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Abstract

Traumatic brain injury (TBI) afflicts up to 2 million people annually in the United States and is the primary cause of death
and disability in young adults and children. Previous TBI studies have focused predominantly on the morphological,
biochemical, and functional alterations of gray matter structures, such as the hippocampus. However, little attention has
been given to the brain ventricular system, despite the fact that altered ventricular function is known to occur in brain
pathologies. In the present study, we investigated anatomical and functional alterations to mouse ventricular cilia that
result from mild TBI. We demonstrate that TBI causes a dramatic decrease in cilia. Further, using a particle tracking
technique, we demonstrate that cerebrospinal fluid flow is diminished, thus potentially negatively affecting waste and
nutrient exchange. Interestingly, injury-induced ventricular system pathology resolves completely by 30 days after injury

as ependymal cell ciliogenesis restores cilia density to uninjured levels in the affected lateral ventricle.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is the leading cause of death
in children and young adults ranging from 15 to 30 years of
age in the United States. TBI occurs at an alarming frequency of
once every 23 seconds, resulting in 1.7 million incidences annually,
including approximately 52,000 deaths."” Many who survive the
initial traumatic incident endure continuing difficulties with higher
cognitive and motor functions. The majority of TBI research to date
has focused on alterations in neuronal function and circuitry that
are believed to underlie the cognitive impairment associated with
TBI. However, a critical component of central nervous system
(CNS) homeostasis involving the ventricular system and cerebro-
spinal fluid (CSF) flow has been largely neglected in TBI re-
search. This knowledge gap is surprising because dysfunction in
this system contributes to cognitive difficulties and TBI can lead
to hydrocephalus.>* The brain’s ventricular system is lined by cili-
ated ependymal cells, which contribute to the normal CSF flow, and
ciliary defects have yielded hydrocephalus in both animal models®~°
as well as human disease.''™"> Because hydrocephalus is occa-
sionally observed in TBI patients,>* we explored whether con-
cussive brain injury alters cilia function and CSF flow.

The CNS ventricular system is comprised of interconnected fluid
spaces that subserve four important functions. First and foremost,

this system provides intracranial buoyancy, acting to reduce the
apparent mass of the brain by suspension in CSE.'® Second, when
the cranium suffers a jolt or impact, the CSF and the ventricular
system serve as a shock absorber, thus diminishing the potential
physical injury of the brain tissue. Third, continuous CSF one-way
flow through the ventricular system generates a constant mecha-
nism for removal of metabolic waste. Fourth, the CSF serves to
transport hormones and critical nutrients to other areas of the brain.
This interchange allows for homeostatic regulation of the distri-
bution of neuroendocrine and other essential factors, to which slight
changes can cause dramatic (cognitive) effects or damage to the
nervous system.

The ventricular system is comprised of paired symmetric lateral
ventricles, which communicate with the mid-line third ventricle
though the interventricular foramina (foramina of Monro). The
third ventricle terminates in the cerebral aqueduct (aqueduct of
Sylvius), which, in turn, drains into the fourth ventricle. Because
of the small volume of the third and fourth ventricles, CSF flows
at a relatively fast rate, circulating in a one-way predictable path.
The unidirectionality of CSF flow is ideal for clearing poten-
tially harmful metabolic waste and carrying chemical information
“downstream.”” The ependymal cells lining the ventricles interface
between CSF and brain parenchyma and are crucial for delivery of
nutrients and waste removal, and, as mentioned above, all of these
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cells are ciliated. CSF within the ventricular system functions as
a means of nonsynaptic volume transmission, providing a route
of communication for signals mediating sleep,'’™'® circadian
rhythms,?® seasonal reproduction,' and sexual behavior.*

The importance of the ependymal cell in normal ventricular de-
velopment and maintaining patency of the interventricular foramina
has recently been emphasized in several genetically modified mouse
models, in which dysfunctional cilia result in hydrocephalus.”'® In
addition to the important role functional ependymal cilia play in
ventricular development, inhibition of ciliary beating by intraven-
tricular injection of G-protein-coupled receptor alpha i2 (Goy,) small
interfering RNA in mature mice resulted in ipsilateral hydrocephlus,
emphasizing the importance of cilia function in postdevelopment
ventricular homeostasis.'® Additionally, the continuous beating by
ependymal cilia contributes to CSF flow and underlies the critical
nutrient exchange and waste removal between the parenchyma and
CSF. By constantly moving the CSF immediately adjacent to the
ependymal layer, beating cilia enhance metabolic exchange between
ependymal cells and CSE."® Therefore, diminished cilia beating and
ependymal cell function caused by brain injury could have far-
reaching pathological ramifications.

