors, including year

and country of birth, season of birth, birthweight, and

sex, but these factors were not able to reliably predict

handedness.88 Maternal prenatal stress has also been

associated with the development of brain laterality; in

animal models, psychological stress and traumatic life

events during gestation led to high rates of mixed hand-

edness as well as asymmetry of dopaminergic activity in

offspring.6,89 It is likely that epigenetic mechanisms medi-

ate these environmental effects on the establishment of

handedness.6 Stress during development is known to

modulate DNA methylation.90,91 While the effects of this

methylation could be broad, one study illustrates an ex-

ample of its relevance to lateralization: methylation levels

in the promoter region of LRRTM1 was associated with

atypical handedness, and this gene has previously been

linked to handedness as well as neurodevelopmental

disorders.8,75

The development of asymmetry in avian species also

provides support for epigenetic regulation of lateraliza-

tion. Both chickens and pigeons have demonstrated asym-

metry in head turning behaviour and visual and spatial

skills; several studies have demonstrated a profound effect

of light and posture on these asymmetries, mediated by

epigenetic factors in the final stages of incubation, which

has been previously reviewed in depth.6–8,92 Such light-

induced mechanisms may contribute to similar associa-

tions between handedness and season of birth in humans,

but much more research is needed.6

In humans, epigenetic asymmetries have been found in

spinal tissue during development, which likely play a role

in establishing handedness. mRNA expression has a

prominent asymmetrical pattern in the C2 to T2 segments

of the spinal cord, which includes the segments that in-

nervate the hands. This asymmetry featured increased

gene expression on the right spinal cord, which peaked

at 8 weeks post-conception; this finding aligned with

increased DNA methylation (which typically silences

genes) on the left side. Differences in miRNA expression,

another mode of epigenetic regulation, were also found,

particularly in the TGF-b signalling pathway, which has

previously been linked to handedness. This suggests that

while handedness and brain structural asymmetries likely

share some ontogenetic pathways in the brain, these phe-

notypes develop by different mechanisms to some extent.

This aligns with the inconsistency of association between

brain anatomical asymmetries and handedness.41,42,53

Thus, when making connections between handedness and

brain lateralization, researchers must take care to avoid

overgeneralizations.

The Labrie lab investigated whether epigenetic differen-

ces are present between the brain hemispheres of healthy

individuals and found hemispheric differences to be

prevalent in the neuronal epigenomes of the human pre-

frontal cortex. Specifically, we found that the left hemi-

spheres of healthy individuals had a greater level of

methylation and that these differences were attributed

primarily to CpH methylation, an epigenetic mark of re-

pression of neuronal promoters and enhancers.93

Interestingly, in our study, the CpH methylation specific-

ally affected genes involved with neurodevelopment and

synaptic organization. Since this study was conducted in

older adults, it is unknown if these differences reflect

those present at birth, and methylation does change with

age94; nevertheless, these methylation asymmetries repre-

sent a significant asymmetry that may influence brain

lateralization throughout life and could have broader

consequences.

Asymmetry in epigenetic regulation should manifest in

differences in gene expression between brain hemispheres.

Indeed, asymmetries in gene expression have been found

in in adult cortex (specifically superior temporal and

primary auditory cortex) in gene pathways related to

neurcircuitry, namely synaptic transmission, nervous sys-

tem development and glutamate receptor activity.95

Transcriptomic asymmetries have also been found in

human embryos and foetuses.80,96,97 In contrast, other

studies have found global symmetry in gene expression

during development, but these were conducted in small

sample sizes.98,99 This adds further support to an epigen-

etic origin of lateralization early in development, though

more research is needed.

All the structural and functional asymmetries that

develop early in the CNS in healthy individuals could

contribute to greater vulnerabilities in one hemisphere,

which could help explain the asymmetric clinical presen-

tation seen in many neurodegenerative diseases.

Asymmetry in
neurodegenerative diseases

Parkinson’s disease

Parkinson’s disease is a progressive neurodegenerative dis-

ease characterized by misfolded protein aggregates of

alpha-synuclein (a-syn) and the loss of dopaminergic neu-

rons in the substantia nigra (SN). Parkinson’s disease is

associated with both nonmotor and motor symptoms,

including tremors, rigidity and bradykinesia. Parkinson’s

disease is differentiated from other parkinsonian
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conditions by a unilateral symptom onset, where one side

of the body begins to experience motor symptoms first.27

Even in the prodromal stage of the disease, distinct asym-

metry in arm swing can be found, which may be used

for earlier detection and diagnosis.100 Despite the disease

symptoms becoming bilateral with disease progression,

the initially afflicted side remains worse throughout the

course of the disease.101 In Parkinson’s disease patients, it

has been shown that the side of motor symptom onset

corresponds with dopaminergic neuronal loss in the

contralateral SN.102 Parkinson’s disease is characterized

by misfolded a-syn aggregates into intracellular inclusions

known as Lewy bodies as well as insoluble fibrils found

mostly near axons (Lewy neurites). These pathologic

aggregates follow a stereotypical spread originating in the

brainstem in the dorsal motor nucleus of the vagus nerve

and the olfactory bulb and eventually spreading to the

prefrontal cortex in late stages of the disease.103 Lewy

body pathology is typically only quantified in one hemi-

sphere at autopsy; however, a recent Parkinson’s disease

case study found that some patients exhibited more a-syn

pathology in the hemisphere corresponding to motor

symptom dominance104; more studies are needed to fur-

ther delineate this phenomenon.

This hallmark asymmetry is not exclusive to motor

symptoms. In fact, asymmetric differences in psychotic

symptoms and cognitive impairment, such as poor verbal

fluency, object naming, and verbal memory, have been

seen to predominate in those with right side motor symp-

toms whereas deficiencies in prosodic emotion recognition

have been associated with left side motor symptoms.105,106

Interestingly, the degree of asymmetry and side of symptom

onset are associated with differing rate of disease progres-

sion, severity of symptoms and disease duration93,107–109;

thus, side of symptom onset provides relevant information

for disease prognosis. Despite this unilateral asymmetry

being well documented, its origin and role in disease path-

ology is still not well understood (Table 1).

