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Biomarkers of Traumatic Injury Are Transported from Brain
to Blood via the Glymphatic System
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The nonspecific and variable presentation of traumatic brain injury (TBI) has motivated an intense search for blood-based biomarkers
that can objectively predict the severity of injury. However, it is not known how cytosolic proteins released from traumatized brain tissue
reach the peripheral blood. Here we show in a murine TBI model that CSF movement through the recently characterized glymphatic
pathway transports biomarkers to blood via the cervical lymphatics. Clinically relevant manipulation of glymphatic activity, including
sleep deprivation and cisternotomy, suppressed or eliminated TBI-induced increases in serum S100�, GFAP, and neuron specific eno-
lase. We conclude that routine TBI patient management may limit the clinical utility of blood-based biomarkers because their brain-to-
blood transport depends on glymphatic activity.
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Introduction
Traumatic brain injury (TBI) has emerged as a growing public
health challenge. According to the Centers for Disease Control
and Prevention, an estimated 1.7 million people will suffer a TBI
each year in the United States alone (Faul et al., 2010; Roozenbeek
et al., 2013), and �5.3 million people must manage disability
attributable to a TBI (Langlois and Sattin, 2005; Roozenbeek et
al., 2013). In recent years, there has been an increase in the num-
ber of military personnel exposed to traumatic head injury, lead-
ing the Department of Defense to designate TBI as the signature
injury of the troops serving in Iraq and Afghanistan (Hoge et al.,
2009). The nonspecific nature of TBI symptomatology (Darwish
et al., 2012; Mannix et al., 2013), compounded by the variable
presentation of TBI, has made the diagnostic and prognostic ap-
proach challenging. Not surprisingly, considerable effort has
been directed toward identifying a panel of peripheral blood
markers reflective of the severity of brain injury. Among the bio-
markers receiving the greatest clinical attention are the cytosolic
proteins S100�, GFAP, and neuron specific enolase (NSE), which
leak out of glial cells or neurons with plasma membrane damage.
It is currently not completely understood how these biomarkers
reach the peripheral blood. Conventional thinking is that disrup-

tion of the blood– brain barrier (BBB) results in diffusion of bio-
markers from the site of injury into the general circulation
(Chodobski et al., 2011; Mondello et al., 2011; Obermeier et al.,
2013); however, the exact role of the BBB or alternate routes of
biomarker efflux from the CNS has not been established using a
systematic approach.

Recent work shows that CSF, driven in part by arterial pulsa-
tility, enters the brain via the periarterial space and interchanges
with interstitial fluid (ISF) (Iliff et al., 2012, 2013a, b). This highly
organized system of CSF-ISF exchange has been called the glym-
phatic system because it shares many similarities with the lym-
phatic system in peripheral tissue, and the presence of glial
aquaporin-4 (AQP4) water channels facilitates its activity (Iliff et
al., 2012). ISF and its constituent solute are recollected along
perivenous spaces, from where this fluid can either recirculate via
the subarachnoid CSF or, alternatively, drain from the intracra-
nial cavity along myelin sheaths of cranial and spinal nerves to
perineural lymphatics and, to a lesser extent, through arachnoid
granulations (Johnston and Papaiconomou, 2002). In rodents as
well as in humans, a large proportion of CSF drainage occurs
within the myelin sheath of the olfactory bulbs via the cribiform
plate, ultimately being delivered to the deep cervical lymphatics
after CSF exits within the nasal mucosa (Bradbury et al., 1980;
Bradbury and Westrop, 1983; Cserr et al., 1992; Boulton et al.,
1996; Johnston et al., 2004; Iliff et al., 2012; Murtha et al., 2014).
Thus, the traditionally described olfactory– cervical lymphatic
clearance route and the more recently identified perivascular
glymphatic pathway do not represent discrete efflux mechanisms
but, rather, exist in series within the same system. The impor-
tance of protein transport by the glymphatic system is best illus-
trated by the finding that it accounts for as much as 65% of the
clearance of exogenously delivered amyloid-� (Iliff et al., 2012).
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Here, we evaluate the contribution of the glymphatic system in
transport of TBI biomarkers to the peripheral blood.

Materials and Methods
Animals. Female C57BL/6 mice, 8 –12 weeks of age (Charles River Labo-
ratories) were used for all experiments, unless otherwise specified.
Aquaporin-4 knock-out (AQP4KO, Aqp4�/�) mice were generated as de-
scribed previously (Thrane et al., 2011). Mice expressing the fusion pro-
tein of vascular endothelial growth factor receptor 3 and yellow
fluorescent protein (VEGR3-YFP) were generated as previously detailed
(Calvo et al., 2011). All experiments were approved by the University
Committee on Animal Resources of the University of Rochester and
performed according to guidelines from the National Institutes of Health
(protocol number 2011-023).

