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Neurobiology of Disease

Impairment of Glymphatic Pathway Function Promotes Tau
Pathology after Traumatic Brain Injury
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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-3, 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.
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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;
Morettietal.,2012; D.H. Smith etal., 2013). Prior TBlamong 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
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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- 3, 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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isoflurane for 2 min, then hung head up verti-
cally from its incisor teeth by a mounted
metal ring. The impactor was positioned
normal to the skull at the loading point half-
way between the ipsilateral orbit and the ear
canal. Following impact, the mechanism re-
leased the injured animal onto a soft pad
placed below. After anesthesia induction, it
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Figure 1. TBI causes loss of perivascular AQP4 polarization in astrocytic end feet. 4, Schematic depicting Hit & Run model of

moderate TBI (Ren et al., 2013). Mouse is briefly anesthetized with isoflurane, suspended by its incisors from a string, and a
calibrated temporal impact is delivered by a pneumatic-controlled, cortical impactor device. The animal falls to an underlying pad
and rapidly awakens from anesthesia. B-C, Twenty-eight days after TBI, the traumatic lesion is bounded by a dense glial scar and
surrounded by a wide field of reactive astrogliosis. Changes in AQP4 expression and localization between 3 and 28 d after TBI have
been extensively characterized previously (Ren et al., 2013). Within the control cortex (D), AQP4 localization is polarized to
perivascular astrocytic end feet surrounding the cerebral microcirculation (arrows). Inset depicts GFAP immunoreactivity alone.
Twenty-eight days after, AQP4 immunoreactivity in the contralateral cortex (E) appears normal. In regions of reactive astrogliosis
(inset shows GFAP immunoreactivity alone) surrounding the traumatic lesion in the ipsilateral cortex (F), perivascular AQP4
polarization is persistently lost, as AQP4 immunoreactivity increases in nonperivascular structures (arrows identify the location of

perivascular astrocytic end feet. Scale bars: 20 m.

transport, we termed this paravascular pathway the “glymphatic
system.” In the present study, we evaluate whether the disruption
of perivascular AQP4 localization following TBI (Lu et al., 2011;
Fukuda et al., 2012; Ren et al., 2013) is accompanied by post-
traumatic impairment of paravascular CSF-ISF exchange and
interstitial solute clearance. Finding chronic impairment of
glymphatic pathway function after TBI, we define the anatomical
pathway along which interstitial tau is cleared, then test whether
impairment of glymphatic clearance contributes to the buildup
of phosphorylated tau after TBI.

Materials and Methods

Animals. All experiments were approved by the University Committee on
Animal Resources of the University of Rochester Medical Center and the
Institutional Animal Care and Use Committee of Oregon Health & Sci-
ence University. Unless otherwise noted, 8- to 12-week-old male
C57BL/6 mice (Charles River) were used in experiments. To define the
paravascular route of tau clearance from the brain, a transgenic double
reporter mouse was generated. Tg(TIE2GFP)287Sato/] (Tie2-GFP, JAX)
were crossed with NG2DsRedBAC (NG2-DsRed, JAX) mice as described
previously (Iliff et al., 2012). Tie2-GFP overexpress green fluorescent
protein under the endothelium-specific Tie2 promoter, while NG2-
DsRed mice express the red fluorescent protein DsRed under the control
of the NG2 promoter. Adult NG2-DsRed animals express DsRed in brain
pericytes and vascular smooth muscle cells, in addition to NG2-positive
glial cells. In Tie2-GFP:NG2-DsRed mice, all blood vessels are labeled
with GFP. Capillaries, venules, and veins express disperse DsRed labeling
on overlaying pericytes. Arterioles and arteries exhibit a dense circum-
ferential pattern of DsRed labeling. Agp4~’~ mice were generated as
described previously (Thrane et al., 2011). These animals are global Agp4
gene knock-outs backcrossed onto a C57BL/6 background.

““Hit & Run” traumatic brain injury model. Experimental closed-skull
moderate TBI was induced as described previously (Ren et al., 2013).
Briefly, a pneumatic-controlled, cortical impact device (Pittsburgh Pre-
cision Instruments) was modified by mounting the metal rod horizon-
tally. A polished stainless steel tip, which strikes the mouse’s head during
impact, was fitted to the end of the impactor slider. A strike depth of 10
mm and 0.1 time of impact were used with an impact velocity of 5.2 m/s.
Once unresponsive to tail pinch, the mouse was anesthetized with 2.5%

takes ~30 s to suspend, injure, and release
the animal onto the soft pad. The sham-
treated mice were anesthetized, hung from
the string, and allowed to fall and recover.

The benefits of the Hit & Run model against
more conventional TBI models such as the
controlled cortical impact (CCI) or fluid per-
cussion injury models(FPI), including the use
of a minimal period of anesthesia (<5 min), a
closed skull (with no craniotomy required),
and a freely moving head, have been defined in
detail in our prior study characterizing this
model (Ren et al., 2013). Particularly impor-
tant to the present study, surgical craniectomy
such as is used in both the CCI and FPI models,
reduces the upregulation of AQP4 observed in
the brain after closed-skull TBI (Tomura et al.,
2011). Thus, to study the effect of post-
traumatic changes in AQP4 expression and lo-
calization upon glymphatic pathway function,
it was important to avoid this confounding in-
fluence. Additionally, an increasing number of
studies suggests that exposure to clinically relevant levels of inhalation
anesthetic such as isoflurane can promote tau phosphorylation and neu-
rofibrillary pathology (Planel et al., 2009; Run et al., 2009). The minimal
period of anesthesia used in the Hit & Run model reduces the likelihood
that such effects influence our evaluation of tau phosphorylation at 28 d
after injury induction.

Immunofluorescence. Immunofluorescence was conducted on free-
floating 100 wm PFA-fixed vibratome slices or on slide-mounted 20 um
cryostat sections. Slices were blocked for 1 h at room temperature with
3% normal donkey serum (Jackson ImmunoResearch), incubated with
primary antibody overnight at 4°C, and incubated with secondary anti-
body for 2 h at room temperature. Primary antibodies included mouse
anti-GFAP (an astrocytic marker; 1:500: Millipore), rabbit anti-AQP4
(1:500; Millipore), mouse anti-human tau (1:500; Pierce); rabbit anti-NeuN
(a neuronal marker; 1:500; Millipore), mouse anti-phosphorylated tau
(ATS; 1:40; Pierce), mouse anti-phosphorylated neurofilament (SMI34;
1:250; Abcam), and Ibal (a microglia/macrophage marker; 1:250;
Wako). Slices were mounted with Prolong Antifade Gold with DAPI
(Life Technologies). Immunofluorescence was imaged on an inverted
laser scanning confocal microscope (Zeiss LSM510), and whole-slice
montages were generated using a resonance-scanning confocal micro-
scope (Nikon AIR).

