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Alzheimer’s: amyloid β

Alzheimer’s: tau

Parkinson’s: α-synuclein

Amyotrophic lateral sclerosis: TDP43

Non-genetic risk factors of 

neurodegenerative disease
- Aging

- Cerebrovascular disease

- Traumatic brain injury

- Sleep disruption

Adapted from Jucker and Walker Nature 2013
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What changes in the aging and injured brain 

render it vulnerable to protein mis-

aggregation or aggregate propagation?



Brain interstitial solute clearance

CSF ‘sink’ hypothesis: Oldendorf and Davson, 
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Meningeal Lymphatic Drainage

From Nedergaard Science 2014

Perivascular “Glymphatic” Exchange



Glymphatic function

Data from rodent and human studies over the past ten 

years demonstrate that perivascular glymphatic 

exchange is…

…anatomically organized and rapid.

…driven by arterial pulsation and vasomotor 

oscillations.

…more rapid in the sleeping brain.

…coupled to meningeal lymphatic drainage.

…supported by astroglial water transport.

…supports the clearance of amyloid b, tau and a

synuclein.
From Nedergaard Science 2014

Perivascular “Glymphatic” Exchange



How do we know that CSF-ISF 

exchange is anatomically 

organized and rapid?



Intracisternal CSF tracer injection

CSF tracer follows a perivascular route through subarachnoid space

BSA-488

t = 30 min post-injection

Iliff, Thrane and Nedergaard 2016
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Cortical Surface

Iliff et al. Sci Transl Med 2012
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Imaging brain-wide glymphatic function by 
dynamic contrast-enhanced (DCE)-MRI

Adult Male SD Rats

DCE-MRI (11.7T)

IT gadoteridol

Time Post-Injection:

0-60 min

60-120 min

120-180 min
Roese, Pike, Iliff (unpublished)

n = 8 reference subjects, 41.1 +/- 13.0 yrs

Suspected intracranial hypotension; CSF leakage

IT gadobutrol (0.5ml, 1.0 mmo/ml)

Scans at t = 0, 1, 3, 4.5 and 24 hrs

Ringstad et al. Brain 2017



How do we know that CSF-ISF 

exchange is active primarily 

during sleep?



Perivascular exchange is regulated by sleep state

Awake

Anesthetized

Xie et al. Science 2013

Intracisternal Tracer Injection

3kD Dextran

Natural Sleep

Awake

KX Anesthesia

Awake

Perivascular CSF Tracer Influx



Perivascular exchange is regulated by sleep state

Awake

Anesthetized

Xie et al. Science 2013

Intracisternal Tracer Injection

3kD Dextran

Natural Sleep

Awake

KX Anesthesia

Awake

Perivascular CSF Tracer Influx

Interstitial Tracer
14C-Inulin (~5kD)
125I-Amyloid β1-40

Interstitial 125I-Amyloid β1-40 clearance

Interstitial 14C-Inulin clearance



Eide et al. Brain 2021

Confirming the role of sleep in interstitial solute clearance in the human brain



How do we know that CSF-ISF 

exchange is supported by 

astroglial water transport?



Aquaporin-4 (AQP4) supports perivascular glymphatic exchange and 

amyloid β clearance

Adapted from Simard et al. J Neurosci 2003

GFAP

AQP4



Wild Type Aqp4-/-

Iliff et al. Sci Translat Med 2012

Aquaporin-4 (AQP4) supports perivascular glymphatic exchange and 

amyloid β clearance



Iliff et al. Sci Translat Med 2012

Wild Type Aqp4-/-

3H-Mannitol Clearance 125I-Amyloid β1-40 Clearance

Interstitial Tracer
3H-Mannitol

125I-Amyloid β1-40

Iliff et al. Sci Translat Med 2012

Aquaporin-4 (AQP4) supports perivascular glymphatic exchange and 

amyloid β clearance



Aquaporin-4 (AQP4) supports perivascular glymphatic exchange and 

amyloid β clearance

Pedersen, Keil, et al. (under review)



Is there evidence for a role of 

glymphatic dysfunction in the 

development of Alzheimer’s 

disease?



