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OBJECTIVES

Sleep : a neurological 
requirement

Glymphatic exchange 
and the link to dementia

Investigative approaches 



WHY SLEEP 
IS NON-

NEGOTIABLE

Synaptic 
downscaling 
for plasticity

Waste clearance 
via glymphatic 

system

Memory 
consolidation

Physical recovery

Growth (growth 
hormone 
release)

Parasympathetic 
activity 

(digestion, heart 
rate variablility, 
erectile tissue)

Immune 
regulation

HOW MUCH SHOULD WE SLEEP?



MILITARY SLEEP HABITS

In peace and war, the lack of sleep 
works like termites in a house: 

below the surface, gnawing quietly 
and unseen to produce gradual 
weakening which can lead to 

sudden and unexpected collapse.
—Major General Aubrey Newman 

(Follow Me, 1981)



DOES CHRONIC SLEEP DEPRIVATION 
TRIGGER NEURODEGENERATION?



Sleep correlates with human 
amyloid burden

Spira A et al. JAMA Neurol. 2013 Dec;70(12):1537­43.

Untreated sleep disorder patients 
have increased risk of dementia

• Yaffe et al. JAMA 2011.



Sleep dysfunction causing dementia
in a feed-forward cycle

Yaffee K et al. October, 2014

Sleep to reduce toxin production:
Synaptic activity releases Aβ42

Holtzman Lab



326, 1005­1007. 13 November 2009. 



One night of sleep deprivation 
causes amyloid beta accumulation

Ooms S et al. 2014;71(8):971-977 

Sleep deprived

Control





How do toxic metabolites exit the 
Blood Brain Barrier (BBB)?

Goldmann, E. Beiträg Klinische Chirurgie 64, 192–265 1920



Wislocki G, Contrib. Embryol. Carnegie Inst. 11, 45–60. 1920.

Milestones in BBB 
physiology
• 1813 Paolo Mascagni reports CNS­Dural lymphatics
• 1856 Rudolph Virchow, Charles­Philippe Robin 

describe perivascular spaces
• 1885 Paul Ehrlich, Injections of Trypan Blue
• 1898 Arthur Biedl, described BBB concept, PMJ
• 1918 Stern L, “barrière hémato­encéphalique”
• 1981 Cserr H, describes ISF flow in perivascular 

spaces 
• 2013 Xie L, connect ISF exchange to sleep cycle
• 2015 Louveau & Kipnis 2015 ­ Meningeal 

Lymphatics re­described



Perivascular ISF-CSF exchange

363, 880–884 (2019) 18 October 2013. 



Xie  L Science 2013 342:373-377

Noradrenergic blockade mimics sleep

Sweeny M, Nature 
Reviews 
Neurology volume 14, p
ages 133–150 (2018)



Faghih, M.M. & Sharp, M.K. Fluids Barriers CNS (2018) 15: 17.

Types of water/solute movement in the brain

Glymphatic Exchange
• Perivascular CSF­ ISF exchange
• Driven by arterial pulsation
• Enhanced during sleep
• Amyloid β, Tau, Synuclein
• Facilitated by AQP4 ?

Drainage to blood via: Lymphatic + 
Arachnoid Villi + Spinal Nerve Root 
Sleeves?
• CSF solute taken up lymphatics/AV
• Rapid during waking??
• Amyloid β predominant? 



Aqp4 knockout mouse has reduced CSF-ISF 
exchange

AQP4 SNP’s

HtMa = MAJOR ALLELE

HtMi = minor ALLELE        have 15­20% FEWER AQP4 channels

Ulv Larsen SM, et al. PLOS Biol. 2020.



Ulv Larsen SM, et al. PLOS Biol. 2020.

AQP4-haplotype is associated with EEG energy regulation in the slow wave range. 

HtMa / HtMa = 71 subjects
HtMa / HtMi = 45 subjects
HtMi / HtMi = 7 subjects

Ulv Larsen SM, et al. PLOS Biol. 2020.



Ulv Larsen SM, et al. PLOS Biol. 2020.

Sleep deprived + Traumatic Brain injury



Concussion patients 
have increased risk 
of dementia

Gardner RC et al. 2014. Dec.

Traumatic brain injury also causes 
elevations in markers of injury

Kenney K, et al. Brain Inj. 2018.Gill J et al. Brain Inj. 2018 Posti JP et al. J Neurotrauma. 2019 Jul 

Amyloid Beta Tau
Neurofilament



J Neurosci 2014 34:16180-16193

Neuronal P­tau accumulation after TBI 
­ WORSE in Aqp4 knockout mice.