Awake “hit and run” TBI model. TBI was induced with a commercially
available controlled cortical impact device, specifically the Pneumatic
Powered Controlled Cortical Impact Device (Pittsburgh Precision In-
struments). Several modifications to the traditional use of the device
were implemented. Nonanesthetized mice were first placed head first
into a small, plastic, cone-shaped bag (726409, Harvard Apparatus). Slits
were cut at the narrow end of the bag to allow for increased comfort and
ventilation space. An opening corresponding to the location of impact on
the mouse was also cut into the bag to prevent glancing of the impactor
tip. Once in the restraint bag, a twist-tie was placed behind each mouse to
immobilize it. Using a previously fashioned 0.5 cm loop of 4-0 nylon
suture (Ethicon), attached to the bag, the bagged mouse was suspended
vertically, with the head up, by a mounted metal ring as previously de-
scribed (Ren et al., 2013) (see Fig. 2a).

The controlled cortical impact mounting apparatus was rotated 90°,
such that the metal rod was positioned horizontally, and a 3 mm polished
stainless steel tip, which strikes the mouse’s head during the impact, was
fitted to the end of the impactor slide. In this study, we used an impactor
velocity of 4.7 m/s, an impact depth of 10 mm, and impact duration of
100 ms. The location of the impact was the point 4.5 mm lateral to
midline and 4.5 mm posterior to the left orbit. A firm, wooden barrier
was placed 5 cm anterior to the suspended mouse, which the animal
struck following impact to provide a consistent component of decelera-
tion injury. Following impact, mice were removed from the bag and
recovered while being observed for health and pain in a private cage
where food and water were available. All injured mice received a single
impact. Control animals underwent the bag and tie procedure, as well as
the vertical hang, but were not struck.

Inhibition of glymphatic-associated CSF-ISF exchange. As detailed be-
low, we used four unique methods to inhibit glymphatic bulk flow:

Aqp4�/� mice. Aquaporin-4 knock-out (AQP4KO, Aqp4�/�) mice
were generated as described previously (Thrane et al., 2011). AQP4KO
mice were killed 18 h following TBI or intracortical cannula placement.

Cisterna magna cisternotomy. Mice randomized to the cisternotomy
group were anesthetized with a mixture of ketamine (100 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.) promptly after TBI or intracortical cannula
placement (see below). The mice were then placed in the prone position
with the head slightly flexed. A 5 mm linear incision was made over the
occipital-cervical junction with skull and neck musculature reflected in-
ferolaterally down to the cisterna magna. With the aid of a Zeiss operat-
ing microscope, a horizontal cisternotomy was fashioned with a beveled
30-gauge needle (BD Biosciences) so that CSF could flow freely. While
the edges of the skin were reapproximated with 5-0 nylon suture (Ethi-
con), the cisternotomy was left open to continually drain CSF for a total
of 18 h, until the time of animal death. Animals recovered while being
observed for health and pain in a private cage where food and water were
available.

Acetazolamide treatment. For mice randomized to the acetazolamide
treatment group, 20 mg/kg of drug was delivered via the intraperitoneal
route every 6 h commencing after TBI or intracortical cannula placement
(see below) and continuing for the subsequent 18 h (total of 4 injections),
until the time of animal death.

Sleep deprivation. For mice randomized to the sleep deprivation group,
gentle sleep deprivation began after TBI or intracortical cannula place-
ment (see below) and continued for the following 18 h (6:00 P.M. to

12:00 P.M. the following day). Sleep deprivation was undertaken using a
modified mouse cage with a motorized rotating bar (7 revolutions per
minute) slightly above the floor which lightly nudges the animal encour-
aging low levels of activity. Food and water remained available through-
out the sleep deprivation period.

Blood serum collection and ELISA. Mice were anesthetized with a mix-
ture of ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and
blood samples were obtained by cardiac puncture 18 h after TBI. The
blood samples underwent centrifugation of 10,000 rpm for 10 min in 2
ml Protein LoBind tubes (Eppendorf), after which the serum superna-
tant was transferred to 0.5 ml Protein LoBind tubes (Eppendorf) and
stored at �80°C until analysis. Commercially available ELISA kits were
used in the analysis of serum samples for S100� (EZHS100B-33K, Hu-
man S100B ELISA, EMD Millipore), GFAP (NS830, GFAP ELISA, EMD
Millipore), and NSE (MBS702407, Mouse NSE ELISA, MyBioSource).

Intracortical cannula placement. For the deep cervical lymph node flu-
orescent protein imaging experiments, a stainless steel guide cannula
(Plastics One) was stereotactically implanted into the left frontal cortex
of anesthetized (2% isoflurane), uninjured mice. The coordinates of the
cannula tip being at 1 mm posterior and 3.5 mm lateral to the bregma,
and 1.5 mm below the surface of the brain. Animals were allowed to
recover after surgery, and the experiments performed 12–24 h after guide
tube cannulation.

Intracortical fluorescent protein injection. To evaluate the extent of
clearance of brain interstitial solute to the deep cervical lymphatics, the
fluorescent tracer AlexFluor-555-ovalbumin (OA555, 45 kDa) (Invitro-
gen) was injected into the cerebral cortex guided by the stereotactically
placed cannula detailed above. The tracer was constituted in artificial
CSF to a final concentration of 1%. Tracer injection commenced 18 h
after glymphatic-reducing interventions began (12–24 h after cannula
placement for AQP4 null and control mice). Mice were anesthetized with
a mixture of ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). For
the injection, a 33-gauge needle (Plastics One) of equal length to the
cannula was inserted into the cannula, and 0.5 �l of tracer was injected at
a rate of 0.1 �l/min over 5 min. After the injection, the needle was left in
place for an additional 25 min to prevent retrograde efflux of tracer. The
needle was then withdrawn and the cannula plug reinserted. The animals
were perfusion fixed 2 h following injection (see below).