Alzheimer’s disease

Alzheimer’s disease is a fatal, progressive neurodegenera-

tive disease characterized by the destruction of neurons

accompanied by memory loss and other cognitive deficits.

Table 1 Summary of asymmetry in neurodegenerative disease

Disease Key characteristics Asymmetric pathology Asymmetric clinical

symptoms

Parkinson’s

disease

Loss of dopaminergic neurons in the

substantia nigra

a-syn aggregates (Lewy bodies and

neurites)

Motor and non-motor symptoms

including tremor, bradykinesia,

and constipation

Loss of dopaminergic neurons

contralateral to motor symptom

onset

Asymmetric distribution of a-syn

aggregates

Unilateral motor symptom onset

Asymmetry in arm swing, often be-

fore clinical diagnosis

Cognitive symptoms corresponding

to side of symptom onset

Alzheimer’s

disease

Loss of neurons accompanied by

memory loss and other cognitive

deficits

Amyloid-beta plaques and Tau tangle

pathology

Grey matter atrophy occurs earlier

and progresses faster in left hemi-

sphere compared to right

Greater loss of neuronal connections

in the left hemisphere

Asymmetric reductions in glucose

metabolism

Accelerated asymmetrical cortical

thinning, resulting in a loss of nor-

mal asymmetry

Asymmetric distribution of amyloid-

beta pathology

Poor verbal memory and language

impairment or visuospatial defi-

cits correlated with side of

greater neurodegeneration and

amyloid-beta pathology

Amyotrophic

lateral scler-

osis (ALS)

Loss of upper and lower motor neu-

rons, resulting in motor dysfunc-

tion and ultimately paralysis

Aggregation of ubiquinated proteins

in motor neurons, especially

TDP-43

Grey matter loss corresponding to

side of symptom onset

Asymmetries in TDP-43 distribution

have not been studied in ALS, but

have been found in frontotempo-

ral dementia and primary progres-

sive aphasia

Unilateral limb weakness at onset,

typically in the dominant limb

Motor symptoms remain worse on

side of onset as symptoms

progress

Multiple scler-

osis (MS)

Progressive demyelinating disease

resulting in varied symptoms

including limb weakness, sensory

disturbances, and bowel

dysfunction

Likely an auto-immune disorder

Aerobic performance and metabolic

asymmetries between limbs

Inflammation of the optic nerve in

one eye

Asymmetric distribution of lesions

early in disease

Asymmetric grey matter loss in the

left hemisphere

Unilateral limb weakness at onset

in some but not all cases
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Brain atrophy in Alzheimer’s disease often presents asym-

metrically and is associated with loss of the normal brain

asymmetries of development and ageing.110 Alzheimer’s

disease brains also show asymmetric reductions in glucose

metabolism, which correspond to neuropsychological

symptom types.110 Studies show that grey matter atrophy

seems to occur earlier and progress faster in the left

hemisphere.30,31 Moreover, the asymmetric pathology

may also be found in the neurite connectivity of the

brain: one recent study found that core neuronal connec-

tions of the left hemisphere were depleted in Alzheimer’s

disease compared to healthy controls and that with dis-

ease progression these neural network asymmetries be-

came more exaggerated.111 Furthermore, studies

investigating white matter networks found rightward

topological asymmetry in later stages of the disease, with

significant differences within only the left hemisphere.112

Interestingly, the apparent vulnerability of the left hemi-

sphere in Alzheimer’s disease may in part be an acceler-

ated form of normal ageing; cortical thinning is known

to occur asymmetrically with age, resulting in a gradual

loss of normal asymmetry, and this occurs more rapidly

in Alzheimer’s disease.48 The prominent neuropathologic-

al features identified in Alzheimer’s disease are intracellu-

lar neurofibrillary tangles of phosphorylated tau protein

and extracellular amyloid-beta (Ab) plaques associated

with neuronal dysfunction and death; these may also con-

tribute to the phenotypic asymmetries seen in Alzheimer’s

disease. PET scans as well as post-mortem studies of

hemispheric distributions of these proteins in Alzheimer’s

disease reveal asymmetric patterns of Ab pathology in

some cases.113–115 These asymmetric differences in neuro-

degeneration suggest a potential selective vulnerability in

the left hemisphere to Alzheimer’s disease pathogenesis.

This observed asymmetry is also correlated with the

clinical symptoms associated with Alzheimer’s disease

pathology. Decreased efficiency in left hemisphere net-

works of Alzheimer’s disease patients is associated with

poorer verbal memory.112 Left side asymmetry was also

associated with poor verbal memory in mild cognitive im-

pairment, the putative predecessor to Alzheimer’s dis-

ease.116 Paranoid delusions were shown specifically in

Alzheimer’s disease patients with asymmetric temporal

horns.117 Having more Ab plaques in the left hemisphere

is correlated with more severe language impairment,

while rightward asymmetry in pathology is correlated

with more severe visuospatial related symptoms.115 These

correlations reinforce our understanding of the functional

lateralization of the human brain and further implicate

the left hemisphere in Alzheimer’s disease (Table 1). As

in Parkinson’s disease, the origins of these asymmetries in

Alzheimer’s disease remain a mystery.