To quantify GFAP-, Ibal-, and AT8 (P-tau)-immunoreactivity, 4 20
um slices were selected at 200 wm intervals centered around the trau-
matic lesion focus from each animal for imaging. In sham-treated ani-
mals, slices from equivalent rostrocaudal levels were selected. Uniform
fields from the temporal ipsilateral and contralateral cortex that excluded
the lesion cavity and surrounding glial scar were acquired by laser scan-
ning confocal microscopy at 63X objective power by a blinded investi-
gator. Confocal micrographs were analyzed in FIJI software by a blinded
investigator. Fluorescence channels were separated, and the images
uniformly thresholded to derive an area fraction value that represents
the percentage of the imaging field. The area fractions for the four
slices for each individual animal were averaged to derive a single
biological replicate.

Intracisternal CSF tracer infusion. Fluorescent CSF tracer (ovalbumin-
conjugated Alexa 647, 45 kDa; Life Technologies; OA-45) was consti-
tuted in artificial CSF at a concentration of 0.5%. For intracisternal tracer
infusions, anesthetized mice were fixed in a stereotaxic frame and a 30
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gauge needle was inserted into the cisterna
magna. Ten microliters of CSF tracer was in-
fused at a rate of 1 wl/min for 10 min with a
syringe pump (Harvard Apparatus). To visual-
ize tracer movement from the cisternal com-
partments into the brain parenchyma, animals
were perfusion fixed 30 min after the start of
intracisternal infusion (note that the needle
was left in place for the entire 30 min, even after
infusion ceased). Vibratome slices (100 pwm)
were cut and mounted as above. Tracer influx
into the brain was imaged ex vivo by whole-
slice conventional fluorescence microscopy
(Olympus; Stereo Investigator Software).

Tracer influx was quantified by a blinded in-
vestigator using FIJI (Image]) software as de-
scribed previously (Iliff et al., 2012). The
ipsilateral and contralateral cerebral cortex in
each slice was manually outlined, and the mean
fluorescence intensity within the cortical ROIs was measured. A weighted
average (weighted by cortical area) of fluorescence intensity was calcu-
lated for each hemisphere between the eight slices for a single animal,
resulting in a single paired (ipsilateral and contralateral) biological rep-
licate. The effect of TBI upon CSF tracer influx into the ipsilateral or
contralateral cortex was evaluated by two-way ANOVA with Sidak’s post
hoc test for multiple comparisons to determine differences between in-
dividual time points.

Intraparenchymal injections. To evaluate the pathway of interstitial tau
clearance, recombinant human tau (hTau; Abcam) was stereotactically
microinjected into the cerebral cortex of Tie2-GFP:NG2-DsRed mice. A
small burr hole was drilled and a 33 gauge stainless steel cannula (Ham-
ilton) was inserted at the following stereotactic coordinates within the
somatosensory cortex: 0.58 mm posterior, 1.90 mm lateral to bregma,
0.70 below brain surface. Thirty minutes after cannula insertion, 500 nl
0f 0.1 pg/ul hTau was infused over 10 min. One hour later, the cannula
was removed and the animal rapidly perfusion fixed. The movement of
hTau through the brain was evaluated in serial 100 wm vibratome slices
labeled with a primary antibody specific for human tau.

To evaluate the rates of interstitial fluid and solute clearance from the
brain, radiolabeled tracers (*H-mannitol and *C-inulin) were injected
stereotactically into the brain parenchyma. A stainless steel guide cannula
was implanted into the contralateral frontal cortex of anesthetized mice
6 d after TBI with coordinates of the cannula tip at 0.7 mm anterior, 3.0
mm lateral to bregma, and 1.3 mm below the surface of the brain. Ani-
mals were allowed to recover after surgery and the experiments were
performed 24 h after guide cannula implantation (7 d after TBL; Xie et al.,
2013). Artificial CSF (500 nl) containing both *H-mannitol and *C-
inulin (0.05 wCi) was infused over 5 min and 1 h after the start of infu-
sion, the cannula was removed, and the brain dissected and prepared for
radioactivity analysis. Brain samples were solubilized in 0.5 ml of tissue
solubilizer overnight, followed by addition of 0.5 ml liquid scintillation
cocktail. Radioactivity was analyzed in a liquid scintillation counter
(Beckman-Coulter). The amount of *H-mannitol and '*C-inulin cleared in
1 h was calculated based upon the percentage of radioactivity remaining in
the brain: percentage recovery = 100 X (N,/N;), where N, is the radioac-
tivity remaining in the brain after 1 h and N; is the radioactivity injected
into the brain. The effect of TBI or Agp4 gene deletion upon the clearance
of interstitial radiotracers was evaluated by two-way ANOVA with
Tukey’s post hoc test for multiple comparisons to evaluate differences
within individual groups.

Evaluation of traumatic lesion volume. The effect of Aqp4 gene deletion
upon traumatic lesion volume was evaluated 28 d after TBI. Eight uni-
formly sampled 20 wm cryostat sections were collected at 400 wm inter-
vals from each animal and processed by conventional H&E staining.
Slices were photographed with a slide scanner (Nikon) and the area of
each hemisphere (excluding ventricular spaces) was manually outlined
by a blinded investigator. Area measurements were integrated across
eight slices to derive contralateral and ipsilateral hemispheric volume mea-
surements for each animal. Post-traumatic changes in ipsilateral brain
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AQP4immunoreactivity is absentin Agp4 "~ mice. To ensure the specificity of the anti-AQP4 primary antibody used
in the present study, we conducted immunolabeling of control and TBI-treated brains from Agp4 "~ mice perfused 7 d after
injury. Although GFAP expression was readily detectable in control (4), contralateral TBI (B), and ipsilateral TBI () cortex, no AQP4
immunoreactivity was detectable. Scale bar, 20 wm.

volume were evaluated by normalizing ipsilateral volume to the
paired contralateral volumes. We have previously shown that this
model of TBI does not result in loss of contralateral cortical or subcortical
tissue (Ren et al., 2013). Differences in traumatic lesion volume between
wild-type and Agp4~/~ mice were evaluated by unpaired Student’s ¢ test.