In vivo epifluorescence lymph node imaging. Before commencement of
intracortical fluorescent protein injection (as described above), mice
were anesthetized with a combination of ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.). The skin overlying the anterior cervical region
was shaved to remove all fur and then underwent incision and lateral
reflection. To allow for visualization of deep cervical lymph structures,
superficial cervical tissues underwent further lateral retraction using 5– 0
nylon suture (Ethicon). A low-power (1�) bright-field image of the
dissection was taken before fluorescent protein injection on an Olympus
SZX12 dissecting microscope (Olympus) using CellSens standard imag-
ing software (version 1.2, Olympus). The entry of tracer into deep cervi-
cal lymph nodes was imaged in vivo by epifluorescence microscopy
(MZ16FA, Leica). After placing the mouse supine on the microscope
stage, low-power (1�, 7.11� digital zoom) micrographs were acquired
in the red emission channel (captures OA555 fluorescence). Images were
collected at 15 min intervals for 0 –120 min following injection com-
mencement using HCImage imaging software (version 1.1.2.0,
Hamamatsu). Exposure and gain were held constant throughout the
duration of the imaging sequence.

Deep cervical lymph node collection for fluorescent protein imaging: tissue
collection and processing. For evaluating the clearance of fluorescent
tracer from the site of injection in the cerebral cortex to the deep cervical
lymph nodes, animals underwent transcardial perfusion with ice-cold
0.1 M PBS (PBS, pH 7.4, Sigma-Aldrich) followed by 4% PFA (Sigma-
Aldrich). The head and neck underwent overnight postfixation in 4%
PFA. After postfixation, 1–2 deep cervical lymph nodes were microscop-
ically harvested and mounted with Prolong Anti-Fade Gold 2 with DAPI
(Invitrogen).

Ex vivo fluorescence imaging. The entry of tracer into deep cervical
lymph nodes was evaluated ex vivo by epifluorescence microscopy
(BX51, Olympus). Multichannel whole-node montages were acquired
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with the virtual slice module of Microlucida software (version 2.3.1,
MicroBrightField). DAPI and red emission channels were acquired at
low magnification (4�). Exposure and gain were determined based upon
control nodes and maintained constant for all study groups. Deep cervi-
cal lymph nodes from VEGFR3-YFP mice were evaluated ex vivo by
confocal microscopy (IX81, Olympus). Low-magnification(4�) images
were acquired in the green and red emission channels using Fluoview
software (version 4.3, Olympus).

Analysis of fluorescent images. To quantify tracer entry into deep cervi-
cal lymph nodes, the lymph node images were analyzed using ImageJ
software (National Institutes of Health, imagej.nih.gov/ij/). For each
node, fluorescence emission channels were split and a whole node ROI
was defined based upon the DAPI signal. The red channel, corresponding
to OA555, was background subtracted based upon an ROI outside of the
lymph node area. The mean nodal fluorescence intensity was calculated
and averaged for each animal (1–2 nodes per animal, 4 – 6 animals per
group).

Radioisotope clearance. To evaluate solute clearance from the brain,
radiolabeled tracers 3H-dextran (40 kDa, American Radiolabeled Chem-
icals) and 14C-inulin (6 kDa, PerkinElmer) were injected stereotactically
into the left frontal cortex, as we recently reported (Xie et al., 2013).
Briefly, a stainless steel guide cannula (Plastics One) was implanted ste-
reotactically into the left frontal cortex of anesthetized mice (2% isoflu-
rane) with the coordinates of the cannula tip at 1.0 mm anterior and 3.5
mm lateral to the bregma, and 1.5 mm below the surface of the brain.
Animals were allowed to recover after surgery, and the experiments per-
formed 12–24 h after the guide tube cannulation, as reported (Cirrito et
al., 2005; Deane et al., 2008; Xie et al., 2013). There were 5 groups of mice
(4 – 6 per group): controls, cisterna magna cisternotomy, acetazolamide
treatment (i.p., 20 mg/kg every 6 h for 18 h), sleep deprivation, and
AQP4KO mice. In each mouse, a small volume of mock CSF (0.5 �l),
containing 3H-dextran (5 �Ci) and 14C-inulin (0.05 �Ci), was injected
(33 GA cannula, Plastics One) into the brain ISF over 5 min. At the end of
the experiments (60 min), the brain was removed and prepared for ra-
dioactivity analysis. The brain was solubilized in 0.5 ml tissue solubilizer
(PerkinElmer) overnight followed by the addition of 5 ml of scintillation
mixture (Ultima Gold, PerkinElmer). The injectate was treated in the
same way. All samples were analyzed in a liquid scintillation counter
(LS6500 Multipurpose Scintillation Counter, Beckman Coulter).