Amyotrophic lateral sclerosis

ALS is a fatal, progressive neurodegenerative disease

characterized by loss of both upper and lower motor

neurons, resulting in motor dysfunction and ultimately,

paralysis. ALS frequently presents with unilateral symp-

tom onset, typically starting with limb weakness originat-

ing on one side of the body. Throughout disease

progression, this pattern of degenerative spread remains

observable as the area of initial onset remains the most

affected.28 ALS patients also exhibit asymmetric grey

matter atrophy.118 ALS pathology includes the aggrega-

tion of several different ubiquinated proteins in motor

neurons, with TDP-43 found in the majority of

patients.119 Although little research has been done on the

asymmetric distribution of protein aggregation in ALS, in

other neurodegenerative conditions, frontotemporal de-

mentia and primary progressive aphasia, TDP-43 has

been found to have asymmetric distribution patterns

between brain hemispheres with greater densities in the

language-dominant hemisphere (Table 1).120–122

Multiple sclerosis

MS is a demyelinating disease of the CNS that is progres-

sive and potentially disabling. Owing to the variation in

axonal damage, patients with MS vary in symptoms,

including sensory disturbances, limb weakness, clumsiness

and bowel dysfunction. Although the pathological mech-

anism of MS is still not known, it is largely believed to

be an autoimmune-mediated mechanism where self-

reactive immune cells destroy the myelin sheath, oligoden-

drocytes and axons.123 While not as distinctive as in

Parkinson’s disease, one early clinical symptom of MS is

unilateral limb weakness, and with disease progression,

the symptom asymmetries in the limb remain.29,124

Studies investigating the limb asymmetries of MS have

found performance differences between the legs of MS

patients including workload and aerobic performance

asymmetries.125 Furthermore, metabolic asymmetries of

glucose uptake between limbs have also been shown.126

In each of these cases, the primary symptomatic limb

showed decreased workload, aerobic performance and

glucose uptake. In addition, early symptoms of relapsing-

remitting MS often include inflammation of the optic

nerve in only one eye.123 Taken together, these clinical

differences between the right and left sides of the body

suggest an underlying asymmetry in the CNS that con-

tributes to this disease.

The characteristic lesions in MS typically have a mildly

asymmetric distribution early in disease, though they

eventually can be found on both sides.127 Neuroimaging

studies investigating neurodegeneration in MS have found

asymmetric grey matter loss in left brain regions includ-

ing the left frontotemporal cortex, precuneus and cingu-

late gyrus,128 further supporting a possible left-brain

vulnerability as in Alzheimer’s disease. Measures of corti-

cospinal excitability in MS showed that the hemisphere

contralateral to the weaker hand showed greater excit-

ability, potentially indicating increased neuro-inflamma-

tion on one side; further, a shift in greater excitability to
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the other side predicted disease progression towards more

symptom severity (Table 1).129

Given the heterogeneity and unpredictable nature of

this disease, multiple pathways could contribute to dis-

ease pathogenesis, some of which could be influenced by

inherent asymmetries. Focussing future research on clinic-

al markers which are asymmetric at onset could help pin-

point triggers or underlying vulnerabilities that

contribute to the early stages of MS. Perhaps with further

investigation, the presence or degree of asymmetry could

also be a useful biomarker to distinguish subtypes of MS.

Possible mechanisms for
the impact of lateralization
on neurodegenerative
disease

Connections between handedness
and neurodegenerative diseases

A growing body of evidence suggests a genetic link be-

tween brain asymmetry, handedness, and neurological

disorders. Looking for an overlap in the genetic coding

for lateralization and those associated with neurological

disease may give insight into the pathological processes

underlying these diseases. However, brain lateralization

and handedness are complex phenotypes, making their

origins difficult to unravel, as previously discussed.6,8

Despite the complexity, some intriguing patterns are be-

ginning to emerge.

Studies suggest an association between handedness and

neurodegenerative and neuropsychiatric diseases. Left-

handed individuals experience a higher occurrence of

various neuropsychological conditions, including depres-

sion, anxiety, bi-polar disorder, alcohol addiction and

schizophrenia.6 In addition, left-handers show a greater

response to drugs affecting the CNS.130 This phenomenon

also extends to foot preference, with a higher prevalence

of mixed and left footedness among individuals with neu-

rodevelopmental and psychiatric disorders.55 Some have

suggested handedness as a factor influencing the unilat-

eral onset observed in Parkinson’s disease, and in several

studies, the majority of right-handed patients have right-

handed onset of symptoms.107,131,132 Indeed, studies have

found that motor symptoms are more likely to be more

severe in the dominant hand.107,131 However, the associ-

ation of handedness is weak as shown by the occurrence

of patients with non-dominant hand motor symptom

onset, suggesting that other factors may also be at

play.132,133 Studies have also found concordances be-

tween the dominant limb and side of symptom onset in

ALS. One such study found 64% of a cohort of ALS

patients had dominant side onset,134 while another found

70% of patients had dominant side onset.135 It was also

shown that the side of limb onset was predictive of the

asymmetry of grey matter losses observed in ALS.118

Furthermore, in another study, right-handed patients with

ALS showed a disproportionate loss of grey matter in the

left motor cortical hand area, while only those with a

right-side (dominant side) symptom onset showed asymmet-

ric atrophy in sensorimotor and language-related regions in

the left hemisphere.136 While handedness is not well-studied

in MS, one study did find a slightly increased risk for MS

among left-handed women137 but this was not replicated in

another, larger cohort138; no studies have explored correla-

tions between side of symptom onset and handedness in

MS. These patterns of handedness associated with neurode-

generative disease suggest that some common mechanism

may be conferring vulnerability of one side of the brain

and body to disease.

