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Differences in regional gene expression may partly explain the selective vulnerability of specific brain 

regions to neurodegeneration in Parkinson’s disease. In this article by Keo et al. (2021), the authors 

examined differential regional gene expression in the anterior and posterior cingulate structural covariate 

networks (patterns of covariance of grey matter density) of the healthy human brain. They demonstrate a 

number of highly expressed genes in the cingulate networks which show reduced grey matter integrity in 

Parkinson’s disease, compared to the rest of the cortex. They show that these highly expressed genes are 

enriched in pathways including synaptic transmission, as well as cholinergic cell markers. Although it is 

unclear whether this differential pattern of expression is also seen in Parkinson’s disease brains, these 

findings highlight the potential importance of synaptic dysfunction and cholinergic transmission in 

Parkinson’s disease. 
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Parkinson’s disease (PD) affects brain structures unevenly, with some regions and cortical networks 

affected earlier and more frequently. The reason for this selective vulnerability of some regions over 

others are not yet clear, but may relate to underlying differences in regional gene expression and cell 

populations. 

In this issue of EJN, Keo et al (Keo et al., 2021) leverage this differential regional and network involvement 

by examining regional differences in underlying gene expression between two structural covariate 

networks (patterns of covariance in grey matter morphology) that show disproportionate grey volume 

atrophy in PD: the anterior and posterior cingulate networks. 

The cingulate cortex has an established role in emotion, shifting attention and contextualising and 

selecting sensory information (Vogt, 2014). A growing body of evidence also suggests that both the 

anterior and posterior cingulate are preferentially affected in patients with PD and cognitive impairment: 

grey matter atrophy is seen in Parkinson’s dementia within the posterior cingulate (Melzer et al., 2012) 

and cingulate hypometabolism is correlated with executive function and visual hallucinations in PD (Lewis 

et al., 2012; Wakamori et al., 2014). We have also recently shown white matter degeneration within the 

cingulum in PD patients who are at higher risk of subsequent dementia (Zarkali et al., 2021). 

To investigate the biological processes and cell types that may be driving selective vulnerability of the 

cingulate cortex in PD, Keo et al (2021) examined the anterior and posterior cingulate structural covariate 

networks previously identified by de Schipper et al (de Schipper et al., 2017) as showing reduced integrity 

in PD. Structural covariance networks are defined by between-region correlations in grey matter 

characteristics, in this case in grey matter density (de Schipper et al., 2017). These networks are replicable 

and at least partly explained by patterns of regional gene expression (Alexander-Bloch et al., 2013; 

Romero-Garcia et al., 2018), although their neurobiological basis is not fully understood. 

Using data from the Allen Human Brain Atlas (Hawrylycz et al., 2015), Keo et al. (2021) compared gene 

expression in the healthy human brain between the two cingulate networks and the remaining seven 

structural covariance networks that are less affected in PD. They identified 144 genes that were highly 

expressed in both cingulate networks (200 highly expressed genes in the posterior cingulate and 269 

highly expressed genes in the anterior cingulate network), but not in other networks. They then examined 

the function and cellular composition of these differentially over-expressed genes. 

Keo et al. (2021) found that highly expressed genes in cingulate networks were enriched in pathway and 

gene ontology terms related to synaptic transmission, particularly neurotransmitter-mediated signalling. 

Alpha-synuclein is important in neurotransmitter release (Cabin et al., 2002) and accumulation of alpha-A
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synuclein oligomers has been associated with synaptic dysfunction (Diógenes et al., 2012; Rockenstein et 

al., 2014). Regional expression of synaptic transfer genes is correlated with regional grey matter atrophy 

in PD (Freeze et al., 2018) and synapse-related genes are more highly expressed in regions affected early 

in Braak staging (Keo et al., 2020). In addition, prior work from our group showed up-weighting of genes 

related to synaptic signalling  and chemical synaptic transmission in regions showing loss of connectivity in 

Parkinson’s patients at risk of dementia (Zarkali et al., 2020) as well as in regions with increased cortical 

iron deposition in PD (Thomas et al., 2021). In this way, regional variation in expression of genes relating 

to synaptic transmission is emerging as a common factor from studies, including by Keo et al. (2021), 

using varying technologies and acquiring imaging data from different PD cohorts, suggesting it is likely to 

be of significance in neurodegeneration in Parkinson’s disease. 