Iliff J J Neurosci 2014 34:16180-16193



Anatomy of Cerebral Microvasculature

Weber et al Cereb Cortex 2008;18:2318Reina de la Torre, et al Anat Record 1998;251:87-96

Cerebral Microvasculature in TBI

Rodriguez­Baeza, et al Anat Record 1998;252:176­184
Rodriguez­Baeza, et al Anat Record 2003;273A:583­593

Control TBI



Sleep disorders + TBI feed forward 
cycle for dementia

Modified from Yaffee K et al. October, 2014

TBI

Mild traumatic brain injury is a risk factor 
for sleep disorders

• ~50% of concussion patients develop sleep disorders
• Insomnia (29%)
• Sleep Apnea (25%)
• Hypersomnia (28%)
• Narcolepsy (5%)

Could SLEEP DYSFUNCTION after TBI contribute to neurodegeneration?



Characteristic

Controls
no TBI, good 

sleepers
(N=24)

Controls
no TBI, poor 

sleepers
(N=14)

p­value

Cases
TBI,

good sleepers
(N=51)

Cases
TBI,

poor sleepers
(N=62)

p­value

PSQI score, mean (SD) 4.4 (2.8) 14.2 (2.8) 10­10 5.8 (2.1) 13.6 (2.9) 10­30

Age, mean (SD), y 38 (12.4) 41 (8.4) 0.328 39 (10.7) 39 (12.2) 0.884

Male, no. (%) 21 (84) 11 (79) 0.693 44 (86) 57 (92) 0.371

BMI, mean (SD) 29(4.9) 29 (3.7) 0.772 29 (5.2) 32 (5.6) 0.069

Years since TBI, mean (SD) n/a n/a n/a 11.2 (8.8) 12.3 (7.8) 0.122

Hours of sleep, mean (SD) 6.5 (1.0) 5.1 (1.3) 0.049 6.8 (1.6) 4.6 (1.1) 10­12

STOP­BANG score, mean (SD) 2.38 (1.28) 2.81 (1.8) 0.040 2.8 (1.59) 3.9 (1.76) 0.00087

*Unpublished Data

BAD SLEEPERS 
WITH TBI HAVE 

INCREASED 
NEURONAL INJURY

*Unpublished data.  



SLEEP REGULATED GLYMPHATIC 
EVIDENCE IN HUMANS?



• Whole brain ADC no difference

• Regional ADC:

Paired t-test p=0.015, Voxel Based Morphometry

INCREASED CSF VOLUME SHIFTING 
OBSERVED DURING SLEEP

366, 628–631 (2019) 1 November 2019. 





PRELIMINARY MRI EVIDENCE OF 
GLYMPHATIC EXCHANGE CURRENTS

• Collaboration with GE-Research and Walter Reed

• 3T experimental “MAGNUS” (head-only, Microstructure Anatomy Gradient for Neuroimaging with Ultrafast 
Scanning) MRI

• ultra low VENC (0.24mm/s)

• High slew rates (500T/m/s)

• Peripheral pulse-gated diffusion

*UNPUBLISHED DATA 



CALCULATING BRAIN WATER MOVEMENT DURING 
CARDIAC CYCLE IN AWAKE VOLUNTEER

*UNPUBLISHED DATA 

NEAR 
INFRARED 

OPTICS AND 
GLYMPHATICS

Complementary 
”orthogonal” 

technique
Portable

Water 
concentration

Velocity 
(questionable w/ 

very slow 
movements)



LIGHT PROPAGATION THROUGH NEURONAL TISSUE

57

CHROMOPHORE ABSORPTION: BEYOND HEMOGLOBIN

Nitzan M. et al, Med Devices (Auckl). 2014; 7: 231–239.  



wavelengths of 660, 740, 830 and 980 nm 



CHROMOPHORE 
ABSORPTION BELOW 
AND ABOVE 1000 NM

Cao, et al. J Biomed Opt. 2013 Oct; 18(10): 101318.



SCATTER SIGNAL/PHASE SHIFT CAN ENHANCE 
RESOLUTION

scatter signal is discarded

Measuring phase shift from 
proton scatter 

- Time resolution
- Space resolution

- Small Doppler effect

Rupawala, Frontiers in Neurology 2018Herold F. et al., J. Clin. Med. 2018, 7, 466; doi:10.3390/jcm7120466 

SWIFT: SLEEP-
WAKE 

INTERSTITIAL 
FLUID TRACKING

• 2 week actigraphy 

• Sleep restriction (4hrs/night 2 
nights before PSG) 

• Blood draw -> PSG + NIRS x 2 
nights -> Blood draw

• Sleep stage correlation with 
ΔCwater and with blood 
exosome biomarkers of 
neuronal injury



“If they can’t find eight consecutive hours to sleep 
between midnight and four in the morning, that’s on 
them,” Newman said before scooping his pre-workout 
powder into a can of Monster.

“The unit won’t rest until the problem is solved. These 
driving accidents aren’t something we’re going to take 
lying down,” LTC Newman commented. “We’re 
working around the clock to remedy this sleep 
deprivation.”
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