Evaluation of tau phosphorylation by Western blot. Brain tissue was
homogenized in solution A containing sucrose (250 mmol/L), KCI (60
mmol/L), Tris-HCI (15 mmol/L), NaCl (15 mmol/L), EDTA (5 mmol/
L), EGTA (1 mmol/L), PMSF (0.5 mmol/L), and DTT (10 mmol/L), then
centrifuged at 2000 g for 10 min at 4°C. Protein samples (25 ung/lane for
P-tau gels, 4 pg/lane for total tau lanes) were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membranes. Blots were then
blocked in 5% dry milk and incubated at 4°C overnight with a primary
antibody. Primary antibodies used were rabbit anti-P-tau (pS396; Life
Technologies; catalog #44-752G), mouse anti-PHF-tau (pSer202/
Thr205; Thermo Scientific; catalog #MN1020), mouse anti-PHF-tau
(pThr231; Thermo Scientific; catalog #MN1040); rabbit anti-P-tau (pThr205;
Thermo Scientific; catalog #PA-14415); rabbit anti-P-tau (pSer404; Thermo Sci-
entific; catalog #PA-14426); and mouse anti-tau (pan-tau; Sigma; catalog
#1'9450). The signal was visualized using a biotinylated secondary antibody with
an ECL Plus chemiluminescence detection kit. Autoradiograms were scanned
and band optical densities were quantified and expressed relative to total tau.

Assessment of post-traumatic behavioral deficits. For open field, ro-
tarod, novel-object recognition, and Barnes maze tests, all tests were
performed on four cohorts of animals: wild-type sham-treated, wild-type
TBI treated, Agp4 '~ sham treated, and Agp4 ’~ TBI treated. Open
field, rotarod, and novel-object recognition tests were performed 2 d
before TBI, then weekly following TBI for 4 weeks. Barnes maze test was
performed weekly after TBI.

In the open field test, mice were monitored by video in an activity cage
to investigate spontaneous locomotor activity. Animals were evaluated
for 10 min after a 1 min adaptation period and videos were analyzed
using Any-Maze software (Stoelting). In the rotarod test, a mouse was
placed on a rotating rod and the latency before falling from the rod was
measured. The rod rotated at an initial speed of 10 rpm and accelerated 1
rpm per second. Mice were placed on the bar for a maximum of 6 min
and were given three sessions per day. Mice were tested 2 d before TBI,
then once per week after TBI. All post-TBI values were normalized to the
individual animals’ pre-TBI control performance.

In the novel-object recognition test, animals were placed in an open
chamber under video surveillance and allowed to freely explore for 10
min. Three objects of different texture and design were placed in the
center of the chamber and spaced equidistant from the walls. Mice were
allowed to explore the objects for 10 min. On the second day, one of the
objects was replaced by a novel object and animals were allowed to inter-
act with objects for 10 min. Their interaction times were recorded with a
camera and scored by individuals blinded to the treatment group of the
animals. The Barnes maze test apparatus consisted of a large circular
platform with 20 evenly spaced holes around the perimeter. During the
test, the animal used spatial cues to locate an escape hole, which differs
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Paravascular CSF-ISF exchange is chronically impaired after TBI. 4, B, Paravascular CSF—ISF exchange was evaluated by intracisternal injection of CSF tracer (ovalbumin-conjugated

Alexa 555; 0A-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
CSFinflux 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.

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. 1 D, 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 Agp4 ™"~
mice. Although GFAP immunoreactivity did not differ between
wild-type and Agp4 ™/~ mice 7 d post injury, no AQP4 immuno-
reactivity was observed in Agp4~/~ 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-f3, is
dependent upon astroglial AQP4 (1liff 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
CSE-ISF exchange 1, 3, 7, and 28 d after TBI Figure 3 A, 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
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Figure4. |Interstitial tau is cleared along the paravascular glymphatic pathway. 4, Recombinant hTau was injected into the cortex of Tie2-GFP:NG2-DsRed double-transgenic mice, which express
GFPin the vascular endothelium and DsRed fluorescent protein in cerebral vascular smooth muscle and pericytes. B—H, Movement of interstitial hTau through the intact brain was evaluated 30 min
postinjection by immunofluorescence. hTau moved diffusely from the injection site (B, ), moving along subcortical white matter tracks and perivascular spaces, to exit the brain along large draining
veins. High-power micrographs of the intraparenchymal segment (D) and the exit site from the brain (E) of the caudal rhinal vein show hTau accumulation (arrowheads) in paravascular spaces
surrounding this vein. This includes the wall of the large surface venous structure present at the brain surface (arrow). Insets depict X-Z and Y-Z orthogonal views of confocal stack. Inset at bottom
right depicts vascular reporter proteins without hTau fluorescence channel. Asterisk denotes vessel lumen. F, The absence of hTau along a nearby penetrating artery shows that para-arterial spaces
are not long-range pathways for interstitial hTau clearance. Intense hTau labeling of the distant medial internal cerebral veins (G) and the inferior sagittal sinus (H) shows that these venous
structures are major outflow routes for interstitial hTau. Scale bars: 20 pum. /, The effect of TBI upon interstitial solute clearance from the cortex was evaluated 7 d post injury. The clearance of
radiolabeled *H-mannitol (MW 182 Da; J) and "*C-inulin (MW~5 kDa; K) was measured 60 min after infusion into contralateral frontal cortex. In wild-type mice, TBI significantly slowed the
clearance of both *H-mannitol and ™C-inulin (*p << 0.05, **p < 0.001 TBI vs sham; two-way ANOVA with Tukey’s post hoc test for multiple comparisons; n = 6 animals per group). Clearance
studies conducted in Agp4 /"~ mice demonstrated that impairment of solute clearance after TBI was exacerbated by Aqp4 gene deletion (*p << 0.05, ***p << 0.001 wild-type vs Agp4 "~ mice;
two-way ANOVA with Tukey's post hoc test for multiple comparisons, n = 6 animals per group).
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volume between wild-type and Agp4 "~ mice (unpaired t test).

influx of CSF tracer into the brain parenchyma was evaluated ex
vivo by whole-slice fluorescence microscopy (Iliffetal.,2012; L. Yang
et al., 2013). Compared with sham controls, TBI dramatically im-
paired paravascular influx of CSF tracer (Fig. 3C-F). Although
this effect was most pronounced in the ipsilateral cortex, glym-
phatic pathway impairment was additionally observed in the
contralateral hemisphere and in the underlying striatum. When
CSF tracer influx was quantified at = 1, 3, 7, and 28 d after TBI,
impairment of CSF influx peaked at 7 d post injury, yet remained
significantly impaired even 28 d after TBI (Fig. 3G; ***p < 0.001
vs Control, p < 0.01 vs contralateral structure; two-way
ANOVA with Tukey’s post hoc test for multiple comparisons; n =
5-12 animals per group).