Interestingly, Keo et al. (2021) found enrichment of the differentially expressed genes in cholinergic cell 

markers. Although cell types were derived from mouse and not a purely single-cell dataset (Mancarci et 

al., 2017), limiting interpretability, this enrichment was consistently seen using two different analyses 

methods. Parkinson’s disease is classically associated with altered dopaminergic transmission, but 

cholinergic cell involvement, particularly in relation to cognitive impairment is well recognised: the 

cholinergic neurons in nucleus basalis of Meynert in Parkinson’s are involved early in PD (Candy et al., 

1983; Hepp et al., 2017), cortical acetylcholine levels are reduced in patients with Parkinson’s dementia 

(Mattila et al., 2001; Hilker et al., 2005; Hall et al., 2014) and cortical nicotinic receptors are reduced in 

association with dementia severity in patients with PD (Meyer et al., 2009). The healthy cingulate cortex is 

particularly enriched in nicotinic receptors (Picard et al., 2013). The findings from Keo et al. (2021), 

suggest that cortical regions normally enriched in nicotinic receptors are particularly vulnerable in 

Parkinson’s disease.  

The highly-expressed genes in cingulate networks were identified by Keo et al. (2021) using differential 

gene expression analysis at the individual gene level. This approach, although appropriately corrected for 

multiple comparisons by the authors, does not take into account co-expression between genes with 

similar function (Oldham et al., 2008) or genes with similar spatial patterning of expression (Hawrylycz et 

al., 2015; Fulcher et al., 2020) which could potentially influence the results. It is also important to note 

that gene expression data in this study by Keo et al. (2021) were derived from a small number (n=6) of 

relatively young donors without history of neurological or psychiatric disease (Hawrylycz et al., 2015). 

Gene expression in PD may differ from the healthy brain. Further transcriptomic datasets integrating 

larger numbers of age-matched neuroimaging and gene expression profile data from PD patients and 

controls will help to further elucidate the role of regional gene expression in the selective vulnerability of A
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specific brain regions in PD. Future single-cell transcriptome atlases would further enlighten the diversity 

of genomic signatures related to cell morphology that is lost when expression levels are aggregated across 

cell types. Despite these limitations, the study by Keo et al highlights the role of synaptic dysfunction and 

nicotinic transmission in PD, providing important mechanistic insights into non-dopaminergic PD 

neurodegeneration.

Acknowledgements

AZ is supported by an Alzheimer’s Research UK Clinical Research Fellowship (2018B-001). RSW is 

supported by a Wellcome Clinical Research Career Development Fellowship (201567/Z/16/Z). 

References

Alexander-Bloch A, Giedd JN, Bullmore E. Imaging structural co-variance between human brain regions. 

Nat Rev Neurosci 2013; 14: 322–36.

Keo, Arlin, Dzyubachyk, Olek, Van der Grond, Jeroen, Hafkemeijer, Anne, van der Berg, Wilma, van Hilten, 

Jacobus, et al. Cingulate networks associated with gray matter loss in Parkinson’s disease show high 

expression of cholinergic genes in the healthy brain. Eur J Neurosci 2021

Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, McIlwain KL, et al. Synaptic vesicle depletion 

correlates with attenuated synaptic responses to prolonged repetitive stimulation in mice lacking alpha-

synuclein. J Neurosci Off J Soc Neurosci 2002; 22: 8797–807.

Candy JM, Perry RH, Perry EK, Irving D, Blessed G, Fairbairn AF, et al. Pathological changes in the nucleus 

of Meynert in Alzheimer’s and Parkinson’s diseases. J Neurol Sci 1983; 59: 277–89.

Diógenes MJ, Dias RB, Rombo DM, Vicente Miranda H, Maiolino F, Guerreiro P, et al. Extracellular alpha-

synuclein oligomers modulate synaptic transmission and impair LTP via NMDA-receptor activation. J 

Neurosci Off J Soc Neurosci 2012; 32: 11750–62.

Freeze B, Acosta D, Pandya S, Zhao Y, Raj A. Regional expression of genes mediating trans-synaptic alpha-

synuclein transfer predicts regional atrophy in Parkinson disease. NeuroImage Clin 2018; 18: 456–66.

Fulcher BD, Arnatkevic̆iūtė A, Fornito A. Overcoming bias in gene-set enrichment analyses of brain-wide 

transcriptomic data. bioRxiv 2020: 2020.04.24.058958.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Hall H, Reyes S, Landeck N, Bye C, Leanza G, Double K, et al. Hippocampal Lewy pathology and cholinergic 

dysfunction are associated with dementia in Parkinson’s disease. Brain J Neurol 2014; 137: 2493–508.

Hawrylycz M, Miller JA, Menon V, Feng D, Dolbeare T, Guillozet-Bongaarts AL, et al. Canonical genetic 

signatures of the adult human brain. Nat Neurosci 2015; 18: 1832–44.

Hepp DH, Foncke EMJ, Berendse HW, Wassenaar TM, Dubbelink KTEO, Groenewegen HJ, et al. Damaged 

fiber tracts of the nucleus basalis of Meynert in Parkinson’s disease patients with visual hallucinations. Sci 

Rep 2017; 7: 10112.