Methods
Lateral fluid percussion injury

Experiments were performed on 5- to 7-week-old, 20- to 25-g
C57BL/6J male mice (The Jackson Laboratory, Bar Harbor, ME).
All experimental procedures and protocols for animal studies were
approved by the Children’s Hospital of Philadelphia’s Institutional
Animal Care and Use Committee (Philadelphia, PA) in accord with
the international guidelines on the ethical use of animals. Experi-
ments were designed to minimize the number of animals required.
Animals used were cared for, handled, and medicated to minimize
suffering (National Research Council, National Academy Press,
Washington, DC, 1996). Lateral fluid perscussion injury (LFPI)
was performed as previously reported.>>=2° In brief, on day 1, an-
imals were anesthetized with a ketamine (10mg/100g body
weight; JHP Pharmaceuticals, Parsippany, NJ) and xylazine (1 mg/
100 g body weight; Phoenix Pharmaceutical, Phoenix, AZ) mix-
ture, and a parietal craniectomy on the right side was performed
using a 3-mm trephine. A Luer-loc needle hub (3-mm inner di-
ameter) was secured above the skull opening with cyanoacrylate
adhesive and dental acrylic. On day 2, the hub was filled with
saline and connected by high-pressure tubing to the LFPI device
(Department of Biomedical Engineering, Virginia Commonwealth
University, Richmond, VA). The injury was induced by a brief
pulse of saline onto the intact dura, which delivers a pressure be-
tween 1.8 and 2.1 atmospheres, generating a mild-to-moderate
brain injury.23‘26 Sham animals received all of the above-
mentioned procedures except the fluid pulse. Animals were
warmed with an electric heating pad until they could move freely,
before they were returned to their cages and fed with regular diet
and tap water.

Immunofluorescent staining

Thirty minutes, 18 h, 7 days, or 30 days after LFPI, injured and
respective time-matched sham animals were anesthetized with 5%
chloral hydrate and perfused with saline, followed by 4% para-
formaldehyde (PFA; Sigma-Aldrich, St. Louis, MO). Brains were
postfixed for 2 h at room temperature (RT) and 50-pm-thick fron-
tal (also known as coronal) sections were cut with a VT1000S
vibratome (Leica Microsystems Inc., Buffalo Grove, IL). All brain
sections were+ 1 mm from bregma. This was ensured by grossly
verifying the presence of the corpus callosum and the absence of the
hippocampus in each slice. For cilia staining, sections were incu-

1397

bated with a mouse monoclonal antibody (Ab) against type IV B-
tubulin (1:1000 in phosphate-buffered saline; AbCam, Cambridge,
MA) before visualization with Alexa Fluor® 488—conjugated goat
anti-mouse immunoglobulin (IgG; 1:200; Molecular Probes, Grand
Island, NY). Basal body staining was conducted by incubating
sections with a rabbit polyclonal Ab against y-tubulin (1:500;
AbCam). These sections were subsequently incubated with bioti-
nylated goat anti-rabbit IgG (1:250; Vector Laboratories Inc.,
Burlingame, CA) and then with streptavidin/cyanine 3 (1:250;
Sigma-Aldrich) for visualization. Primary Ab incubation was ap-
plied for 90 minutes at RT and continued overnight at 4°C, and
secondary Abs were subsequently applied for 90 minutes at RT.

Confocal images were acquired with the Olympus Fluoview
1000 System (Olympus America, Center Valley, PA), with the
Z-step kept at 0.5 um. Consistent confocal settings (laser intensity,
confocal aperture, photomultiplier tube, gain, offset, and resolu-
tion) were optimized and remained unchanged during the imaging
of slices from both sham and injured animals for each time point.
The staining pattern was confirmed in three LFPI and time-matched
sham animals at each individual time point. From each mouse, 3-5
sections through the lateral ventricle at the rostral levels on the
ipsilateral side were assessed.