In prior studies (Iliff et al., 2012; Xie et al., 2013), we have
demonstrated that interstitial tracers such as fluorescently labeled
ovalbumin or dextrans, as well as clinically relevant solutes such
as amyloid-f3, are cleared from the brain along defined anatom-
ical pathways. To evaluate whether exogenous interstitial tau is
cleared along the same convective pathways, we injected recom-
binant human tau protein (Abcam) into the cortex of transgenic
Tie2-GFP:NG2-DsRed mice (Fig. 4A). As described previously
(Niff et al., 2012), these mice express GFP in endothelial cells and
the red fluorescent protein DsRed in cerebrovascular pericytes
and vascular smooth muscle cells, enabling the simple identifica-
tion of arteries, veins, and capillaries in fixed slices and in vivo.
Sixty minutes after injection, brains were perfusion fixed, stained
with an antibody specific for human tau (Abcam), and imaged by
whole-slice confocal imaging. The local convective movement of
interstitial tau occurred slowly through the bulk interstitium,
proceeding more rapidly along the basal lamina of the nearby
capillary bed. Intracortically injected hTau moved most rapidly
from the injection site along the subcortical white matter of the
external capsule (Fig. 4B,C). At points, most distant from the
injection site, hTau appeared to accumulate along a specific sub-
set of large-caliber draining veins, including the caudal rhinal
veins that drain from the subcortical white matter tracts (Fig.
4D, E); the internal cerebral veins, which run medially within the
roof of the third ventricle (Fig. 4G); and the inferior sagittal sinus
at the base of the falx cerebri (Fig. 4H ). Interestingly, in regions
distal from the injection site, tracer accumulation occurred solely
along these large-caliber draining veins, and not along penetrat-
ing arteries (Fig. 4F), which suggests that interstitial tau is
cleared along the same paravascular pathways previously de-
scribed for interstitial tracers and amyloid-g (Iliff et al., 2012).

We next measured the effect of TBI upon the clearance of
interstitial solutes from the cortex. Seven days after TBI, radiola-

L)1/ E—

(Ipsilateral/Contralateral)

Aqp4 gene deletion does not exacerhate chronic traumatic lesion development. The effect of Agp4 gene deletion upon
traumatic lesion volume was evaluated in brains harvested 28 d after TBI. 4, B, Brains were serially sliced and brain structure was
evaluated by H&E staining. Red arrow indicates site of traumatic impact and area of greatest cortical damage. Ipsilateral and
contralateral cortical areas were measured for each slice, then integrated through serial slices to derive a cortical volume. Ipsilateral
cortical volume was expressed as a ratio to the contralateral volume (€). No significant difference was observed in ipsilateral lesion
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beled tracers (’H-mannitol, MW 182 Da;
"C-inulin, MW ~5 Da) were coinjected
into the contralateral frontal cortex (Fig.
4T). One hour later, the radiotracer re-
maining in the brain was measured by liq-
uid scintillation counting. Mannitol and
inulin were selected as interstitial tracers
because neither are cleared across the
blood-Dbrain barrier, and both are cleared
from the brain by convective bulk flow
(Cirrito et al., 2005; Sykova and Nichol-
son, 2008). In sham-treated mice, within
1 h of injection, ~40% of the injected *H-
mannitol and "*C-inulin had been cleared
(Fig. 4],K). The equivalent rates of *H-
mannitol and '*C-inulin clearance, de-
spite a ~25-fold difference in molecular
weight, is consistent with the clearance of these solutes from the
brain interstitium by bulk flow (Cserr, 1971; Iliff et al., 2012).
After TBI, interstitial solute clearance in wild-type mice was re-
duced by ~25% (*p < 0.05, **p < 0.001, TBI vs sham; two-way
ANOVA with Tukey’s post hoc test for multiple comparisons; n =
6 per group). Importantly, we conducted tracer injections con-
tralaterally to avoid the disrupted tissue in the ipsilateral cortex.
However, at 7 d post-TBI, aquaporin mislocalization (described
previously in Ren et al., 2013) and glymphatic pathway impair-
ment was more severe (Fig. 3G) in the ipsilateral cortex. Thus, we
believe that this 25% reduction in glymphatic solute clearance is
an underestimate of the impairment occurring after traumatic
injury in the ipsilateral cortex. These data demonstrate that glym-
phatic pathway function, reflected by paravascular CSF-ISF ex-
change and interstitial solute clearance, are chronically impaired
after TBIL.

WT  Agpd”

Impairment of glymphatic pathway function promotes post-
traumatic development of tauopathy
Glymphatic pathway function is mediated by astrocytic AQP4
water channels, while genetic deletion of the Agp4 gene in mice
dramatically slows paravascular CSF-ISF exchange and impairs
the clearance of intrastriate interstitial solutes such as amyloid-3
(Iliff et al., 2012). These findings were confirmed in a new set of
experiments where the interaction between Agp4 gene deletion
and TBI on interstitial solute clearance was evaluated. In agree-
ment with our prior study (Iliff et al., 2012), among sham-treated
animals Agp4 gene deletion significantly reduced the amount of
both intracortically injected *H-mannitol and '*C-inulin cleared
within the first hour post injection (Fig. 4J,K; *p < 0.05, wild-
type sham vs Agp4~/~ sham, two-way ANOVA with Tukey’s post
hoc test for multiple comparisons, n = 6 per group). When
Agp4~’" mice were subjected to TBI, 7 d after injury the impair-
ment of interstitial solute clearance was dramatically exacerbated
compared with the effect observed for TBI alone (Fig. 4],K,
*0p < 0.001, wild-type TBI vs Agp4~’~ TBI, two-way ANOVA
with Tukey’s post hoc test for multiple comparisons, # = 6 per
group). Because Agp4 /"~ mice subjected to TBI exhibited a pro-
found impairment in glymphatic pathway function, we next used
this approach to evaluate whether impairment of glymphatic
pathway function contributes to aberrant accumulation of phos-
phorylated tau after TBI.

