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MILITARY SLEEP ≠ CIVILIAN SLEEP



“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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HUMAN DATA: One night of sleep deprivation 
causes amyloid beta accumulation

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

Sleep deprived

Control



Sleep correlates with human 
amyloid burden

Spira A et al. JAMA Neurol. 2013 Dec;70(12):1537-43.
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Aqp4 knockout mouse has reduced CSF-ISF 
exchange



Science. 2020 Oct 2;370(6512):50-56



Gadolinium dye injected into 
the subarachnoid space -

rarely permitted in the US
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Impairment of Glymphatic Pathway Function Promotes Tau
Pathology after Traumatic Brain Injury

Jeffrey J. Iliff,1,2,3 Michael J. Chen,1 Benjamin A. Plog,1 Douglas M. Zeppenfeld,2,3 X Melissa Soltero,2 Lijun Yang,1

Itender Singh,1 Rashid Deane,1 and Maiken Nedergaard1

1Division of Glial Disease and Therapeutics, Center for Translational Neuromedicine, Department of Neurosurgery, University of Rochester Medical Center,
Rochester, New York 14642 and 2Department of Anesthesiology and Peri-Operative Medicine, and 3Knight Cardiovascular Institute, Oregon Health &
Science University, Portland, Oregon 97239

Traumatic brain injury (TBI) is an established risk factor for the early development of dementia, including Alzheimer’s disease, and the
post-traumatic brain frequently exhibits neurofibrillary tangles comprised of aggregates of the protein tau. We have recently defined a
brain-wide network of paravascular channels, termed the “glymphatic” pathway, along which CSF moves into and through the brain
parenchyma, facilitating the clearance of interstitial solutes, including amyloid-!, from the brain. Here we demonstrate in mice that
extracellular tau is cleared from the brain along these paravascular pathways. After TBI, glymphatic pathway function was reduced by
!60%, with this impairment persisting for at least 1 month post injury. Genetic knock-out of the gene encoding the astroglial water
channel aquaporin-4, which is importantly involved in paravascular interstitial solute clearance, exacerbated glymphatic pathway dys-
function after TBI and promoted the development of neurofibrillary pathology and neurodegeneration in the post-traumatic brain. These
findings suggest that chronic impairment of glymphatic pathway function after TBI may be a key factor that renders the post-traumatic
brain vulnerable to tau aggregation and the onset of neurodegeneration.

Key words: AQP4; aquaporin-4; cerebrospinal fluid; neurodegeneration; tauopathy; traumatic brain injury

Introduction
Moderate to severe traumatic brain injury (TBI) is an established
risk factor for the development of neurodegeneration, including
AD, with a single episode of TBI conferring an increased risk of
dementia later in life (Guo et al., 2000; Plassman et al., 2000;
Moretti et al., 2012; D.H. Smith et al., 2013). Prior TBI among AD
patients is associated with an earlier age of disease onset than in
patients without prior TBI, suggesting that TBI accelerates the
development of AD pathology (Sullivan et al., 1987; Gedye et al.,
1989; Nemetz et al., 1999). Indeed, postmortem histopathologi-
cal examination of long-term survivors of TBI and age-matched
controls revealed that among patients "60 years of age neurofi-
brillary tangles, intracellular aggregates composed of hyperphos-
phorylated tau, were present in 34% of post-traumatic brains
compared with an incidence of 10% in age-matched control cases
(Johnson et al., 2012). Although these findings link TBI with

chronic neurodegeneration such as AD, the changes that occur in
the post-traumatic brain that render it vulnerable to tau aggrega-
tion remain unknown.

Tau is an intracellular microtubule-associated protein that is
released into the interstitium of the healthy young brain in re-
sponse to excitatory neuronal activity (Yamada et al., 2011,
2014). Emerging evidence suggests that the movement of tau and
tau aggregates through the extracellular space plays an important
role in the development and spread of intracellular tau pathology
(Frost and Diamond, 2010; Jucker and Walker, 2011; Walker et
al., 2013). While much is known regarding the molecular path-
ways of tau processing in intracellular compartments (Morris et
al., 2011; Chesser et al., 2013), the pathways and mechanisms of
interstitial tau clearance from the brain interstitium and how
these are altered in the setting of TBI are unknown.

We have defined a brain-wide paravascular pathway that fa-
cilitates the efficient clearance of interstitial proteins and pep-
tides, including amyloid-!, from the brain parenchyma (Iliff et
al., 2012, 2013a,b; Xie et al., 2013). We found that subarachnoid
CSF recirculates through the brain parenchyma along paravascu-
lar spaces surrounding penetrating arteries, exchanging with the
surrounding interstitial fluid (ISF) to facilitate the clearance of
interstitial solutes. Paravascular CSF–ISF exchange and intersti-
tial solute clearance is dependent upon water transport via astro-
glial aquaporin-4 (AQP4) water channels (Iliff et al., 2012), which
are localized predominantly to perivascular astrocytic end feet.
Based upon its appropriation of the lymphatic function of inter-
stitial protein management, and its dependence upon glial water
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from other holes in that it provides an escape to a compartment that
hides the animal from sight. Each day, the animal underwent four trails
with a rest period of 15 min between each trial. On the first day, the
animal underwent an adaptation period during which the animal was
introduced to the maze and guided to the escape hole. In four test trials,
the animal was allowed to explore the maze for 3 min. The trial ended if
(1) the animal found the escape path or (2) after 3 min had elapsed. This
process was repeated a total of four times at 1 d intervals. Performance in
behavioral tests between groups was evaluated by two-way repeated-
measures ANOVA with Sidak’s post hoc test for multiple comparisons.

