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Spectrum of Cerebrovascular Disease

• Clinical Stroke: Ischemic, Hemorrhagic 
• Carotid atherosclerosis
• Intracranial stenosis, arteriosclerosis, lipohyalinosis

• MRI: WMH, covert brain infarcts, total/lobar atrophy

• Spectrum of Vascular Cognitive Impairment 



Some Monogenic Causes of Stroke & VCI

• Homocysteinuria

• CADASIL: Cerebral Autosomal Dominant Arteriopathy, 
subcortical infarcts and leukoencephalopathy

• Sickle Cell Disease
• Fabry’s Disease
• Hereditary cerebral hemorrhage with amyloidosis

(HCHWA types)



Genes Underlying Stroke & VCI

Expected to belong to 1 or both of 2 classes:
• Genes that predispose individuals to 

cerebrovascular disease, and

• Genes that determine tissue responses to 
cerebrovascular disease (e.g. ischemic tolerance)



Putative Cerebrovascular Disease Genes

• Surprisingly few genes/loci are known to 
alter risk in the community as a whole
– PDE4D, ALOX5AP, LTA4H
– Specific pathway genes
– 9p21, 4q25
– APOE
– APP

renin-angiotensin
thrombosis and hemostasis
lipid metabolism
Inflammation
endothelial function
oxidative stress

Debette S, Seshadri S. Genetics of Atherothrombotic and Lacunar Stroke.
Circulation Cardiovascular Genetics, 2009 [in press].



Putative Brain Injury Modulators

• Genes determining tissue response to 
– acute ischemia
– Long term recovery
– Non-ischemic injury
– AD and aging processes

• Genes determining brain & cognitive reserve

Neurotrophic factors: BDNF, NGF
Vascular growth factors
APOE
Matrix metalloproteinases
Glutamate and GABA receptors
Adhesion molecules
Transcription factors
Ion channels 
NOS pathway genes
Inflammation and Oxidative stress



Meta-analyses: Candidate Genes, Loci

• MTHFR
• F5, SERPINE1, F2, GPIBA
• ALOX5AP, PDE4D
• APOE
• ACE insertion/deletion
• Intergenic SNPs at chromosome 4q25 and 9p21 

related previously to Afib, CAD: rs2200733 and 
rs1537378 



Nature Reviews Genetics, April 2009; 241-249.

3 billion base pairs; 3 million SNPs

Arrays genotype 300,000 to 1 M

We can impute 80-90% of SNPs since we know linkage disequilibrium patterns



What is a Genome-Wide 
Association Study (GWAS)?

An agnostic study of genetic variation 
across the entire human genome designed 
to identify genetic associations with 

- complex diseases: stroke, dementia
- phenotypic traits such as MRI





GWAS of Stroke
• 2 prior GWAS: 1 did not find any SNP reaching 

genome-wide significance
• Another related an Afib associated SNP to 

cardioembolic stroke
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Problems  

• Genetic heterogeneity
• Multiple genes with modest effects
• Gene-gene and gene-environment interactions
• Selection and survival biases

• Relatively late manifestation of clinical disease
– Competing mortality



Solutions

• Careful phenotype definition
• Collaborative efforts to increase numbers
• Gene-gene and GEI

• Study incident disease

• Study endophenotypes



What is an Endophenotype?

• Endophenotypes (or intermediate 
phenotypes) are heritable traits that 
reflect the actions of genes predisposing 
an individual to a disorder

• Predict risk of incident disease
• Manifest years before clinical & 

pathological diagnostic criteria are met 



Conceptual Model for Pathways from 
Genes to Stroke/Dementia

Cognitive 
Function

Cognitive Impairment 
& Dementia

Brain 
Morphology

Vascular Risk Factors
Genetic susceptibility

Stroke & 
Dementia



Cerebrovascular Endophenotypes

• MRI and cognitive tests define endophenotypes 
(WMH, SCI, MCI-EF) that are

• Quantitative traits

• With moderate to high heritability



Framingham Heart Study
Stroke, Dementia and MRI/NP Studies

Original cohort (Gen 1) 
Exam 14 (1975) (N=2,842; mean age 67)

Offspring cohort (Gen 2) 
Exam 7 (1999-02) MRI & NP 
(N=2442; mean age 62)

Exam 8 (2005-08) 
Repeat: MRI & NP

(N=1800; mean age 67)

1948 2008

1971 2008

1948

Exam 26: 313 Gen 1 survivors MR and NP

Brain Bank: 1995



Framingham Heart Study
Longitudinal Community-Based Family Study

Gen 1 Original cohort

Gen 2 Offspring cohort

1948 2008

1971 2008

Gen 3 cohort 

2002 2008

Exam 2 (2009-11) MRI 
NP & Biomarkers



SORL1: New kid on the AD Block

• Strongest phenotype-SNP association 
– On FBAT: SORL1 (rs1131497;p=3.2 X 10-6) and abstract 

reasoning
• SORL1 related to AD risk

– On GEE: CDH4 (rs1970546;p=3.7 X 10-8) and brain volume
– In top 25 by GEE and FBAT

• ERBB4, PDLIM5, RFX4 (schizophrenia genes)
• VIPR2, CTNNB1 (developmental genes)

Rogaeva et al., Nature Genetics, February 2007; pp168-177.
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Collaboration Between National Heart, Lung, and Blood Institute
And Boston University School of Medicine

SNP Health Association 
Resource (SHARe):  