Hilker R, Thomas AV, Klein JC, Weisenbach S, Kalbe E, Burghaus L, et al. Dementia in Parkinson disease: 

functional imaging of cholinergic and dopaminergic pathways. Neurology 2005; 65: 1716–22.

Keo A, Mahfouz A, Ingrassia AMT, Meneboo J-P, Villenet C, Mutez E, et al. Transcriptomic signatures of 

brain regional vulnerability to Parkinson’s disease. Commun Biol 2020; 3: 1–12.

Lewis SJG, Shine JM, Duffy S, Halliday G, Naismith SL. Anterior cingulate integrity: Executive and 

neuropsychiatric features in Parkinson’s disease. Mov Disord 2012; 27: 1262–7.

Mancarci BO, Toker L, Tripathy SJ, Li B, Rocco B, Sibille E, et al. Cross-Laboratory Analysis of Brain Cell Type 

Transcriptomes with Applications to Interpretation of Bulk Tissue Data. eNeuro 2017; 4 

Mariani E, Frabetti F, Tarozzi A, Pelleri MC, Pizzetti F, Casadei R. Meta-Analysis of Parkinson’s Disease 

Transcriptome Data Using TRAM Software: Whole Substantia Nigra Tissue and Single Dopamine Neuron 

Differential Gene Expression [Internet]. PLoS ONE 2016; 11

Mattila PM, Röyttä M, Lönnberg P, Marjamäki P, Helenius H, Rinne JO. Choline acetytransferase activity 

and striatal dopamine receptors in Parkinson’s disease in relation to cognitive impairment. Acta 

Neuropathol (Berl) 2001; 102: 160–6.

Melzer TR, Watts R, MacAskill MR, Pitcher TL, Livingston L, Keenan RJ, et al. Grey matter atrophy in 

cognitively impaired Parkinson’s disease. J Neurol Neurosurg Psychiatry 2012; 83: 188–94.

Meyer PM, Strecker K, Kendziorra K, Becker G, Hesse S, Woelpl D, et al. Reduced alpha4beta2*-nicotinic 

acetylcholine receptor binding and its relationship to mild cognitive and depressive symptoms in 

Parkinson disease. Arch Gen Psychiatry 2009; 66: 866–77.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Oldham MC, Konopka G, Iwamoto K, Langfelder P, Kato T, Horvath S, et al. Functional organization of the 

transcriptome in human brain. Nat Neurosci 2008; 11: 1271–82.

Picard F, Sadaghiani S, Leroy C, Courvoisier DS, Maroy R, Bottlaender M. High density of nicotinic 

receptors in the cingulo-insular network. NeuroImage 2013; 79: 42–51.

Rockenstein E, Nuber S, Overk CR, Ubhi K, Mante M, Patrick C, et al. Accumulation of oligomer-prone α-

synuclein exacerbates synaptic and neuronal degeneration in vivo. Brain J Neurol 2014; 137: 1496–513.

Romero-Garcia R, Whitaker KJ, Váša F, Seidlitz J, Shinn M, Fonagy P, et al. Structural covariance networks 

are coupled to expression of genes enriched in supragranular layers of the human cortex. Neuroimage 

2018; 171: 256–67.

de Schipper LJ, van der Grond J, Marinus J, Henselmans JML, van Hilten JJ. Loss of integrity and atrophy in 

cingulate structural covariance networks in Parkinson’s disease. NeuroImage Clin 2017; 15: 587–93.

Thomas, George, Zarkali, Angeliki, Ryten, Mina, Shmueli, Karin, Gill Martinez, Ana Luisa, Leyland, Louise-

Ann, et al. Regional brain iron and gene expression provide insights into neurodegeneration in Parkinson’s 

disease. Brain 2021

Vogt BA. Submodalities of emotion in the context of cingulate subregions. Cortex 2014; 59: 197–202.

Wakamori T, Agari T, Yasuhara T, Kameda M, Kondo A, Shinko A, et al. Cognitive functions in Parkinson’s 

disease: relation to disease severity and hallucination. Parkinsonism Relat Disord 2014; 20: 415–20.

Zarkali A, McColgan P, Leyland L-A, Lees AJ, Weil RS. Visual Dysfunction Predicts Cognitive Impairment and 

White Matter Degeneration in Parkinson’s Disease [Internet]. Mov Disord 2021; 

Zarkali A, McColgan P, Ryten M, Reynolds RH, Leyland L-A, Lees AJ, et al. Dementia risk in Parkinson’s 

disease is associated with interhemispheric connectivity loss and determined by regional gene expression. 

NeuroImage Clin 2020; 28: 102470.

A
cc

ep
te

d 
A

rt
ic

le