Results
Traumatic brain injury impairs paravascular clearance of
interstitial solutes
Adult male mice were subjected to Hit & Run TBI injury, which
we have recently described and characterized (Ren et al., 2013;
Fig. 1A). In this model the animal is briefly anesthetized with
isoflurane, suspended by its incisors, and a calibrated traumatic
impact is delivered to the skull overlying the temporal cortex.
Advantages of this model include a minimal time under anesthe-
sia (!3 min), a freely moving head, and a closed skull. In the
present experiments, impactor parameters were selected to result
in a moderate-to-severe TBI grade, characterized by contusion of
the underlying cortex, but not resulting in skull fracture. Sham
animals were subjected to anesthesia, hanging, and falling, but no
impact. We have previously provided a detailed histological char-
acterization of this model between 3 and 28 d after TBI (Ren et al.,
2013). Within 7 d of TBI, a consolidated glial scar forms around
the temporal cortical lesion, and the ipsilateral cortex surround-
ing the glial scar is characterized by hypertrophic GFAP-positive
astrocytes that are absent in control and mirror-image contralat-
eral cortex. At 28 d post injury, the traumatic lesion is bounded by
a dense GFAP-positive glial scar and surrounded by wide fields of

reactive astrogliosis that extend throughout the ipsilateral cortex,
underlying white matter and striatum (Fig. 1B,C). As we de-
scribed previously, AQP4 localization in these regions of reactive
astrogliosis in the post-traumatic cortex is markedly altered. Be-
tween 3 and 7 d post injury, the perivascular polarization of
AQP4 is lost in these gliotic regions, and does not fully recover
even 28 d post injury (Ren et al., 2013). This can be seen clearly
when AQP4 and GFAP immunofluorescence were evaluated by
confocal microscopy 28 d post, injury. In the intact cortex, AQP4
immunoreactivity is highly polarized to perivascular end foot
processes (Fig. 1D,E), while regions of persistent reactive astro-
gliosis in the ipsilateral cortex exhibit a marked loss of perivascu-
lar AQP4 polarization (Fig. 1F), confirming that loss of
perivascular AQP4 polarization is a persistent feature of the post-
traumatic cortex. We confirmed the specificity of the anti-AQP4
antibody by staining tissue from sham and TBI-treated Aqp4"/"

mice. Although GFAP immunoreactivity did not differ between
wild-type and Aqp4"/" mice 7 d post injury, no AQP4 immuno-
reactivity was observed in Aqp4"/" brains (Fig. 2A–C), confirm-
ing that the loss of specific perivascular AQP4 localization is
not the result of nonspecific antibody binding within the in-
jured tissue.

Glymphatic clearance of interstitial solutes, including amyloid-!, is
dependent upon astroglial AQP4 (Iliff et al., 2012), while perivascular
polarization of AQP4 is disrupted for #1 month after experimental
TBI (Fig. 1D–F). The effect of TBI upon glymphatic pathway
function was first evaluated by measuring the rate of paravascular
CSF–ISF exchange 1, 3, 7, and 28 d after TBI Figure 3A,B). Flu-
orescence tracer (ovalbumin-conjugated Alexa 555, MW 45 kDa;
OA-45) was injected into the subarachnoid CSF of the cisterna
magna, brains were perfusion fixed 30 min post injection, and the

Figure 3. Paravascular CSF–ISF exchange is chronically impaired after TBI. A, B, Paravascular CSF–ISF exchange was evaluated by intracisternal injection of CSF tracer (ovalbumin-conjugated
Alexa 555; OA-45) 1, 3, 7, and 28 d after TBI. C–F, Ex vivo whole-slice fluorescence imaging shows that paravascular CSF influx evaluated 30 min post injection was dramatically reduced 7 d after TBI.
Interestingly, reduced glymphatic influx was observed bilaterally despite the unilateral traumatic injury. Quantification of tracer influx into the cortex (G) demonstrates that the effect of TBI upon
CSF influx peaks at 7 d post injury; however, a significant impairment of glymphatic function remains 28 d after injury (***p ! 0.001 vs Control; ###p ! 0.001 vs contralateral structure; two-way
ANOVA with Tukey’s post hoc test for multiple comparisons, n $5–12 animals per group). Although impaired CSF influx is observed bilaterally in both cortex and striatum, the impairment is greatest
in the ipsilateral cortex.
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Sleep disorders 
are more 

common after 
TBI

Hazard Ratio: 1.41  (1.37-1.44)
(adjusted for demographics, medical, & psychiatric comorbidities)