Recent GWAS studies have revealed that some of the

same pathways that likely help establish asymmetry in

the healthy human are those disrupted in neurodegenera-

tive diseases. Many of these studies have focussed on

neurodevelopmental disorders, revealing an association of

significant loci that contribute to handedness and/or

structural lateralization with those involved in schizophre-

nia, dyslexia, and autism spectrum disorder, but some of

the loci identified are also associated with Parkinson’s

disease and Alzheimer’s disease risk.66,75,79,81 These impli-

cated genes include MAP2 and MAPT, which are micro-

tubule-associated genes essential for neuronal

development; the MAPT locus, which encodes for the

protein tau, is a well-known region for both Alzheimer’s

disease and Parkinson’s disease risk.139 In addition,

microtubules contribute to axonal transport,140 the dys-

function of which may play a role in Parkinson’s disease,

Alzheimer’s disease, ALS and MS.141,142 Another genetic

study characterizing single-nucleotide polymorphisms

(SNPs) found an association between previously identified

Alzheimer’s disease risk SNPs and structural asymmetry

of the brain. Two significant risk SNPs, at the TNKS

and DLG2 loci, have been associated with subcortical

volume differences in the putamen and amygdala, areas

involved in learning and emotion, respectively.143 It

should be noted that the two significantly associated

SNPs are simply ‘associated’ with structural brain asym-

metry and Alzheimer’s disease risk. They may not be

causal, since other SNPs in the region in linkage disequi-

librium may be surrogates of causal inference.

Furthermore, the indicated genes at the loci may not ex-

clusively (or at all) be involved in Alzheimer’s disease nor

brain asymmetry risk. The results do, however, point to

the loci being significantly involved in one way or an-

other, which are interesting, informative, and may lead to

hypotheses that can be tested.

As noted previously, the genetic pathways leading to

structural asymmetries associated with language lateraliza-

tion should not be automatically equated with those that

contribute to handedness; indeed, a GWAS study identify-

ing loci associated with planum temporale asymmetry
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found no overlap with risk SNPs for schizophrenia, aut-

ism spectrum disorder or ADHD.144 Nevertheless, taken

together, significant evidence suggests the existence of an

underlying process in the neurodevelopment of motor

dominance which provides—at least in part—insights into

the origins of asymmetry in disease. Mechanisms for how

these common pathways might lead to asymmetric dis-

ease onset will be further explored in later in the review.

In addition to common developmental pathways be-

tween handedness and neurodegenerative disease, handed-

ness may impact vulnerability to disease through the

accumulated impact of biased use over a lifetime. This

limb dominance theory is a prevailing explanation for the

unilateral symptom onset observed in ALS. It has been

suggested that strenuous activity may increase the risk of

ALS potentially through increased oxidative dam-

age.145,146 In the upper limb, strenuous activity is often

biased to one side of the body due to handedness. This

hypothesis suggests that the dominant limb and thus the

contralateral brain hemisphere are at an increased vulner-

ability of disease onset due to increased use over a life-

time. The dominant limb hypothesis may also suggest

subtle differences in innervation or excitability of the

upper limb which may also contribute to the marked

asymmetry of ALS.134 The asymmetric pattern is less

common in the lower limb; it has been proposed that

although there is also inherent ‘footedness’, throughout

life the lower limbs receive relatively equal use134; this

adds credence to the theory that increased use confers

vulnerability. However, despite the strong evidence of the

involvement of neural connectivity of the dominant upper

limb, dominance of symptoms in the upper limb is not a

pathological feature of all individuals with ALS. This the-

ory has not received much attention in other neurodege-

nerative diseases, but oxidative stress is implicated in

Parkinson’s disease progression,147 and thus increased use

of one limb over time may exacerbate mitochondrial

dysfunction and oxidative stress and thus aggravate dis-

ease progression faster in one hemisphere.148,149

It is also worth noting that research investigating

connections between handedness, structural asymmetry,

and neurological disease may be confounded by inconsist-

ent measures of handedness, inaccurate reporting of side

of symptom onset (influenced by poor patient recall),

and/or cultural biases that influence hand use. For these

reasons, some have suggested other measures of brain lat-

eralization such as foot preference to be more accurate

reflections of neurological lateralization, which should be

considered in future clinical reporting and studies investi-

gating this intriguing connection.54,55

Epigenetics sets the stage for
asymmetric neurodegeneration

Like the genetic loci associated with handedness, epigen-

etic differences between hemispheres that are involved in

the development of brain lateralization may also confer

vulnerability to neurodegenerative diseases. As discussed

previously (See ‘The Development of the Asymmetric

Brain’), CpH methylation in prefrontal cortex neurons

varies across hemispheres, with increased methylation in

the left hemisphere of healthy individuals.93 Interestingly,

in this study, the loci showing differential methylation

were associated with neurological diseases including neu-

rodegenerative diseases. Our findings suggest that epigen-

etics could play a large and significant role in

hemispheric vulnerabilities related to disease (Fig. 1).

Epigenetics has been a topic of research to better

understand the asymmetry of Parkinson’s disease. Studies

investigating genetic variance in monozygotic twins sug-

gest that the side of motor symptom onset is sporadic

and found no genetic explanation for this asymmetric

phenomenon.27 Further evidence for the lack of a wholly

genetic explanation of asymmetry can be drawn from

work in familial Parkinson’s disease cases (which are

caused by a known genetic mutation) where the side of

onset was found to be random.27 For course, as stated

previously, the primary DNA sequence is the same in the

two brain hemispheres but not the chromatin as exempli-

fied by epigenetics. The Labrie lab has found that hemi-

spheric asymmetry in the epigenome of neurons was

Figure 1 Epigenetic asymmetry sets the stage for

asymmetric disease. Epigenetic modifications such as histone

markers and methylation (denoted by ‘Me’) affect chromatin

accessibility and gene expression. These modifications may be

asymmetric from birth or with ageing and result in different

cytoarchitecture and immune profiles between hemispheres. For

example, decreased neurogenesis in one hemisphere may result in

fewer neurons in the left hemisphere, which could set the stage for

asymmetric neurodegeneration and unilateral symptom onset.
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associated with the lateralization of Parkinson’s disease