Although studies focusing on ischemic injury demonstrated
an overall protective effect of Agp4 gene deletion on lesion devel-
opment (Manley et al., 2000), more recent work in TBI models
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Figure6. Post-traumatic P-tauaccumulationis exacerbated by Agp4 gene deletion. The effect ofimpairing glymphatic pathway function by Agp4 gene deletion upon the development of tauopathy after TBI
was evaluated. A, Wild-type and Agp4 "~ brains were harvested 28 d post injury and probed for the presence of P-tau epitopes. Representative blots are presented showing the effect of mouse genotype
(wild-type vs Agp4 ™), injury status (sham vs TBI), and hemisphere [contralateral (C) vs ipsilateral (1)] upon labeling by various P-tau monoclonal antibodies targeting different tau phosphorylation epitopes.
Total tauwasalsomeasured (Pan-tau) and all P-tau levels were normalized to P-tau levels within each biological sample. B—F, Across all epitopes, TBI tended toincrease P-tau labeling, particularly in the ipsilateral hemisphere.
This effect of TBI on P-tau labeling was statistically significant when antibodies targeting the pThr205 (C), pThr231 (D), and pSer396 (E) were used (two-way ANOVA, n = 3—4 per group). Post hoc analysis revealed that Aqp4
gene deletion significantly increased pThr231 labeling after TBI (¥p << 0.05, **p << 0.01, ***p << 0.001; two-way ANOVA with Tukey's post hoc test for multiple comparisons, n = 3—4 per group).

has not observed any difference in lesion volume after TBI be-  after TBI, we observed no differences in lesion volume (Fig. 5A—
tween wild-type and Agp4~’~ mice (Lu et al., 2011). Consistent ~ C). Thus any differences observed between wild-type and
with these findings, when we assessed lesion volume by H&E ~ Agp4~/~ mice are likely not the result of differences in traumatic
staining of serial slices from wild-type and Agp4 /" mice 28 d  injury severity.
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Figure 7. Neuronal P-tau accumulation and axonal degeneration after TBI in Agp4 ™/~ mice. Wild-type and Agp4 ™/~ mice
were subjected to TBI and the presence of P-tau was evaluated by immunofluorescence 28 d post injury. Double labeling with the
AT8 P-tau antibody (specific for pSer202/pThr205 epitopes) and the neuronal marker NeuN showed that in the wild-type cortex,
P-tau immunoreactivity was not observed under control conditions (A). After TBI, P-tau immunoreactivity was diffusely increased,
but at a low level (B). In the qu47/7 cortex (€), marked P-tau labeling was observed after TBI, both within neuronal soma
(arrows) and in surrounding neurites (arrowheads). Quantification of P-tau immunoreactivity in cortical (D) and striatal (E) regions
proximal to the traumatic lesion showed that P-tau accumulation was dramatically increased in the Agp4 ™~ brain after TBI. F—K,
Axonal degeneration was evaluated in the ipsilateral cortex and underlying corpus callosum 28 d after TBI by staining for phos-
phorylated neurofilament with the SMI34 monoclonal antibody. In the control cortex (F) and corpus callosum (/), no axonal
spheroids or varicosities were evident. In the wild-type cortex after TBI (@), SMI34-immunoreactive varicosities were sparsely
present (arrows). In the qu47/7 cortex (H) and corpus callosum (K), SMI34-positive spheroids and varicosities were readily

detectable (arrows).

At 28 d after injury brains were evaluated by Western blot
for evidence of P-tau accumulation. Using a battery of antibodies
targeting the pSer202/pThr205, pThr205, pThr231, pSer396, and
pSer404 P-tau epitopes, we measured P-tau accumulation in the
ipsilateral and contralateral cortex of wild-type and Agp4 ™/~
mice. Representative blots are shown in Figure 6A, while P-tau
levels normalized to total tau expression (derived from blotting
with a pan-tau antibody) are presented in Figure 6B—F. Two gen-
eral findings were observed across all of the data. First, TBI sig-
nificantly increased P-tau levels identified with the anti-pThr205
(Fig. 6C; p < 0.05, two-way ANOVA with Tukey’s post hoc test for
multiple comparisons, n = 4 per group), pThr231 (Fig. 6D; p <
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Aqp4”

0.05, two-way ANOVA, n = 4 per group),
and pSer396 (Fig. 6E; p < 0.01, two-way
ANOVA with Tukey’s post hoc test for
multiple comparisons, n = 4 per group)
antibodies in both the contralateral and
ipsilateral hemispheres; however, the ef-
fects were greatest in the ipsilateral hemi-
sphere. Similarly, mean P-tau levels
identified by anti-pSer202/Thr205 (Fig.
6B) and pSer404 (Fig. 6F) antibodies were
higher after TBI; however, these effects
did not achieve statistical significance. A
second finding was that after TBI, mean
P-tau levels in the Agp4 /" cortex were
consistently higher than in the corre-
sponding wild-type cortex. This was true
of both contralateral and ipsilateral hemi-
spheres; however, the effect was greatest
and the levels higher in the ipsilateral
cortex. Post hoc testing revealed a signifi-
cant difference between wild-type and
Agp4~"~ pThr231 levels in the ipsilateral
cortex (Fig. 6D; *p < 0.05, wild-type TBI
vs Agp4~’~ TBI; two-way ANOVA with
Tukey’s post hoc test for multiple compar-
isons, n = 4 per group).

We then evaluated whether TBI or
Aqp4 gene deletion exacerbated histo-
logically evaluated tau pathology. Fro-
zen slices were stained with the AT8
monoclonal antibody (which detects
the pSer202/pThr205 P-tau epitopes)
and counterlabeled with the neuronal
marker NeuN 28 d after TBI. Within the
control cortex, no P-tau immunoreac-
tivity was evident (Fig. 7A). After TBI,
the wild-type ipsilateral cortex exhib-
ited elevated, but still diffuse, P-tau
immunoreactivity (Fig. 7B). Within
Agp4~’~ mice, P-tau immunoreactivity
in the ipsilateral cortex was dramatically
altered. Intense P-tau immunoreactivity
was present in NeuN-positive neuronal
soma and surrounding neurites (Fig.
7C-E). These findings are in general
agreement with the quantitative results
obtained by Western blot, demonstrat-
ing that Aqgp4~/~ mice, in which glym-
phatic pathway function and interstitial
solute clearance are profoundly im-
paired (Iliff et al., 2012), also exhibit
higher levels of tau pathology in the chronic phase after TBI.

Aqp4 gene deletion promotes neurodegeneration and
neuroinflammation

Neuroinflammation and cognitive decline are hallmarks of
neurodegenerative processes, including Alzheimer’s disease
(Eikelenboom et al., 2002) and chronic traumatic encephalop-
athy (CTE; Goldstein et al., 2012). In our initial characteriza-
tion of the Hit & Run model of TBI we observed that at 14 d
post injury, evidence of axonal degeneration was readily ap-
parent in the ipsilateral cortex (Ren et al., 2013). When we
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evaluated axonal degeneration by im-
munostaining for phosphorylated neu-
rofilament with the SMI34 monoclonal
antibody, we observed that SMI34-
positive axonal varicosities and retrac-
tion bulbs were detectible in wild-type
mice in the ipsilateral cortex 28 d after
TBI (Fig. 7F,G,1,]), but were sparsely
distributed. Axonal degeneration was
more extensive in the ipsilateral cortex
as well as within the underlying corpus
callosum of Aqp4~'~ mice (Fig. 7H,K).