Ependymal cell loss assay

Seven days after injury or sham procedure, 3 LFPI mice and 3
sham mice were processed for this assay. Fixed frontal sections
(within the rostrocaudal range + 1 mm relative to bregma) through
the lateral ventricles were stained with Hoechst (Molecular
Probes), a nuclear dye to stain all cells in the tissue. Confocal
images of nuclei of the ependymal cells lining the ipsilateral lateral
ventricle were compared between injured and sham mice. In
healthy animals, ependymal cells cover the brain ventricles evenly
(Supplementary Fig. 1) (see online supplementary material at
http://www liebertpub.com). In case of ependymal cell loss, obvi-
ous gaps between stained ependymal nuclei can be observed along
the banks of the ventricles in the sections.

Pre-embedding immunogold staining

Seven days after injury, 3 LFPI mice and 3 sham-operated
controls were perfused with a mixture of 4% PFA and 0.5% glu-
taraldehyde (GTA; Sigma-Aldrich). Brains were removed and
postfixed in the aforementioned fixative for 3h at RT. After in-
cubation with the y-tubulin Ab for basal body staining as de-
scribed above, 50-um-thick vibratome sections (+ 1 mm relative to
bregma) were incubated with Ultra-Small gold-conjugated goat
anti-rabbit IgG (1:100 in acetylated bovine serum albumin; Aurion,
Wageningen, The Netherlands) for 6 h at RT. They were post-fixed
with 2% GTA for 30min. Immunogold-stained sections were
silver-enhanced with the R-Gent SE-EM kit (Aurion) for 45 min at
RT and then saved in enhancement condition solution (Aurion) for
transmission electron microscopic (TEM) processing.

Transmission electron microscopy

The right hemisphere of 3 immunogold-stained sections (for
basal body staining) and 3 unstained sections (for cilia ““9+2 mi-
crotubule arrangement’’) from each mouse were cropped and treated
with 0.1 M of cacodylate buffer twice, 1% tannic acid, and then 1%
NaSOy,, each for 10 min. They were subsequently washed in deio-
nized water (DW) twice and then dehydrated with a graded ethanol
series (50-100%). After the last 100% ethanol treatment, slices
were placed in 100% acetonitrile (2x 10 min each) followed by
serial infiltration with epoxy resin (Embed 812): acetonitrile/epoxy
(2:1); acetonitrile/epoxy (1:1); and then acetonitrile/epoxy (1:2),
30 min each. Lateral ventricles were trimmed out and well oriented
in Beem Capsules (2-3 right ventricle slices from 1 mouse in each
capsule), embedded in 100% epoxy, and heat-incubated for 24 h.
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All chemicals for TEM processing were purchased from Electron
Microscopic Services (Hatfield, PA).

Trimmed epoxy blocks were set on a 2050 Reichert Jung Su-
percut microtome (Leica Microsystems Inc.). Slices (1-um-thick)
were cut perpendicular to the plane of the 50-um vibratome slices.
As such, each “‘thick™ slice is a 50-um-wide belt. They were col-
lected in drops of DW on heated slide glasses (60°C). To identify
area of interest (ventricular cilia), dried slices were stained with 1%
methylene blue for 13 sec. Excess dye was washed away with tap
water, and the samples were differentiated with 95% ethanol for
15 sec. When cilia were identified under the microscope, the epoxy
block was set on a Richert Ultra Cut S microtome (Leica Micro-
systems). Ultra-thin slices were cut at 80 nm and floated on DW.
They were mounted on 250 mesh nickel grids (Electron Micro-
scopic Services). Grids were then dried thoroughly on filter paper
and saved in grid cassettes for at least 24 h before contrast staining.
Dried sample grids were stained with 1% uranyl acetate in ethanol
and then 0.1% lead citrate in DW, 30 min each. Once again, grids
were dried on filter paper before observation under a Hitachi 7000
Electron Microscope (Hitachi High Technologies America, Plea-
santon, CA).