Calculations. The percentage of radioactivity remaining in the brain
after microinjection was determined as percentage recovery in brain �
100 � (Nb/Ni), where Nb is the radioactivity remaining in the brain at the
end of the experiment and Ni is the radioactivity injected into the brain
ISF (i.e., the dpm of 3H-dextran and 14C-inulin). Clearance percentage
was deduced from the percentage recovery as 100 � (% recovery). Dex-
tran 40 and inulin were used, as they are metabolically inert, polar mol-
ecules that are neither transported across the BBB nor retained by the
brain (Cserr and Ostrach, 1974; Amtorp, 1979; Binder et al., 2004;
Thorne and Nicholson, 2006; Iliff et al., 2012; Xie et al., 2013); their
clearance provides a measure of the ISF bulk flow.

Assessment of BBB permeability. For quantification of BBB leakage, a
2% solution of Evans Blue (ICN Biomedical) in normal saline (4 ml/kg of
body weight) was injected by the intraperitoneal route (Manaenko et al.,
2011). The dye was allowed to circulate for 18 h following the traumatic
head injury, at which point the brains were havested.

Tissue collection and processing. Mice were transcardially perfused with
ice-cold 0.1 M PBS (pH 7.4, Sigma-Aldrich) followed by 4% PFA (Sigma-
Aldrich). Cerebral tissue was carefully dissected from the calvarium and
postfixed overnight in 4% PFA. Following fixation, cerebral tissue was
sliced on a calibrated vibratome (VT1000P, Leica Microsystems) into 100
�m sections. Beginning at 1.11 mm from the bregma, every third tissue
section was collected until a total of 12 sections had been acquired for
tissue imaging. Brain sections were mounted with Prolong Antifade Gold
2 with DAPI (Invitrogen).

Ex vivo fluorescence imaging. The brain uptake of Evans Blue was eval-
uated ex vivo by epifluorescence microscopy (BX51, Olympus). Multi-
channel whole-slice montages were acquired with the virtual slice
module of Microlucida software (version 2.31, MicroBrightField). DAPI
and red emission channels were acquired at low magnification (4�).

Exposure and gain were determined based upon control brain slices and
maintained constant for all study groups.

Analysis of Evans Blue images. To quantify Evans Blue entry into brain
tissue, and hence the extent of blood brain barrier permeability, the
whole-slice montage images were analyzed using ImageJ software (Na-
tional Institutes of Health, imagej.nih.gov/ij/). For each slice, fluores-
cence emission channels were split and a whole-brain ROI was defined
based upon the DAPI signal. The red channel, corresponding to Evans
Blue emission, was background subtracted based upon an ROI outside of
the brain slice area. The area of positive fluorescence (thresholded pixel
intensity �100 A.U.) was calculated and then summed across all 12 slices
within a brain. The total pixel area of the ROI outlining each slice was also
measured and summed across all 12 slices. For each brain, the summed
positive fluorescent area was represented as a ratio of the summed total
pixel area. This ratio was then averaged across all brains in a group (4 or
5 animals per group).

Statistical analysis. Statistical analysis was performed with the aid of
GraphPad Prism 6.0c (GraphPad Software). The resulting values from
radioisotope clearance, lymph node fluorescence, ELISA serum sample
analyses, and brain slice Evans Blue fluorescence were evaluated using a
one-way ANOVA with the Tukey post hoc test for multiple comparisons.
Left versus right control lymph node fluorescence was evaluated using a
paired t test. Probability values �0.05 were deemed significant. All values
are expressed as the mean � SEM.

Results
To determine the contribution of the glymphatic system in the
transport of biomarkers of TBI to the peripheral blood, we used
four unique approaches to suppress glymphatic-associated
clearance. These manipulations were chosen because their
mechanisms of action are fundamentally different from one
another, and none affect the integrity of the BBB. The manip-
ulations included the following: (1) AQP4 deletion, (2) cisterna
magna cisternotomy, (3) acetazolamide treatment, and (4) sleep
deprivation. (1) Mice lacking the AQP4 water channel have pre-
viously been shown to exhibit slowed glymphatic CSF influx ki-
netics and consequently a decrease in interstitial solute clearance
(Iliff et al., 2012). (2) Cisterna magna cisternotomy leads to the
physical drainage of CSF and thereby a reduction or blockage of
glymphatic fluxes, whereas (3) systemic administration of acet-
azolamide reduces CSF production at the choroid plexus through
the inhibition of HCO3

� formation (Vogh et al., 1987). The latter
two manipulations lead to a loss of the hydraulic driving force
within the subarachnoid and interstitial spaces, and ultimately
suppression of CSF-ISF exchange, which is responsible for con-
vective glymphatic clearance of solutes from the brain. Addition-
ally, in the wake state, the extracellular volume fraction is small,
generating higher tissue resistance toward ISF fluxes (Xie et al.,
2013). (4) Sleep deprivation therefore leads to failure of convec-
tive flow through the interstitial space resulting in reduced glym-
phatic efflux.