symptoms in two independent cohorts.93 These epigenetic

abnormalities were most abundant in the hemisphere

contralateral to symptom onset. Specifically, the left hemi-

sphere of Parkinson’s-affected individuals has greater epi-

genetic dysregulation, which affected genes involved in

immune activation, inflammation, neuronal development,

glucose homeostasis, protein localization and synaptic ac-

tivity. Transcriptomic and proteomic analysis aligned

with these results, showing asymmetries in similar path-

ways.93 Asymmetry in Parkinson’s disease was also

shown in regulatory elements of Parkinson’s disease Risk

genes. These epigenetic abnormalities provide support to

the hypothesis that hemispheric differences in Parkinson’s

disease individuals create unilateral vulnerabilities.93 Our

epigenetic analysis also addressed disease progression and

suggested that methylation asymmetries were more pro-

nounced in Parkinson’s disease patients, and Parkinson’s

disease patients with highly lateralized symptoms have

slower disease progression than those with symmetrical

symptoms.93 Despite these epigenetic associations, an im-

portant question remains: are these findings causes or

consequence of disease? Further epigenetic analysis look-

ing at broader chromatin structure with techniques such

as ATAC-seq and investigating epigenetic asymmetries in

younger individuals may provide more understanding of

asymmetry in Parkinson’s disease and other neurodege-

nerative diseases. Currently, no epigenetic studies have

characterized the epigenome in Alzheimer’s disease, ALS,

and MS in the context of asymmetry, but such studies

could similarly reveal key pathways that may be involved

in disease risk. Epigenetic differences between hemi-

spheres that exist early in develoment or change over

time may contribute to asymmetries in disease develop-

ment and onset later in life (Fig. 1).

It is further possible that at least some differential gene

expression between brain hemispheres, potentially driven

by these epigenetic differences, could contribute to differ-

ences in disease development. As we have seen, differen-

ces in gene expression exist between hemispheres in both

adult humans and during foetal development.80,95–97

It is

well-known that dynamic regulation of gene expression

in general occurs during cellular differentiation, as was

recently exemplified in time-series RNA sequencing data,

over 16 time points during the differentiation of induced

pluripotent stem cells to cardiomyocytes.150 Therefore,

differences in gene expression may ‘set-up’ regions of

the brain as a first hit for future vulnerabilities to other

subsequent insults.151 In the following sections, we will

suggest how this regulation may contribute to asymmetric

vulnerabilities through cytoarchitecture, protein distribu-

tion and connectivity.

Asymmetry in cytoarchitecture

Beyond gross anatomical asymmetries, the distributions of

cells may differ between hemispheres. Epigenetic

differences between hemispheres may create a blueprint

for an imbalance of neurons or glial cells, which could

have serious implications for the pathogenesis and pro-

gression of neurodegenerative disease later in life.

Unfortunately, most studies that have undertaken a cell

count in the healthy human brain have only counted one

hemisphere or averaged the two sides, leaving a conspicu-

ous gap in our knowledge of innate CNS asymmetry.

Some have proposed an inherent deficit of dopaminergic

neurons in one side of the SN as an explanation for the

unilateral motor symptom onset in Parkinson’s disease;

however, the few studies that have counted dopaminergic

neurons in both hemispheres of healthy individuals used

inconsistent methodology and produced differing

results.27 One study using neuromelanin imaging found a

significant loss in the left SN even in healthy controls,

indicating a potential left side vulnerability in Parkinson’s

disease.152 A review investigating dopaminergic neuron

counts between healthy individuals found a high individ-

ual variation and suggested a degree of risk associated

with lower dopaminergic neuronal counts153; however,

hemispheric dopaminergic neuronal counts were not

investigated. As differences in neuronal abundance be-

tween hemispheres has the potential to largely influence

asymmetric pathogenesis of disease, future research quan-

tifying neurons between hemispheres should be done.

Among the genes differentially expressed in the devel-

oping human brain is LMO4, which is more highly

expressed in the right perisylvian region between 12 and

17 weeks development96; this gene is likely a transcrip-

tional regulator crucial for neurodevelopment, and unilat-

eral knockout in mice has been shown to cause

asymmetric neurogenesis and modulate lateralized behav-

iour.154 Though more work is needed to translate this

work to humans, this illustrates in principle that the gen-

etic and epigenetic asymmetries in humans could leave

one side of the brain with fewer neurons and thus more

likely to reach a threshold of deficits that manifest in uni-

lateral symptoms.

The resident immune cells of the brain (microglia) and

neuronal support systems are also established in neurode-

velopment, but little is known about whether glial cells

exhibit asymmetry in distribution or function. Significant

regional heterogeneity has been found in the distribution

of microglia, oligodendrocytes, and astrocytes in both

mice and humans,155 but like neurons, in studies quanti-

fying this distribution, effort has not been made to con-

sider differences between hemispheres. Microglia appear

to populate the brain during development from several

origins and in multiple waves which may take different

routes into the developing brain; their distribution seems

to be influenced by local differences in neuronal connec-

tions, supporting glia, and cytokines.155 It stands to rea-

son that the same factors governing the process of

lateralization for various structures and connectivity in

the brain could also influence an asymmetric distribution

of microglia. This is of particular importance to study

10 | BRAIN COMMUNICATIONS 2021: Page 10 of 19 N. Lubben et al.



given that microglia activation is implicated in neurode-

generation in Parkinson’s disease, Alzheimer’s disease,

ALS and MS,156 and thus a higher density of activated

microglia in one hemisphere could contribute to asym-

metric initiation or progression of pathology.