Kress et al. Annals Neurol 2014

Intracisternal CSF tracer injection
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3 kD
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t = 30 min post-injection

Impairment of glymphatic exchange in 

the aging brain
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Intracisternal CSF tracer injection

CSF Tracers

3 kD

45 kD

t = 30 min post-injection

Kress et al. Annals Neurol 2014

Effect of aging on 

Aβ clearance

Impairment of glymphatic exchange in 

the aging brain



Kress et al. Annals Neurol 2014

Young (2-3 months)

Aged (18 months)

AQP4
GFAP

AQP4
GFAP

AQP4
GFAP

AQP4
GFAP

Reduced perivascular AQP4 localization in the aging brain



Mestre et al. eLife 2018

Loss of perivascular AQP4 localization impairs glymphatic exchange 

and promotes amyloid β plaque deposition



Mestre et al. eLife 2018

Wild Type

Snta1-/-

Ab plaque burden

Loss of perivascular AQP4 localization impairs glymphatic exchange 

and promotes amyloid β plaque deposition



Mestre et al. eLife 2018

Wild Type

Snta1-/-

Ab plaque burden

Pedersen, Keil, et al. (under review)

Loss of perivascular AQP4 localization impairs glymphatic exchange 

and promotes amyloid β plaque deposition



Reduced perivascular AQP4 localization is associated with AD diagnosis, 

pathology, and cognitive impairment

Simon et al. Alzheimer’s Res Ther 2022



Simon et al. Alzheimer’s Res Ther 2022

Cognitive 

Decline

Alzheimer’s 

Pathology

*In cognitively-intact and MCI individuals 

Reduced perivascular AQP4 localization is associated with AD diagnosis, 

pathology, and cognitive impairment



Alzheimer’s Disease Neuroimaging Initiative (ADNI-1)

582 subjects (160 CN, 287 MCI, 135 AD)

SNP array data (Illumina genome array platforms): 

11 AQP4 tag SNPs

40 DTNA tag SNPs

4 DAG1 SNPs

1 SNTA1 SNP

Outcomes of interest:

- Cognitive status: Impaired vs. Intact (566 subjects)

- CSF biomarkers at entry (Aβ1-42, Tau, P-Tau; ~300 subjects)

- Cognitive Decline (2 yr, UW Memory and Executive Function composite 

scores; ~470 subjects)

- MRI-based measurement of atrophy (2 yr; hippocampal volume, ~360 

subjects; AD-signature cortical thickness, ~250 subjects )

Covariates: Age, Sex, APOE4 status, Education, [Baseline value]

Association between AQP4-associated gene variants and AD-related 

endophenotypes

Wang, Simon, Iliff (unpublished)
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582 subjects (160 CN, 287 MCI, 135 AD)

SNP array data (Illumina genome array platforms): 

11 AQP4 tag SNPs

40 DTNA tag SNPs

4 DAG1 SNPs

1 SNTA1 SNP

Alzheimer’s Disease Neuroimaging Initiative (ADNI-1)

Association between AQP4-associated gene variants and AD-related 

endophenotypes

Wang, Simon, Iliff (unpublished)

AQP4 tag SNPs – 3 (out of 11) SNPs : CSF t-tau, CSF P-

tau; cortical atrophy, hippocampal atrophy 

DTNA tag SNPs – 15 (out of 40) SNPs: CSF Aβ42, CSF t-

tau; memory decline; cortical atrophy, hippocampal atrophy

DAG1 SNPs – 2 (out of 4) SNPs: Hippocampal atrophy

SNTA1 SNP – 1 (out of 1) SNP: CSF Aβ42

Significant Associations
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AQP4 tag SNPs – 3 (out of 11) SNPs : CSF t-tau, CSF P-

tau; cortical atrophy, hippocampal atrophy 

DTNA tag SNPs – 15 (out of 40) SNPs: CSF Aβ42, CSF t-

tau; memory decline; cortical atrophy, hippocampal atrophy

DAG1 SNPs – 2 (out of 4) SNPs: Hippocampal atrophy

SNTA1 SNP – 1 (out of 1) SNP: CSF Aβ42

Several additional studies, including 

3 SNP association studies, 

corroborate this relationship 

between AQP4 and Alzheimer’s 

disease in human populations. 