Glymphatic suppression inhibits clearance of intracortical
tracers to the deep cervical lymphatics
To directly visualize the effect of the four manipulations on
glymphatic-cervical lymphatic exchange (Bradbury et al., 1980;
Bradbury and Westrop, 1983; Cserr et al., 1992; Boulton et al.,
1996; Johnston et al., 2004; Murtha et al., 2014), we injected a
fluorescently tagged fixable protein tracer, AlexaFluor-555-
ovalbumin (OA555, 45 kDa) into the cerebral cortex and quan-
tified lymph node accumulation 2 h after injection. Time-lapse,
in vivo imaging of the anterior cervical lymphatic architecture
demonstrated that OA555 injected into cortex exits CNS via the
cervical lymphatics and accumulates in the associated lymph
nodes (Fig. 1a). Transgenic mice expressing a fusion protein
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of the lymphatic endothelial cell marker vascular endothelial
growth factor receptor 3 and yellow fluorescent protein
(VEGFR3-YFP) (Kaipainen et al., 1995; Calvo et al., 2011) con-
firmed that intracortical OA555 was draining specifically to cer-
vical lymphatic structures (Fig. 1b). To evaluate the efficacy by
which manipulation of the glymphatic system affected OA555
efflux, we quantified fluorescent signal intensity within the deep
cervical nodes of AQP4KO, cisterna magna cisternotomized, ac-
etazolamide treated, and sleep-deprived mice as well as controls
(Fig. 1c,d). The analysis showed that the interventions all reduced
accumulation of the glymphatic tracer OA555 in cervical lymph
nodes. We next quantified the efficiency by which these manip-
ulations reduced glymphatic clearance by conventional radiola-
beled intracortical injections. The tracers, 3H-dextran (40 kDa)
and 14C-inulin (6 kDa), were chosen because they are not trans-
ported across the BBB and are similar in molecular weight to
commonly evaluated injury biomarkers (Cserr and Ostrach,
1974; Amtorp, 1979; Binder et al., 2004; Thorne and Nicholson,
2006; Iliff et al., 2012; Xie et al., 2013). This analysis showed that

mice with deletion of AQP4, cisterna magna cisternotomy, acet-
azolamide treatment, or sleep deprivation exhibited a sharp re-
duction in clearance of each of these radio-labeled tracer
molecules versus control mice (Fig. 1e,f). Thus, all four manipu-
lations potently blocked convective glymphatic solute clearance,
albeit their mechanistic bases are distinct.

Suppression of glymphatic pathway activity prevents the
delivery of TBI biomarkers to the serum
We next sought to determine how suppression of the glymphatic
pathway would impact blood entry of endogenous brain solutes,
specifically molecules released in response to TBI. A controlled
cortical impact model (Xiong et al., 2013), “hit and run” (Ren et
al., 2013), was modified for nonanesthetized mice to mitigate the
confounding neuroprotection provided by anesthesia (Statler et
al., 2006) (Fig. 2a). A dorsolateral, closed-head TBI was delivered
in wild-type and AQP4KO mice. Briefly, awake mice were sus-
pended vertically within a plastic restraint cone, allowing a hori-
zontally oriented controlled cortical impact device to strike the
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Figure 1. Glymphatic clearance of intracortical injected tracers can be suppressed with genetic, pharmacological, and mechanical manipulations. a, Time-lapse, in vivo imaging demonstrates
that, subsequent to intracortical delivery, OA555 exits CNS via anterior cervical lymph vessels and accumulates in associated lymph nodes. Left, Bright-field image. Right, Epifluorescent micrographs
acquired in the red emission channel (1�, 7.11� digital zoom) between 0 and 120 min following intracortical OA555 injection. Arrows indicate location of deep cervical lymph nodes. Tr, Trachea.
b, Low-power confocal micrographs (4�) acquired 2 h following intracortical OA555 injection in VEGFR3-YFP mice confirm tight colocalization of OA555 signal with the highly specific lymphatic
endothelial cell marker. Top, Deep cervical node with afferent lymph vessel demonstrating high VEGFR3 expression. Bottom, Efferent vessel exiting node. c– e, Epifluorescent imaging (4�) of
OA555 clearance to the deep cervical lymph nodes 2 h following intracortical delivery (c) revealed no significant lateralization of fluorescence in control lymph nodes (d). When left and right nodes
were pooled within individual animals, there were significantly lower node mean pixel intensities with aquaporin-4 knock-out (AQP4KO), cisterna magna cisternotomy (CMC), acetazolamide (ACZ,
20 mg/kg, i.p.) treatment, and sleep deprivation (SD) compared with control conditions (e). f, g, Liquid scintillation counting of whole-brain homogenates revealed significantly reduced 60 min
clearance of 3H-dextran (f ) and 14C-inulin (g) due to aquaporin-4 knock-out, cisterna magna cisternotomy, acetazolamide treatment, or sleep deprivation. All graphs represent mean � SEM. *p �
0.05 versus control (one-way ANOVA, Tukey post hoc analysis). ***p � 0.001 versus control (one-way ANOVA, Tukey post hoc analysis). ****p � 0.0001 versus control (one-way ANOVA, Tukey post
hoc analysis). ##p � 0.01 versus AQP4KO (one-way ANOVA, Tukey post hoc analysis). n.s., Not significant (paired t test). n � 4 – 6 mice per group.
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dorsal calvarium (Fig. 2a). Following impact, the mouse was
removed from the restraint cone and allowed to recover while
freely ambulating in its home cage. This model integrates
components of direct impact and acceleration– deceleration
injury. Subgroups of wild-type mice were exposed to cisterna
magna cisternotomy, acetazolamide treatment, or sleep depriva-
tion. Importantly, these three interventions were first imple-
mented following TBI. Serum was then collected from each
mouse 18 h subsequent to TBI and submitted to ELISA for a panel
of clinically relevant biomarkers of brain injury (Fig. 2b).