In our prior study characterizing the
development of reactive gliosis after TBI
in the Hit & Run model (Ren et al., 2013),
we observed that widespread reactive
astrogliosis and microgliosis develops
across large areas of the cortex and under-
lying striatum and hippocampus in the
days following traumatic injury, which
would slowly subside over the weeks fol- 50-
lowing injury (Ren et al., 2013). Four
weeks after injury, although intense astro-
cyte and microglial activation persisted in
tissue adjacent to the traumatic lesion,

Control

Wild Type

GFAP immunoreactivity in regions not
immediately associated with the glial scar
remained only somewhat elevated in the

Area Fraction (%)

s
.. -) . ’ 40
. . . 4 N . ) . . < ool .
. L . 201
. . 104
ipsilateral cortex of wild-type mice (Fig. o 0

WT  WT  Agqpe”-
Sham ——TBl——

8A-C,G). In qu47/7 mice, however,
GFAP expression in these remote cortical
regions was dramatically increased in the
ipsilateral cortex (Fig. 8D-G; **p < 0.01,
Aqp4~"" ipsilateral TBI vs wild-type ipsi-
lateral TBI; *p < 0.01 vs contralateral
structure; two-way ANOVA with Tukey’s
post hoc test for multiple comparisons;
n = 4 per group). A similar exacerbation
of Ibal labeling was observed in the ipsi-
lateral cortex of Agp4 /" mice after TBI
compared with wild-type mice after TBI
(Fig. 8H; #p < 0.05, Agp4~'~ ipsilateral vs
Agp4~’" contralateral; two-way ANOVA with Tukey’s post hoc
test for multiple comparisons; n = 4 per group).

When behavioral tests were used to evaluate motor and cog-
nitive function after TBI, we similarly found that Agp4 gene de-
letion worsened functional outcome. Mice underwent behavioral
evaluation 2 d before TBI, then weekly after injury (Fig. 9A).
When gross motor function was evaluated by open field test, no
significant difference was observed in wild-type mice after TBI
whilein Agp4 /" mice, open field test performance was impaired
after TBI (Fig. 9B; *p < 0.05 Agp4~’~ Control vs Aqp4~'~ TBI;
two-way repeated-measures ANOVA; n = 9-14 per group).
When motor coordination was evaluated with the rotarod test,
we found that while TBI did not significantly impair function in
wild-type mice, in Agp4~’~ mice performance was significantly
impaired after injury (Fig. 9C; *p < 0.05 Agp4 /~ Control vs
Aqp4~’~ TBI; two-way repeated-measures ANOVA with Sidak’s
post hoc test for multiple comparisons, # = 9-14 animals per
group). Cognitive function was evaluated both with the novel-
object recognition test and with the Barnes maze spatial learning
test. TBI impaired cognitive function both in wild-type and
Agp4~’~ mice [Fig. 9D, E; *p < 0.05, **p < 0.01 WT Control vs

Contralateral Agp4™—"").
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Figure8. Agp4 gene deletion promotes neuroinflammation after TBI. The effect of Agp4 gene deletion upon the persistence of
neuroinflammation after TBI was evaluated. A—F, Wild-type and Agp4 /™ mice were subjected to TBI and reactive astrogliosis
(GFAP expression), and microgliosis (Iba1 expression) in the contralateral and ipsilateral cortex was evaluated by immunofluores-
cence 28 d post injury. Compared with wild-type mice after TBI, markedly elevated GFAP- and Ibal-immunoreactivity were
observed in the ipsilateral cortex of Agp4 /"~ mice after TBI. G, Quantification of GFAP labeling demonstrated significantly
increased reactive astrogliosis in the ipsilateral cortex of Agp4 ™"~ mice
Agp4™~ ; two-way ANOVA with Tukey's post hoc test for multiple comparisons; n = 4 animals per group), which was not
present in wild-type mice (**p << 0.01, Agp4 ™/~ Ipsilateral vs WT Ipsilateral). H, Quantification of Iba1 labeling showed
that microglial activation was similarly increased in the ipsilateral cortex of Agp4 "~ mice (*p << 0.05, Ipsilateral vs

(*p < 0.001, Ipsilateral vs Contralateral

WT TBL *p < 0.05, *p < 0.05 Agp4~'~ Control vs Agp4~'~ TBI;
two-way repeated-measures ANOVA with Sidak’s post hoc test
for multiple comparisons; n = 9—14 animals per group (Novel-
Object Recognition), n = 5 per group (Barnes Maze)]. Post-
traumatic cognitive deficits, however, were more pronounced in
Agp4~’~ mice compared with wild-type animals (Tp < 0.05 WT
TBIvs Agp4~’~ TBI). In the case of both the rotarod test (Fig. 9C)
and the Novel-Object Recognition Test (Fig. 9D), performance of
the Agp4~'~ TBI group persistently tracked below that of the
corresponding WT TBI group, through the full 4 weeks of evalu-
ation post injury. Similarly, the deficit in Barnes Maze perfor-
mance was observed when the test was administered beginning
28 d after TBI (Fig. 9E). These results demonstrate that Agp4 gene
deletion, in addition to causing glymphatic pathway dysfunction
and promoting post-traumatic neuroinflammation, persistently
exacerbates cognitive deficits after TBI.