Significant Associations



How might glymphatic 

impairment fit into the puzzle 

surrounding Alzheimer’s 

disease?



A potential role for glymphatic impairment in neurodegenerative 

conditions

Alzheimer’s: amyloid β

Alzheimer’s: tau

Parkinson’s and LBD: α-synuclein

Adapted from Jucker and Walker Nature 2013

Neurodegenerative conditions 

are… 

…associated with protein mis-

aggregation.

…influenced by  non-genetic 

risk factors:

- Aging

- Cerebrovascular disease

- Traumatic brain injury

- Chronic sleep disruption



A potential role for glymphatic impairment in neurodegenerative 

conditions

Neurodegenerative conditions 

are… 

…associated with protein mis-

aggregation.

…influenced by  non-genetic 

risk factors:

- Aging

- Cerebrovascular disease

- Traumatic brain injury

- Chronic sleep disruption

Glymphatic dysfunction…

…promotes amyloid, tau and 

synuclein pathology (in animal 

models).

…is impaired in animal models 

of:

- Aging

- Cerebrovascular injury

- Traumatic brain injury

- Acute sleep deprivation

Based on these observations, glymphatic impairment 

is proposed as a common mechanism underlying the 

development of neurodegenerative conditions. 



Jack et al. Lancet Neurol 2013

Sequential progression of Alzheimer’s pathology and 

cognitive/functional impairment

Alzheimer’s disease pathology: 

Amyloid plaques

Neurofibrillary tangles

Glymphatic

Impairment

Targeting glymphatic function may provide a pathway towards primary or 

secondary Alzheimer’s disease prevention



Jack et al. Lancet Neurol 2013

Sequential progression of Alzheimer’s pathology and 

cognitive/functional impairment

Glymphatic

Impairment

Targeting glymphatic function may provide a pathway towards primary or 

secondary Alzheimer’s disease prevention

Detection of glymphatic 

impairment may enable the 

identification of patients at 

risk for the development of 

neurodegenerative disease 

during the long pre-clinical 

phase of disease. 



Jack et al. Lancet Neurol 2013

Sequential progression of Alzheimer’s pathology and 

cognitive/functional impairment

Glymphatic

Impairment

Targeting glymphatic function may provide a pathway towards primary or 

secondary Alzheimer’s disease prevention

Within these individuals, 

targeting glymphatic function 

therapeutically may enable 

primary prevention of these 

conditions. Therapeutic 

Intervention
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Is there functional evidence for a 

role of glymphatic impairment in 

the development of Alzheimer’s 

disease?



Perivascular space (PVS)

Enlarged perivascular space (ePVS)

Dilated perivascular space (dPVS)

Virchow-Robin spaces (VRS)

Well-known association with…

- Hypertension

- Aging

- Cerebral small vessel disease

- Cerebral amyloid angiopathy

But also associated with…

- Sleep disruption 

- Sleep apnea 

- mTBI

Synonyms

MRI-visible perivascular space burden is associated with mTBI, sleep disruption 
and chronic post-concussive symptoms in Veterans exposed to blast mTBI.



Subcortical white matter PVS burden is associated with Alzheimer’s 

clinical progression

Wang et al. Alz Res & Therapy 2022

Study Population

n = 641 ADNI participants with longitudinal follow-up

Assessments

Demographic features

Cognitive function

Clinical progression

MRI-visible perivascular 



Subcortical white matter PVS burden is associated with Alzheimer’s 

clinical progression

Juan Piantino, MD (OHSU)

Piantino et al. J Neurotrauma 2021

Study Population

n = 56 OEF/OIF/OND Veterans with history of mTBI

Age (median, IQR) = 32 (29-41) years

Months between mTBI and MRI = 55 (40-95)

Assessments

mTBI: semi-structured interview 

Sleep: Pittsburgh Sleep Quality Inventory (PSQI)

Post-concussive symptoms : Neurobehavioral Symptom Inventory (NSI)

MRI: T1-weighted + FLAIR

PVS #

per cm3

PVS volume

mm3/cm3

PVS Associations

Elaine Peskind, MD (VAPS)



Alzheimer’s disease-related changes in CSF biomarkers are observed in 
Veterans exposed to blast mTBI.

Li, Iliff, Peskind (in preparation)
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