One key player in the distribution of cells may be the

choroid plexus (CP). The CP is a group of specialized

cells located in the cerebral ventricles and is one of the

first structures to show lateralization in human develop-

ment.97 In adults, the CP is responsible for production of

CSF and serves as the entry point for immune cells into

the CSF (Fig. 2).157 Studies have shown that the CP plays

a crucial role during neurodevelopment and in immuno-

surveillance; microglia appear to first enter the CSF

through the CP.155,158 Early in development, the left CP

expresses more genes involved in cell adhesion and

immune response, while the right expresses more cilia-

related genes, which serve to circulate CSF in the

ventricles.80 The flow of CSF directs the migration of

neuroblasts during development.159 Thus these early dif-

ferences could lead to inherent asymmetries in CSF pro-

duction and circulation and the blood–CSF barrier, which

may impact the distribution of neurons and resident im-

mune cells, though these potential consequences have yet

to be investigated. In addition, the CP is involved in the

maintenance of neurogenesis in adulthood in the

ventricular–subventricular zone and the sub granular zone

of the hippocampus157; differences in the CP in the left

and right ventricle could thus theoretically modify the

number of neurons in each hemisphere.

Although the pathogenesis of MS is not well under-

stood, the autoimmune nature of this disease suggests

that asymmetries in the CP may be another mechanism

for asymmetric pathology. MS Lesion patterns have been

associated with differences in T-Helper cell distribu-

tions,160 which could vary between hemispheres. Immune

cell entry to the CNS is strictly regulated by the blood–

brain barrier (BBB) and the blood–CSF barrier (namely

the CP), and thus dysfunctions in these systems could

contribute to MS.158 If this dysfunction occurs selectively

in one hemisphere, this could help explain the asymmetric

manifestations of disease; however, limited research in

this area exists. In rats, BBB breakdown begins in the

hemisphere contralateral to paw preference and occurs

more rapidly in the left hemisphere of right paw prefer-

ence rats.161 Correlations of MS lesion patterns with

handedness may thus reveal interesting patterns.

Similarly, differences in the right and left CP (Fig. 2) may

contribute to an asymmetric passage of self-reactive

immune cells and T-Helper cells associated with MS to

the CNS, resulting in asymmetric lesions and grey matter

loss.

Thus, asymmetric cytoarchitecture established by the

CP or other mechanisms may create a unilateral vulner-

ability to neurodegeneration due to a lower number of

neurons or a greater number of microglia and other im-

mune cells.

Neurochemical asymmetry

The brain may also have innate neurochemical differen-

ces between the hemispheres that contribute to unilat-

eral vulnerability. In one study that quantified

neurotransmitters in the left and right hemispheres of 9

brain regions, left–right differences were found only in

gamma aminobutyric acid (GABA) in the nigra, but

there was large variability between samples.162 Further

analysis revealed compelling evidence for neurochemical

laterality with individual brains showing different

degrees of asymmetry overall: left–right asymmetries in

glutamic acid decarboxylase and GABA were positively

correlated across structures.163 Brains that were asym-

metric in one region were more likely to be asymmetric

in another as well, and within a structure, asymmetries

of different neurotransmitters were more likely to be in

the same direction. Choline acetyltransferase (CHAT)

and dopamine (DA) were also both greater in the left

globus pallidus.163 In this dataset, the largest differences

appear to occur in the nigrostriatal regions, and subse-

quent work has confirmed that dopaminergic pathways

show clear hemispheric differences.

Hemispheric differences in the nigrostriatal DA path-

way have clear relevance for Parkinson’s disease given

Figure 2 Anatomy of the choroid plexus (CP). The CP lies

within the cerebral ventricles, including the right and left lateral

ventricles. A segment of the CP is shown above, showing the

specialized epithelial cells surrounding fenestrated capillaries where

wastes and toxins are absorbed from ventricular cavities. The CP

secretes fresh CSF into the cerebral ventricles to continue to

protect the CNS. The CP also houses specialized immune cells and

serves as an entry point for immune cells into the CNS. Figure

adapted from Lun et al.157

Implications of asymmetry in neurodegeneration BRAIN COMMUNICATIONS 2021: Page 11 of 19 | 11



that motor symptom onset is ultimately caused by a loss

of dopaminergic neurons in the SN. In Parkinson’s dis-

ease, PET scans using fluorine-18-labelled fluorodopa

consistently show reduced DA uptake in the posterior pu-

tamen contralateral to symptom onset; in fact, abnormal

asymmetric uptake of DA has been found in close rela-

tives of Parkinson’s disease patients who had not yet

developed motor symptoms.27 In healthy individuals,

right–left differences have been found in measures of DA,

the concentration of D1 and D2 receptors, and the bind-

ing potential of DA receptors and transporters in the stri-

atum, neocortex, and nucleus accumbens.164,165

Furthermore, the natural loss of striatal DA transporters

with age appears to occur evenly on both sides, preserv-

ing this asymmetry in older individuals.166 These differ-

ences in the dopaminergic pathways correlate with

various functional asymmetries including paw and rota-

tion preference in mice.164 Likewise, asymmetry in the

nigrostriatal dopaminergic system seems to be a key fac-

tor in the lateralization of motor behaviour in humans;

in one study, the degree of right-hand preference was

correlated to greater fluorodopa uptake in the left puta-

men.167 This suggests that naturally occurring neuro-

chemical asymmetries in the nigrostriatal pathway may

contribute to handedness and may also set up one hemi-

sphere for greater risk of DA deficits in neurological

disease. These inherent DA asymmetries have been well

studied in schizophrenia, which seems to involve a

pathological abnormality of DA21,168–172

; the findings of

the role of asymmetry in this disease may also be rele-

vant to Parkinson’s disease.

Asymmetrical influences on
pathological protein spread

Several neurodegenerative diseases including Parkinson’s

disease, Alzheimer’s disease and ALS involve pathological

aggregates of protein in the brain which spread as the

disease progresses. The spread of these proteins may be

influenced by the amount of endogenous protein template

or by the connectivity patterns found in the brain; thus,

inherent asymmetries in both these factors may influence

neurodegeneration and inform our understanding of dis-

ease progression.