Discussion

Moderate-to-severe TBI is an established risk factor for the
development of neurodegenerative disease, including Alzhei-
mer’s disease (Guo et al., 2000; Lye and Shores, 2000; Plass-
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Figure9.  Agp4 gene deletion exacerbates post-traumatic cognitive impairment. 4, The ef-
fect ofimpairing the glymphatic pathway upon post-traumatic cognitive deficits was evaluated
in wild-type and Agp4 "~ mice subjected to TBI. Animals underwent baseline behavioral
testing 2 d before injury, then weekly after TBI. B, Gross motor behavior was assessed by the
open field test. TBI did not significantly alter performance in the open field test in wild-type
mice; however, performance in the open field test was significantly impaired after TBI in the
Agp4~" mice (*p < 0.05Agp4~/~ Control vs Agp4 "~ TBI; two-way repeated-measures
ANOVA; n = 914 per group). C, Motor coordination was evaluated by the rotarod test. While
TBI did not significantly impair rotarod performance in wild-type animals, in Agp4 ™/~ mice TBI
significantly impaired test performance (*p << 0.05 Agp4 /"~ Control vs Agp4 "~ TBI; two-
way repeated-measures ANOVA with Sidak's post hoc test for multiple comparisons, n = 9-14
animals per group). Cognitive function was evaluated with the novel-object recognition test (D)
and the Barnes maze test (E). In both tests, TBI impaired cognitive performance among both
wild-typeand Agp4 /™ mice [*p << 0.05, **p << 0.01WT Control vs WTTBI; *p < 0.05, *p <
0.05Agp4 ™/~ Controlvs Agp4 ™~ TBI; two-way repeated-measures ANOVA with Sidak’s post
hoc test for multiple comparisons; n = 9—14 animals per group (Novel-Object Recognition),
n =5 per group (Barnes Maze)]. Post-traumatic cognitive impairment was exacerbated in
Agp4~"" mice compared with wild-type animals (Tp << 0.05 WT TBI vs Agp4 /™ TBI).

man et al., 2000; D.H. Smith et al., 2013). The basis for this
association has remained unclear; however, the presence of
amyloid plaques in the brains of young patients that died from
severe TBI (Roberts et al., 1991, 1994) and the presence of
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neurofibrillary pathology in the brains of TBI survivors (John-
son et al., 2012) has suggested that pathogenic processes initi-
ated after TBI are related to those that occur in the aging brain
in the setting of Alzheimer’s disease.

Disruption of cells and cellular function within the perivas-
cular domains that constitute the glymphatic pathway are es-
tablished features of the brain in the setting of aging and
Alzheimer’s disease. Loss of pericyte coverage and blood-
brain barrier disruption occur in the brains of Alzheimer’s
patients (Zlokovic, 2005; Sengillo et al., 2013), while loss of
perivascular AQP4 polarization in the surrounding perivascu-
lar astrocytic end feet is observed in the aging (Kress et al.,
2014) and Alzheimer’s disease brain (Wilcock et al., 2009; J.
Yang et al., 2011). These changes within perivascular domains
are associated with the impairment of interstitial amyloid- 3
clearance (Zlokovic, 2005; Kress et al., 2014), suggesting that
disruption of perivascular cellular function may render the
aging brain vulnerable to misaggregation of amyloid-f and
other proteins, and subsequent neurodegeneration. We have
reported that after both mild and moderate TBI in mice, the
perivascular polarization of AQP4 is chronically disrupted in
reactive astrocytes after injury (Ren et al., 2013). Consistent
with the dependence of brain interstitial solute clearance upon
perivascular AQP4 (Iliff et al., 2012), we observed that mod-
erate TBI impaired glymphatic pathway function for >1
month after injury, slowing the clearance of interstitial solutes
from the brain parenchyma. The prolonged impairment of the
glymphatic pathway after TBI, a key contributor to amyloid- 3
clearance from the brain interstitium*>**, may promote both
early amyloid plaque deposition after severe TBI (Roberts et
al., 1991, 1994) and the accelerated development of amyloid
pathology in the aging brain after TBI (Guo et al., 2000; Lye
and Shores, 2000; Plassman et al., 2000; D.H. Smith et al.,
2013).

More recently, the development of neurodegeneration in
the clinical condition CTE after exposure to repeated mild TBI
has gained much attention. This condition, like Alzheimer’s
disease, is classified as a tauopathy, and is characterized by
intracellular tau aggregates observed first in perivascular foci
in the superficial frontal cortex to other cortical areas, the
hippocampus, and wider brain regions (Omalu et al., 2011;
McKee et al., 2013). Although tau, a microtubule-associated
protein, is conventionally regarded as an intracellular protein,
emerging research suggests that in the healthy young brain tau
is released from active neurons into the brain interstitium
(Yamada etal., 2011, 2014). After brain injury, including TBI,
high levels of tau are released into the brain ISF and CSF
(Morris et al., 2011; Magnoni et al., 2012; Tsitsopoulos and
Marklund, 2013), presumably as a result of axonal damage.
Interstitial tau is taken up into cells of the CNS, and the uptake
of interstitial tau aggregates into neurons is now thought to
underlie the “prionic” spread of tauopathy in progressive neu-
rodegenerative diseases such as Alzheimer’s disease (Kfoury et
al., 2012; Holmes et al., 2013; Walker et al., 2013). In the
present study, we report that in addition to cellular uptake, a
large proportion of interstitial monomeric tau is cleared from
the cortex by bulk flow along the white matter tracks and
paravascular spaces of the glymphatic pathway.

After TBI, the clearance of interstitial solutes from the brain
parenchyma was impaired, even when clearance was measured
from the more modestly affected contralateral hemisphere.
Yamada et al. (2011) and (2013) have proposed that increasing
interstitial tau concentrations promote tau aggregation both in
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the intracellular and extracellular com-
partments. We tested whether Agp4 gene
deletion, which is associated with a pro-
found global impairment of glymphatic
pathway function and interstitial solute
clearance, promotes the buildup of phos-
phorylated tau after TBI. In wild-type
mice, cortical P-tau levels were mildly el-
evated 28 d after TBI, as shown by both
Western blot using a battery of P-tau an-
tibodies and immunofluorescence using
the ATS antibody. In Agp4~/~ mice, pro-
nounced P-tau immunoreactivity was ev-
ident in the cortex surrounding the
traumatic lesion 28 d after TBI. Western
blot analysis similarly revealed elevated
P-tau levels in Agp4~’~ compared with
wild-type mice after TBI. Accumulation
of P-tau in Agp4~/~ mice was accompa-
nied by increasing axonal degeneration,
the development of pronounced neuroin-
flammation, and exacerbation of post-
traumatic cognitive deficits. Thus, we
propose that loss of perivascular AQP4
polarization after TBI impairs the clear-
ance of interstitial solutes, including the
protein tau, along the paravascular glym-
phatic pathway. The failure to clear inter-
stitial tau in turn promotes intracellular
tau aggregation and neurodegeneration,
exacerbating neurocognitive function
after TBI (shown in schematic form in
Fig. 10).