S100� is the most extensively studied marker of head injury in
both adults and children (Papa et al., 2013). It is a member of a
family of low-molecular weight calcium-binding proteins com-
prised of combinations of �- and �-chains (Kövesdi et al., 2010).
S100� (10.5 kDa), a �-chain homodimer, is enriched in brain,
specifically in the cytoplasm of astrocytes (Kövesdi et al., 2010;
Jeter et al., 2013). Although elevated serum levels of S100� have
been thought of as indicative of astrocytic injury, the expression
of S100� in peripheral cells, such as Schwann cells, chondrocytes,
and adipocytes (Kövesdi et al., 2010; Olsson et al., 2011; Zetter-
berg et al., 2013), has confounded evaluation of injury severity in
the setting of polytrauma, and S100� can be elevated in the serum
of injured athletes without head trauma (Herrmann, 2001;
Zetterberg et al., 2013). For this reason, GFAP has emerged as a
promising marker specific for head injury. GFAP (52 kDa) is the
principal intermediate filament making up the astroglial cyto-
skeleton (Brenner et al., 2001; Kövesdi et al., 2010) and, contrary

to S100�, has an expression specific to astrocytes, being released
into the interstitial space in response to various injury states
(Kövesdi et al., 2010; Diaz-Arrastia et al., 2014). NSE (78 kDa) is
a glycolytic enzyme that exists as a heterodimer constructed from
�, �, and � subunits. The �-� isoform is predominantly found in
neurons, and being released into the extracellular space following
injury, is the protein marker receiving the greatest attention as a
direct indicator of neuronal injury and death (Kövesdi et al.,
2010; Papa et al., 2013). Following severe TBI in adults, peak
serum S100� levels are achieved between 6 and 24 h after brain
trauma, and similarly, peak GFAP concentrations are seen in the
peripheral blood within the first 24 h after TBI. In contrast, the
post-traumatic peak of NSE occurs within 12 h and will begin to
decrease during the subsequent hours (Kövesdi et al., 2010).
Based on these studies, serum biomarker levels were here assayed
at 18 h following TBI, a time point where overlapping serum
concentration curves allow for simultaneous detection of the ear-
lier peaking NSE and the later rising GFAP and S100�.

Assessment of serum S100�, GFAP, and NSE before TBI in
C57BL/6 and AQP4KO mice revealed no significant differences
in the level of these markers (Fig. 2c– e). When serum biomarker
levels were evaluated 18 h after experimental TBI induction, there
was a significant elevation relative to baseline of S100�, GFAP,
and NSE in wild-type mice, but not with AQP4KO (Fig. 2c– e).
Similarly, when the glymphatic pathway was inhibited by cisterna
magna cisternotomy, acetazolamide treatment, or sleep depriva-
tion subsequent to TBI in wild-type mice, the serum level of all
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three biomarkers of injury was significantly suppressed relative to
mice receiving TBI alone and was not significantly different from
wild-type mice that were trauma naive (Fig. 2c– e). Thus, regard-
less of approach, suppression of the glymphatic clearance path-
way resulted in failure of the delivery of these endogenously
produced injury markers to the peripheral blood at levels suffi-
cient to accurately predict injury presence or severity.

Suppression of glymphatic pathway activity does not decrease
post-traumatic BBB permeability
An alternative explanation for the reduced serum level of all three
TBI biomarkers after glymphatic inhibition would be that
AQP4KO, cisterna magna cisternotomy, acetazolamide treat-
ment, and sleep deprivation decrease the secondary injury re-
sponse to TBI, thereby lessening the degree of BBB opening and
the access markers of brain injury have to the peripheral blood.
To control for this possibility, we delivered Evans Blue systemi-
cally to evaluate BBB dysfunction and found that there were no
demonstrable differences in BBB permeability among mice re-
ceiving TBI alone and those receiving a TBI superimposed with
any of the above interventions (Fig. 3a,b). From this, we conclude
that protection against secondary injury processes is not likely
contributing to the observed reduction in serum biomarker levels
when CSF-ISF exchange is inhibited.