As discussed previously, Parkinson’s disease is charac-

terized by misfolded a-syn aggregates into intracellular

inclusions known as Lewy bodies as well as insoluble

fibrils found mostly near axons (Lewy neurites). These

pathologic aggregates follow a stereotypical spread origi-

nating in the brainstem in the dorsal motor nucleus of

the vagus nerve and the olfactory bulb and eventually

spreading to the prefrontal cortex in late stages of the

disease,103 and some patients exhibit more a-syn path-

ology in the hemisphere corresponding to motor symp-

tom dominance.104 It is worth noting that a-syn

aggregates have been found in healthy elderly individuals,

with autopsy revealing slight asymmetries between Lewy

pathologies in the left and right brain stem.173 The histo-

logical hallmarks of Alzheimer’s disease include tau pro-

tein ‘tangles’ and Ab plaques. Like Parkinson’s disease,

these proteins follow a stereotypical spread pattern

through the brain as the disease progresses, starting from

the transentorhinal cortex for tau and basal portions of

the isocortex for Ab.174 PET scans as well as post-mor-

tem studies of hemispheric distributions of these proteins

in Alzheimer’s disease reveals asymmetric patterns of Ab
pathology in some cases.113–115 In ALS, aggregated ubiq-

uinated TDP-43 protein is found in the majority of

patients, sometimes with other ubiquinated proteins.119

TDP-43 has been shown to have an asymmetric distribu-

tion pattern with greater density in the language domin-

ant hemisphere in other neurodegenerative conditions

including frontotemporal dementia and primary progres-

sive aphasia.120–122

Since a-syn, tau, Ab and TDP-43 misfolding follow a

pattern of prion-like spread,175–177 the amount of en-

dogenous protein template could predispose one hemi-

sphere to pathology. An in vitro model has shown that

susceptibility of neuron types to a-syn spread is linked to

their relative expression of SNCA, the gene that codes

for a-syn.178 Similarly, in a rat model, researchers traced

the spread of human a-syn after injection and found that

selective vulnerability of brain regions to the spread of

synucleinopathy and neuronal death was closely corre-

lated with regional expression of a-syn.179 In addition,

this study showed that the spread was correlated with

neuronal connectivity.179

Global asymmetric connectivity patterns may also influ-

ence asymmetric spread of protein. As discussed previously,

healthy humans exhibit significant asymmetrical patterns in

neurite dispersal patterns and density.52 Modelling has

shown that a pattern of transneuronal spread best predicts

the distribution of tau and Ab in the brains of Alzheimer’s

disease patients,180 and a-syn and TDP-43 are known to

be transmitted across axon terminals177,181. In addition,

connectivity networks can predict vulnerability of certain

regions to neurodegeneration.182 Thus, we hypothesize that

the patterns of microstructural asymmetry established dur-

ing development may create unilateral vulnerabilities to

pathological protein aggregation.

Detailed comparison of the expression and pathology

of these proteins between hemispheres in human post-

mortem brain has yet to be undertaken, but such studies

could help explain regional asymmetric vulnerability to

these diseases. Furthermore, the existence of asymmetrical

pathology in patients with these diseases has critical

implications for the pathological staging of human post-

mortem samples used in research. In the case of

Parkinson’s disease and Alzheimer’s disease, Braak stag-

ing is often used as selection criteria and as a covariate

in statistical tests, yet the tissue used in the study may be

from the opposite hemisphere used for the histological

analysis and thus may not accurately reflect the reported

stage of disease.
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The asymmetric arrival of a
neurodegenerative trigger

While the previous hypotheses have suggested ways that

inherent asymmetries in the CNS may predispose one

hemisphere to disease pathogenesis and progression,

peripheral factors may also cause or contribute to asym-

metric neurodegeneration. Numerous studies have

suggested a role for the microbiome and infectious trig-

gers in neurodegenerative disease; while this is largely

outside the scope of this review, two key entrance points

from the periphery suggest a mechanism by which a neu-

rodegenerative disease trigger could reach only one side

of the brain, potentially leading to the asymmetric symp-

toms observed.

The first key pathway is the asymmetric vagal nerve.

In Parkinson’s disease, gastrointestinal symptoms pre-

cede motor symptom onset by decades and increasing

evidence suggests that Parkinson’s disease may some-

times begin in the periphery.183 Mounting evidence sug-

gests that the vagus nerve could form a highway for

pathology to travel to the brain in Parkinson’s disease.

a-Syn can spread through neurons in a prion-like fash-

ion and has been shown to travel to the brain through

the vagal nerve in mice.184,185 Furthermore, epidemio-

logical studies have shown that truncal vagotomy or ap-

pendectomy are associated with a lower risk of

Parkinson’s disease.186,187 Interestingly, the vagus nerve

presents an asymmetrical path between the gut and the

brain. Although discussed as singular, the vagus nerve

consists of both left and right branches which emerge

from the medulla and follow differing paths throughout

the body: most notably, the right branches innervate the

intestines while the left branches form the hepatic

plexus on the liver. If Parkinson’s disease pathology is

seeded from the gut, the divergent pathways of the

vagus nerves could result an asymmetric arrival on ei-

ther side of the brainstem depending on the initiation

site of the pathology (Fig. 3). Whether the spread of a-

syn would remain unilateral within the brain depends

on the patterns of connectivity to other regions of the

brain (as discussed in the previous section). In one study

of a-syn spread in mice, recombinant adeno-associated

viral vectors expressing human a-syn were injected unilat-

erally into the left vagus nerve to induce spread through

retrograde viral transport. After 18 weeks, a-syn pathology

was found on both sides of the brain, but the right hemi-

sphere only had about 35% as much pathology as the

left.185 This suggests that a-syn entering the brain through

a vagal route would lead to more prominent degeneration

in one hemisphere, potentially causing the unilateral motor

symptom onset that is characteristic of Parkinson’s disease.