In our prior study (Iliff et al., 2012),
and in the present study, Aqp4 gene dele-
tion impaired the clearance of intersti-
tial solutes, including amyloid-B, and
promoted the accumulation of phos-
phorylated tau after TBI. In the case of
amyloid- B3, a substantial fraction of inter-
stitial clearance was insensitive to Aqp4
gene deletion (Iliffet al., 2012), suggesting
that multiple processes may be responsi-
ble for the clearance of this compound from the brain intersti-
tium. One such mechanism is trans-endothelial efflux across the
blood—brain barrier via efflux transporters such as the low-
density lipoprotein-related protein-1 (Shibata et al., 2000; Zlok-
ovic, 2005). Given that these two mechanisms occur within the
same perivascular domains, it is plausible that these two processes
interact with one another. One intriguing possibility is that con-
vective bulk flow along paravascular pathways serves to distribute
transporter substrates along perivascular spaces, allowing more
efficient clearance of solutes like amyloid-f across the blood—
brain barrier. It is currently unclear whether interstitial tau is a
substrate for any specific or saturable transporter system at the
blood— brain barrier. Thus, whether processes other than cellu-
lar uptake (Holmes et al., 2013) or paravascular bulk flow con-
tribute to the clearance of interstitial tau remains unknown.

An extensive prior literature has focused upon the role of
AQP4 in the setting of traumatic injury. AQP4 appears to partic-
ipate both in the formation of cytotoxic edema in addition to the
resolution of vasogenic edema after brain injury (Badaut et al.,
2011; Thrane et al., 2014). In the acute setting, AQP4 expression

Figure 10.
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Post-traumatic impairment of glymphatic pathway function promotes tau aggregation. Schematic representation
of proposed relationship between perivascular AQP4 polarization, glymphatic pathway function, and interstitial tau clearance after
TBI. We propose that chronic loss of perivascular AQP4 polarization after TBI impairs paravascular clearance of interstitial tau,
promoting tau aggregation, neurodegeneration, and persistent neuroinflammation in the post-traumatic brain.

is increased after TBI and in a recent experimental study using an
open-skull model of TBI in juvenile rats, siRNA-based knock-
down of AQP4 around the time of injury reduced the formation
of cerebral edema, suggesting that AQP4 participates in the de-
velopment of cerebral edema (Fukuda et al., 2013). In a closed-
skull model of adult TBI, we recently reported that changes in
AQP4 expression and localization peaked after cerebral edema
and elevated intracranial pressure normalized (Ren et al.,
2013), suggesting that changes in AQP4 expression and local-
ization may facilitate the resolution of vasogenic edema after
TBI. This notion is consistent with observations in other ex-
perimental models of vasogenic edema that report exacerba-
tion of injury with Agp4 gene knock-out (Papadopoulos et al.,
2004). The present study suggests that in addition to these
effects of AQP4 in the formation and resolution of cerebral
edema in the acute stage of TBI, the long-term mislocalization
of AQP4 after TBI (Ren et al., 2013) additionally impairs
glymphatic clearance of interstitial solutes from the brain,
contributing to tau aggregation and neurodegeneration in the
chronic phase after traumatic injury.
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More recently, a second role for AQP4 in the development
of brain injury has emerged with the recognition that this
water channel supports astroglial migration. Deletion of the
Aqp4 gene impaired glial scar formation after traumatic injury
(Luetal., 2011), while in primary cell culture Agp4 gene dele-
tion impairs astrocyte migration (Auguste et al., 2007). The
role of AQP4 in supporting astroglial migration appears to be
attributable to a pool of AQP4 distinct from the AQP4 that
exhibits polarized perivascular localization. Within astro-
cytes, AQP4 is expressed in two variant forms that are the
result of alternative transcription initiation sites: the longer
AQP4-M23 variant that is predominant in healthy brain and
exhibits highly polarized perivascular localization (Nagelhus
and Ottersen, 2013) and the shorter AQP4-M1 form that does
not polarize (Furman et al., 2003; Crane et al., 2009), but
facilitates astrocyte migration (A.J. Smith et al., 2014). Al-
though this has not been explicitly tested, we surmise that the
loss of the AQP4-M1 variant and its facilitation of astroglial
migration accounts for the effect of Aqp4 gene deletion on glial
scar formation. In contrast, we propose that the effect of TBI
and Agp4 gene deletion upon glymphatic pathway function
and tau aggregation result from the loss of the perivascular
pools of AQP4 that facilitate the movement of fluid into and
out of the paravascular CSF influx and ISF clearance pathways
(Iliff et al., 2012). One intriguing possibility is that astroglial
upregulation of AQP4-M1 is protective in the acute and sub-
acute setting by promoting glial scar formation, but also re-
duces perivascular AQP4 polarization, setting the stage for
chronic glymphatic pathway impairment, protein aggrega-
tion, and neurodegeneration (shown in schematic form in Fig.
10).

The loss of perivascular AQP4 polarization is a key feature
of reactive astrocytes after both mild and moderate TBI (Ren
et al., 2013) and in a mouse model of diffuse micro-infarcts
(Wang et al., 2012). In the aging mouse brain it is associated
with the impairment of glymphatic pathway dysfunction and
impairment of interstitial amyloid- 3 clearance from the brain
(Kress et al., 2014). These findings, with those of the present
study. suggest that the association between mild-to-moderate
reactive astrogliosis, loss of perivascular AQP4 polarization
and impairment of glymphatic pathway function may be com-
mon features of both the aging and the injured brain that
promote the misaggregation of proteins like amyloid-f or tau
and the development of neurodegeneration. Lu et al. (2007)
have demonstrated in a rat model of TBI that 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors
(statins) are effective in improving neuronal survival, neuro-
genesis, and functional recovery after traumatic injury. In sub-
sequent studies, this group suggests that the protective effects
of statins in the setting of TBI stem from their ability to inhibit
the development of post-traumatic gliosis (Li et al., 2009; Wu
etal., 2010). It is intriguing to speculate that by inhibiting the
development of reactive astrogliosis, statins preserve perivas-
cular polarization of AQP4 and maintain normal glymphatic
function after TBI, preventing post-traumatic neurodegenera-
tion. Based upon this premise, the present results suggest that
therapeutic interventions targeting post-traumatic perivascu-
lar AQP4 mislocalization, either through inhibition of the de-
velopment of reactive astrogliosis or by stabilizing AQP4
localization to the perivascular end feet (perhaps by inhibiting
the induction of the AQP4-M1 variant after brain injury), may
offer a novel approach to preserve glymphatic pathway func-
tion, to maintain efficient clearance of interstitial solutes such
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as amyloid-B or tau, and to prevent the onset of neurodegen-
eration after TBI. A therapeutic approach such as this would
conceivably be effective preventing the onset of post-
traumatic neurodegeneration, by preventing the development
of the earliest steps of tau pathology in the brain after TBI.
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