Recent work has shown that Aqp4 gene deletion does not
exacerbate traumatic lesion volume 28 d after TBI (Iliff et al.,
2014), suggesting that this water channel does not significantly
modify gross brain injury. Additionally, there is an extensive lit-
erature demonstrating that knock-out of AQP4 water channels
will protect against the formation of cytotoxic edema and exac-
erbate the development of vasogenic edema (Manley et al., 2000;
Papadopoulos et al., 2004; Papadopoulos and Verkman, 2007).
In considering the role of AQP4 in these two processes, it is im-
portant to discriminate between brain edema formation and BBB
breakdown, as development of the former is not necessarily a
consequence of the latter. When there is cytotoxic cell swelling,
AQP4 knock-out will, through a mechanism requiring further
elaboration, prevent the movement of water from the cerebro-
vasculature into the brain proper across an intact BBB (Simard
and Nedergaard, 2004; Liang et al., 2007; Papadopoulos and
Verkman, 2007; Simard et al., 2007, 2012b; Kurland et al., 2012).
Further, the progression of vasogenic edema after trauma has
been shown to be worsened by AQP4 knock-out because of the
necessity of this water channel in the clearance of excess paren-
chymal interstitial fluid (Papadopoulos et al., 2004), rather than

as a consequence of altering the degree of BBB opening. Thus,
although there is exhaustive data characterizing the role of AQP4
in the development and resolution of cytotoxic and vasogenic
edema, in neither of these scenarios is there any evidence that this
role is attributable to a direct influence on the extent of BBB
permeation. This is in agreement with the data presented here
showing an equivalent BBB conductance of Evans Blue in both
wild-type and AQP4 knock-out mice receiving TBI (Fig. 3a,b).
Because AQP4 channels were deleted before TBI, three other
glymphatic-suppressing interventions, all with independent
mechanisms and an absence of data demonstrating modulation
of gross brain injury, edema formation, or functional outcome,
were also used and demonstrated an equal extent of BBB perme-
ation as was seen in wild-type and AQP4 knock-out mice after TBI
(Fig. 3a,b).

Discussion
In previous work, glymphatic CSF-ISF exchange has been shown
to drive the removal of exogenous molecules, including albumin,
amyloid, dextrans, and paramagnetic contrast agents, from the
interstitial space of the brain (Iliff et al., 2012, 2013a). The present
study is the first to provide evidence of this pathway playing a
critical role in the clearance of endogenously produced proteins,
in this case biomarkers of head injury, from the CNS to the
peripheral blood. When various manipulations that suppress
CSF-ISF exchange were applied after TBI, the near-complete
knockdown of the appearance of biomarkers in the serum reveals
the essential nature of the glymphatic pathway in clearance of
brain-derived proteins. This observation does not exclude that a
fraction of proteins or other molecules released from the cytosol
of injured cells following TBI arrive in the blood via diffusional
processes across a leaky BBB (Simard et al., 2010; 2012a; Mon-
dello et al., 2011; Kurland et al., 2012), but it is clear that
glymphatic transport constitutes the primary highway for
CNS solute efflux.

It is interesting to note that, although the four mechanisms of
glymphatic suppression result in differing degrees of inhibited
radiotracer clearance (Fig. 1f,g), these same manipulations seem
to decrease serum biomarker levels to an equal extent (Fig. 2c– e).
This may be a consequence of there being a lower limit to glym-
phatic suppression, beyond which the glymphatic system is no
longer contributing to the efflux of intracerebral protein. To
quantify the magnitude of inhibition, while avoiding confound-
ing factors, the radiotracer clearance studies were performed in
noninjured control mice (not having received a TBI). The analy-
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sis of serum biomarkers levels following glymphatic knockdown,
however, was necessarily performed in mice exposed to TBI. Re-
cently, our group has demonstrated that TBI alone will decrease
glymphatic pathway activity (Iliff et al., 2014). As a result, TBI,
representing the second hit to the glymphatic system, may elim-
inate any residual clearance capacity in these mice and ultimately
lead to an equal magnitude of serum biomarker decline.

The possibility that glymphatic-suppressing manipulations
lead to reduced serum biomarker levels through decreased cellu-
lar injury, rather than inhibited clearance, must be acknowl-
edged; however, this conclusion does not appear to be well
supported by the data presented. Reported neuroprotection de-
rived from AQP4 deletion is likely a consequence of mitigated
cytotoxic cerebral edema. It has been well characterized that, in
models of brain injury where cytotoxic cell swelling is induced,
including hyponatremia, focal and global cerebral ischemia, and
bacterial meningitis, genetic deletion or mislocalization of AQP4
will reduce the degree of edema development and lead to an
improved functional outcome (Manley et al., 2000; Amiry-
Moghaddam et al., 2004; Marmarou, 2004, 2007; Papadopoulos
and Verkman, 2005, 2007; Simard et al., 2007; Haj-Yasein et al.,
2011; Akdemir et al., 2014; Katada et al., 2014). Cerebral edema,
a secondary injury process, if uncontrolled, can lead to further
ischemia, infarction, and, in the most severe cases, herniation and
death (Marmarou, 2004, 2007; Simard et al., 2007). Thus, any
intervention reducing edema formation and progression will also
likely reduce cellular injury. Although the effects of AQP4 on
cerebral edema are well documented, work from our laboratory
has shown that Aqp4 gene deletion does not exacerbate gross
lesion volume (Iliff et al., 2014); and to our knowledge, there is no
evidence demonstrating that any of the remaining glymphatic
suppressing interventions (cisternotomy, acetazolamide phar-
macotherapy, or sleep deprivation) directly influence edema or
other pathology development. As a consequence, there is no data
to support the hypothesis that these three manipulations will
alter the secondary injury response and the extent of neuronal or
glial injury. Because the finding of reduced serum biomarker
levels was reaffirmed with all four distinct methodologies, each
with independent mechanisms of action, it is more probable that
this result is a common consequence of suppressed glymphatic
clearance kinetics, rather than a yet to be identified effect on the
secondary injury response.