Although this mechanism has been most well-studied in

the context of Parkinson’s disease and a-syn, the vagal

nerve could also theoretically serve as a pathway for the

asymmetric arrival of other neurodegenerative triggers such

as viruses.188

Secondly, the BBB or blood–CSF barrier could also

serve as an asymmetric entry point for a pathogenic trig-

ger. Asymmetric features of neurological diseases fit well

with recent theories suggesting that neurodegeneration

can be triggered by a direct infection by a virus or other

pathogen. Viral or bacterial infection has been hypothe-

sized to play a role in Alzheimer’s disease,189–191

Parkinson’s disease,149,192 MS123 and ALS.193,194 A

pathogen travelling to the brain via peripheral nerves

through retrograde transport or through blood circulation

must first infect a specific region of the brain. Differences

in cerebral blood flow between hemispheres or a weaken-

ing of the BBB or blood–CSF barrier on one side could

leave one hemisphere more vulnerable to infection.

Cerebral blood flow is indeed asymmetric, with the left

hemisphere overall receiving lower flow.195 Some show

that differences between hemispheres in cerebral blood

flow become more pronounced with age, and there is a

deficit of CBF in the left frontal and temporal lobes in

older individuals.195–198 In rats, BBB breakdown begins in

the hemisphere contralateral to paw preference and occurs

more rapidly in the left hemisphere of right paw preference

rats.161 Whether this asymmetry in BBB breakdown exists

in human is unknown. Asymmetries in the blood–CSF bar-

rier are also possible given the early lateralization seen in

the CP (see ‘Asymmetry in Cytoarchitecture’), and since

some viruses implicated in neurodegeneration use a ‘trojan

horse’ method to enter the brain within immune

cells,188,194 the CP may be an asymmetric entry point.

Figure 3 Asymmetric vagus nerve pathways. Though often

discussed in the singular, the vagus nerve consists of right and left

branches, which each innervate different organs. Retrograde spread

of misfolded a-syn from the periphery may thus show an

asymmetric introduction and spread within the brain depending on

its origin.
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Interestingly, in two recent cases of parkinsonism after

SARS-COV-2 infection, patients demonstrated characteris-

tic unilateral motor symptoms, and PET scans demon-

strated corresponding asymmetric deficits in DA

uptake199,200; though a causal link between the virus and

these symptoms cannot be definitively established, this

adds evidence to the possibility of direct viral infection in

the CNS leading to asymmetric neurodegeneration.

Furthermore, systemic infection earlier in life could in-

duce inflammation which is more severe in specific

regions of the brain based on microglia distribution (see

‘Asymmetry in Cytoarchitecture’) or cerebral blood flow

differences, which could ‘prime’ one hemisphere for sub-

sequent risk.

Implications for future research

Given the asymmetry in the healthy CNS and the com-

monality of asymmetry across neurodegenerative diseases,

viewing future research through this lens may yield in-

sightful results. For one, future genetic, transcriptomic

and epigenetic studies would do well to consider hemi-

sphere of origin in their samples and analyses; grouping

tissue from different hemispheres together may be mask-

ing or diluting significant results that may only be pre-

sent in the more vulnerable hemisphere. Future cell count

and imaging studies should also consider quantifying and

comparing both hemispheres to build our understanding

of difference between hemispheres in both healthy and

diseased individuals, which may point to new avenues of

prevention and treatment. Most recently, the revelation of

the brain glymphatic system suggests another aspect of

the brain which could have asymmetric vulnerabilities201;

given the role of this system in waste clearance and im-

mune cell trafficking, inherent asymmetries in lymphatic

flow in the brain or a unilateral dysfunction in this sys-

tem could contribute to asymmetric disease pathogen-

esis.202–204 Indeed, a recent study found impaired

meningeal lymphatic drainage in patients with idiopathic

Parkinson’s disease; however, although drainage was

quantified by MRI for each hemisphere separately and

appears asymmetric in representative images, the bilateral

data were combined for each individual in the study’s

reporting and analysis, erasing potential insights into lat-

eralization of this impairment.205 The blood–CSF barrier

similarly holds intriguing possibilities for study, especially

given the asymmetries shown early in development in the

CP (Fig. 2).80,97 Finally, in vivo work should also take

asymmetry into account, although further work is needed

to determine the extent to which rodent models accurate-

ly mirror human CNS lateralization. In particular, models

investigating the role of the gastrointestinal tract in

neurological disease should consider if pathologic spread

to the brain is asymmetric; in addition to quantifying

pathology on both sides of the hemisphere, determining

paw-preference or other spatial preferences before disease

onset may also reveal interesting correlations. In

Parkinson’s disease studies, behavioural tests such as the

cylinder test or catwalk can also be added to the testing

regiment to detect possible motor asymmetries, which

may add further insight into model accuracy and hemi-

spheric vulnerability.206 Since asymmetry has been often

neglected in studies of neurodegenerative disease, we be-

lieve this perspective may illuminate exciting new

insights.

Conclusion
In summary, current knowledge of asymmetries in neuro-

degenerative diseases provides evidence that phenotypic

asymmetries present based on inherent vulnerabilities in

one hemisphere. The human CNS exhibits structural and

functional asymmetry which appears early in develop-

ment. Epigenetic regulation and gene expression differs

between hemispheres which could drive asymmetries in

cellular distribution, connectivity, neurotransmitters and

protein expression. These inherent differences may set up

one hemisphere for disease pathogenesis. In addition,

asymmetric paths from the periphery may selectively

introduce a pathological trigger to one side of the brain,

precipitating or exacerbating the unilateral onset of dis-

ease. Though neurodegenerative diseases are heterogen-

ous, even within a disease type, clinical asymmetry can

be found in Parkinson’s disease, Alzheimer’s disease, ALS

and MS. Hemispheric differences have been often disre-

garded in studies of these diseases, yet delving into this

enigma of asymmetry may provide insight into their aeti-

ology and unlock new therapeutic potential. At the least,

considering hemisphere of origin as an important variable

in future studies using human post-mortem tissue and

recognizing hemispheric differences in pathological staging

may strengthen research in neurodegenerative disease.
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