Leng Y et al. Neurology. 2021;96(13):e1792-e1799. PMID: 33658328



Increased 
dementia risk
after TBI

Gardner RC et al. JAMA Neurology. 2014.
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Disrupted 
Circuitry
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-Anxiety
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Immune 
dysregulation
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NEW MEASURES OF SLEEP PHYSIOLOGY 
ARE NEEDED

• Polysomnogram - 1950’s
• Actigraphy – 1990’s
• CSF oscillations ?
• Glymphatic exchange?
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SLEEP-WAKE INTRACEREBRAL 
FLUID TRACKING (SWIFT)

Modified functional Near InfraRed Spectroscopy (fNIRS)



NOTE!  They never recorded during SLEEP! 

Visual stimuli

Occipital optodes at 980nm



BEER-LAMBERT 
TRANSFORMATION
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SLEEP-WAKE INTRACEREBRAL 
FLUID TRACKING: SWIFT

2-week Oura
Ring

36h sleep 
deprivation

Overnight PSG x 1-3 
nights with fNIRS

Blood 
draw 1

Blood 
draw2

Compare ΔCwater with ΔCblood biomarker

Reaction 
time testing 

at home 
(PVT)

- Actigraphy
- Heart rate variability





WATER SPECTRA DISTINGUISHED FROM 
BLOOD IN ALL STAGES OF SLEEP



FUTURE CLINICAL RELEVANCE FOR 
NOVEL BIOMARKERS?

Fatigue / Sleepiness

- Sleep Hx
- Actigraphy
- Polysomnography
- Glymphatic / CSF flux

Apnea

Insomnia

Impaired 
Glymphatic 
Function

CPAP

Glymphatics 
Enhancement Clinical 

Trials:
- Transcranial stimulation
- Alpha blockade
- SWS modulation

CBT-i

Diagnosis / patient stratification

Prognosis / Pharmacodynamic / Target engagement



ACKNOWLEDGEMENTS

MRI MAGNUS TEAM
• Vincent Ho, MD (Walter Reed, USU)
• Robert Shih, MD (Walter Reed)
• Kevin DeMarco, MD (Walter Reed)
• Tom Foo, PhD (GE Research)
• Luca Marinelli, PhD (GE Research)
• Giulio Tononi, PhD (U Madison)
• Melanie Boly, PhD (U Madison)

BLOOD/EXOSOME BIOMARKERS TEAM
• Kimbra Kenney, MD (NICoE)
• Jessica Gill, PhD (Johns Hopkins)
• Pashtun Shahim, PhD (NIH)

SWIFT NIRS OPTICS TEAM
• Will Coon, PhD (JHU APL)

• Clara Scholl, PhD (JHU APL)

• Franck Amyot, PhD (NICoE)

• Angelica Lee, MD (USU Neurology)

• John Hughes, MD (WRAIR)

• Phorum Sheth (Coordinator)

Thank you!  kent.werner@usuhs.edu



Thank you!  kent.werner@usuhs.edu



EXTRA SLIDES:



TBI Center of Excellence (TBICoE) Clinical 
Recommendations for Sleep and mTBI

https://health.mil/Reference-Center/Publications/ search for “TBI and Sleep”  (direct link provided at end)

https://health.mil/Reference-Center/Publications/






APPROACHES TO MEASURE GLYMPHATIC 
FUNCTION

1) functional Near InfraRed Spectroscopy (fNIRS)
2) Genetic/molecular changes in blood

3) Novel, head-only “quiet” MRI for sleep



FUTURE CLINICAL RELEVANCE FOR 
NOVEL BIOMARKERS?

Fatigue / Sleepiness

- Sleep Hx
- Actigraphy
- Polysomnography
- Dim light melatonin onset
- Novel Biomarkers:
1. Glymphatics / CSF
2. Autonomics
3. Hemodynamics
4. Electrophysiology

Apnea

Insomnia

Impaired 
Glymphatic 
Function

CPAP

Glymphatics 
Enhancement Clinical 

Trials:
- Transcranial stimulation
- Alpha blockade
- SWS modulation

CBT-i

Circadian 
Disorder

Light, melatonin

Diagnosis / patient stratification



NEW MEASURES OF SLEEP PHYSIOLOGY 
ARE NEEDED

• Polysomnogram - 1950’s
• Actigraphy – 1990’s
• CSF / Glymphatic flux measurements ??
• EEG features 

• delta power, ORP, spindle features, machine learning

• Autonomic activity
• Cerebral blood flux
• Small molecule /protein/genetic changes ??



MAGNUS: THE WORLD’S FASTEST, QUIETEST, HIGH 
RESOLUTION MRI

Installed at Walter Reed National Military Medical 
Center



MOVEMENT OF BRAIN FLUID CAN BE TRACKED WITH MAGNUS

*UNPUBLISHED DATA 



Volunteer 4, 1 slice, t imes after R wave: 
(14, 64, 114, 164, 214, 264, 314, 514 ms)

*UNPUBLISHED DATA 