To definitively prove this conclusion would require assay of
extracellular or CSF biomarker levels, which would be expected
to increase with inhibition of glymphatic clearance. Methodolog-
ical barriers resulting from glymphatic suppression, however,
preclude collecting CSF or ISF samples. The normal total CSF
volume in an adult mouse is �30 – 40 �l (Rangroo Thrane et al.,
2013). Draining CSF with cisternotomy or decreasing CSF pro-
duction with acetazolamide therapy will prevent the collection of
sufficiently large enough volumes for ELISA-based analyses,
which typically require 50 –100 �l of neat sample. Additionally,
performing microdialysis would not be practical, as these inter-
ventions, by decreasing the CSF and ISF volume, may artificially
concentrate extracellular biomarker levels. Further, even slight
variance in the proximity of the cannula tip from the core of the
TBI lesion, which is itself variable in size and shape, would result
in drastically different ISF biomarker readings. Moreover,
whereas large-pore microdialysis probes have been developed
specifically for the assay of extracellular proteins, large-pore di-
ameters can also permit the outward conductance of perfusate,
resulting in the development of interstitial edema (Takeda et al.,
2011). Push–pull microdialysis methodologies, where an equal

volume of perfusate is simultaneously being added and removed
from the probe, have been used to minimize positive outward
pressure differentials across the catheter membrane. These tech-
niques, however, result in inconsistent recovery rates due to slow
diffusion of large molecular weight proteins, and pressures can
still fluctuate across the membrane in free-moving animals
(Takeda et al., 2011; Yamada et al., 2011; Ulrich et al., 2013), thus
raising concerns that edema will be induced in the post-traumatic
brain.

These observations are potentially of immediate clinical rele-
vance. Although many biomarkers have been identified and stud-
ied over the last two decades, none has proved sufficiently useful
for routine clinical use due to suboptimal sensitivity, specificity,
and reproducibility after TBI (Kövesdi et al., 2010; Mondello et
al., 2011; Jeter et al., 2013; Papa et al., 2013; Zetterberg et al., 2013;
Diaz-Arrastia et al., 2014). The finding that common TBI bio-
markers exit brain via the cervical lymph vessels offers an expla-
nation for the difficulties in identifying ideal brain injury
diagnostic or prognostic tools. Inhibition of glymphatic clear-
ance, which greatly suppressed the concentration of biomarkers
in serum after TBI, was induced by a series of clinically relevant
manipulations. For example, it is commonplace to institute ei-
ther sleep deprivation by performing frequent neurological as-
sessments, or, depending on the clinical situation, to use
barbiturates or other agents with sedative properties to induce a
sleep-like state in patients after a TBI (Stone et al., 2014). Addi-
tionally, ventriculostomy (analogous to cisternotomy in our
work) is variably used after severe TBI, as are pharmacologic
interventions, which alter CSF production (Bratton et al., 2007).
The usage and timing of these methods in relation to peripheral
blood collection are expected to significantly affect the serum
concentration of the biomarker independently of the extent of
brain injury. These observations highlight the importance of de-
veloping a clinical tool, radiographic or biochemical in nature,
for the evaluation of glymphatic-associated clearance in patients.
This could provide a normalization index for serum biomarker
levels and thus improve the diagnostic, prognostic, and therapeu-
tic information provided by serum biomarker measurement.
Perhaps more importantly, the effects of glymphatic pathway
alteration on the short- or long-term sequelae of TBI have yet to
be defined and may greatly alter the way we approach this clinical
entity.

The exclusive use of female mice represents a limitation of the
present study. Although TBI, with a male-to-female incidence
ratio of �1.5:1 (Tagliaferri et al., 2006; Faul et al., 2010), is a
disease with a disproportionate burden on males, it is important
to recognize that the absolute incidence of TBI among females is
significant across all age groups. Females aged 0 – 4 experience
TBI at an annual rate of 1,218 per 100,000; and in women 75 years
and older, the incidence equalizes with males at 932 per 100,000
(Faul et al., 2010). Further, although still controversial, the liter-
ature indicates that female gender may represent a risk factor for
worse outcome subsequent to TBI. This may be particularly true
in postmenopausal women no longer benefiting from the neuro-
protective effects of estrogen and progesterone (Farace and Alves,
2000). At present, it is unknown whether TBI will differentially
affect glymphatic function in females versus males and what im-
pact this will have on the rate of biomarker clearance to the pe-
ripheral blood. Although beyond the scope of this study,
answering this question will be an important area of future
inquiry.
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