A Genome-Wide Association Study in the 
NHLBI’s Framingham Heart Study

550,000 SNPs, 9934 persons across 3 generations
Became  available October 2007



Cohorts for Heart and Aging 
Research in Genomic 

Epidemiology (CHARGE) 
Consortium





Overview of CHARGE

• CVD/Aging cohorts with GWAS data
– ARIC, CHS, AGES, ASPS, FHS and Rotterdam
– Sharing of within-study analyses for cross-study 

meta-analysis
– Imputation to HapMap permitted meta-analyses 

despite use of different platforms in each study



Brain Aging, AD & Cerebrovascular 
Disease Phenotypes in CHARGE

• Total and ischemic stroke

• Total dementia, AD, Pure AD, VaD, MCI

• Cerebral MRI measures
– White matter disease    - Covert brain infarcts
- Total cranial & brain volumes, hippocampal, lobar 

- Cognitive Function
– Tests of verbal and visual memory; processing speed, 

executive function; other domains



Discovery Sample

19,602 white persons (age 63±8) who developed 
1,544 incident strokes (1,164 ischemic) over an 
average follow-up of 11 years



Ikram M et al. N Engl J Med 2009;10.1056/NEJMoa0900094

Results of Tests for the Association between Stroke and Each SNP Measured in the Genomewide 
Association Study



Forest plots: Total Stroke

Forest plot – all stroke



Ikram M et al. N Engl J Med 2009;10.1056/NEJMoa0900094

Associations in the Region Centered on rs11833579 and Containing NINJ2



• Genome‐wide significant association of stroke with 2 
SNPs located in the regulatory region of Ninjurin‐2
(rs11833579 and rs12425791). 

• Ninjurin‐2: Transmembrane protein in the “nerve-injury-
induced protein” family
• cell-cell adhesion molecule, expressed in glia-
• shown to promote neurite extension after nerve injury
• may also modify brain response to ischemic injury



Next Steps

• Larger Meta-analyses to find more genes

• Cross-Phenotype analyses

• Functional Studies: expression, animal models
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CARe:  The NHLBI’s Candidate Gene Association Resource

http://www.broad.mit.edu/gen_analysis/care/index.php/Main_Page



CARe Genotyping Plan

Phase II (Illumina iSelect---IBC Chip)

-~49,000 SNPs covering ~2100 candidate genes 

typed on ~50,000 persons from all CARe Cohorts



Use Genetic, Risk Factor, Biomarker 
& Phenotype Data 

Replication and finding causal variant

Look at gene-environment and gene-gene 
interactions 

Explore links genes gene expression 
endophenotype disease

Develop Predictive Models



Acknowledgements

• NIA: AG08122, AG16495, AG033040 (PAW) & 
AG033193 (SS)

• NINDS: NS17950 (PAW)
• NHLBI: Contract # N01-HC-25195 & N02-HL-6-4278

• Framingham and other CHARGE study participants 
• Talented and generous colleagues 

Thank you, Oscar!



Framingham Neurology Research Team

• Philip A. Wolf, MD
• Sudha Seshadri, MD
• Rhoda Au, PhD
• Margaret Kelly-Hayes, DEd RN
• Carlos S. Kase, MD
• Sanford F. Auerbach, MD
• Ann C. McKee, MD
• Jose R. Romero, MD
• Zaldy S. Tan, MD
• Aleksandra Pikula, MD
• Stephanie Debette, MD, PhD

• Carole Palumbo
• Sherral Devine, PhD

• Alexa S. Beiser, PhD
• Joseph Massaro, PhD
• Ralph B. D’Agostino, Sr. PhD

• Howard Cabral, PhD
• Yulin Lu
• Jayandra Himali
• Yangchun Du

• Linda Farese
• Linda Clark
• Deb Foulkes
• Lois Abel
• Barbara Inglese
• Coreyann Poly

Justin Nyborn, Jackie Harvey, Sarah J Greene & others

- Anita S. DeStefano, PhD
-Larry D. Atwood, PhD
-Qiong Yang, PhD

- Charles DeCarli, MD

- Merrill F. Ellias, PhD

- Neil Kowall, MD
-Robert Green, MD
- Angela Jefferson, PhD

Tamara Kline
Karen Mutalik

Neurogenetic group in yellow


	Genetics of Cerebrovascular Disease
	Spectrum of Cerebrovascular Disease
	Some Monogenic Causes of Stroke & VCI
	Genes Underlying Stroke & VCI
	Putative Cerebrovascular Disease Genes
	Putative Brain Injury Modulators
	Meta-analyses: Candidate Genes, Loci
	Slide Number 8
	What is a Genome-Wide Association Study (GWAS)?
	Slide Number 10
	GWAS of Stroke
	GWAS of Stroke
	Problems  
	Solutions
	What is an Endophenotype?
	Conceptual Model for Pathways from Genes to Stroke/Dementia
	Cerebrovascular Endophenotypes
	Framingham Heart Study  �Stroke, Dementia and MRI/NP Studies
	Framingham Heart Study  �Longitudinal Community-Based Family Study 
	SORL1: New kid on the AD Block
	SORL1: New kid on the AD Block
	Slide Number 22
	Slide Number 23
	Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium
	Slide Number 25
	Overview of CHARGE
	Brain Aging, AD & Cerebrovascular Disease Phenotypes in CHARGE
	Discovery Sample
	Slide Number 30
	Forest plots: Total Stroke
	Slide Number 32
	Slide Number 33
	Next Steps
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Acknowledgements
	Framingham Neurology Research Team