Motile cilia are composed of nine peripheral doublet microtubles
surrounding a central pair of single microtubules, a 9 +2 axoneme.
Radial spokes project from the central pair and interact with
the peripheral doublets, lending to the stability of the axonemal
structure, whereas the dynein arms generate the motion of the cilia
by creating a sliding motion between the adjacent peripheral dou-
blets.?”® Transverse sections of cilia were observed to test whether
LFPI affects the 9 +2 microtubule arrangement normal structure of
cilia. Immunogold-stained basal body transverse and longitudinal
sections were also observed by electron microscope (EM). These
images were taken using a Hitachi EM scope with an attached CCD
camera (Hitachi Technologies America). Cilia and basal body
morphology were then compared between LFPI and sham animals.

Scanning electron microscopy

Seven days after injury or sham procedure, 3 LFPI mice and
3 sham mice were sacrificed and their brains were processed as
in the protocol for immunogold staining. Vibratome sections at
300 um (£ 1mm relative to bregma) were dehydrated in a pro-
gression of increasing ethanol concentrations, up to 100% etha-
nol, as described previously.>® Specimens were then critical-point
dried in CO,, mounted on scanning electron microscopy (SEM)
stubs, and sputter coated with gold palladium to a depth of 12 nm.
The surface of brain slices was then examined with an AMR-1400
SEM (Phillips, Amsterdam, The Netherlands) at an accelerating
voltage of 20kV. Representative photomicrographs were taken at
various angles to effectively display the specimen so that any
errors in assessment resulting from the tilt of the specimen or
other artifacts are minimized.

Magnetic resonance imaging

Three mice were used for ventricular volume analysis with re-
peated magnetic resonance imaging (MRI) imaging. They were all
imaged on the same day of injury, before injury procedure, and this
measurement was used as a within-subjects control. After this scan,
LFPI was induced as described above. All mice were imaged again
at 18 h, 7 days, and 4 weeks after LFPI. Whole-brain MRI images
were obtained with a ClinScan system (7 T horizontal bore Bruker
Magnet; Bruker Biospin, Ettlingen, Germany; and Siemens syngo
software; Siemens Healthcare Global AG, Erlangen, Germany)
using the linear body coil and a mouse brain 2 X 2 surface coil array.
Mice were anesthetized with isofluorane and their vital signs (heart
rate, respiratory rate and body temperature) monitored throughout
the scan. A three-dimensional data set of the whole-mouse brain (in
plane field of view of 25x 21 mm, 192 data points, and 48 slices of
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160-um thickness resulting in voxels with dimensions of 130X
130 % 160 microns) was acquired using a turbo spin echo technique
with a turbo factor of 31. The repetition rate was 1500 ms, whereas
the echo time (TE) of 3.12 ms corresponded to an effective TE of
66 ms. The bandwidth was 592 Hz/Px and five excitations were
averaged. A magnetization restore pulse and the generalized au-
tocalibrating partially parallel acquisitions technique with an ac-
celeration factor of 2 were used to speed up the acquisition. MRI
images were opened and volumes of the brain ventricles on both
sides were analyzed with ImageJ software (National Institutes of
Health, Bethesda, MD).

Particle tracking with fluorescent beads

Three LFPI mice and 3 sham controls were sacrificed at 18 h,
7 days, or 30 days after LFPI or sham procedure. Brains were
removed and rinsed in cold CO,/O,-balanced sucrose cutting
media. Live frontal slices of 250-um thickness were cut through
the lateral ventricle (£ 1 mm relative to bregma) with a VT 1200S
vibratome (Leica Microsystems GmbH, Wetzlar, Germany) and
collected in CO,/O,-balanced artificial CSF (aCSF). Latex beads
with yellow-green fluorescence (2um in diameter; Sigma-Aldrich)
were diluted in aCSF and added to cover glass-bottomed dishes that
held single slices before video recording under the Olympus FV
1000 confocal system (Olympus America). A total of 450 frames of
images were taken in 30 sec using the XYT “‘round-trip”” module,
which reaches the highest imaging speed of the system (15 frames/
sec). The resolution was automatically set at 256 X 256 pixels and
6 xzoom. The 10X optical lens was used for video recording of
both green fluorescent and differential interference contrast chan-
nels. This way, beating cilia could be identified while simulta-
neously imaging moving fluorescent beads. At least 3—6 slices were
used from each mouse and 5 beads were tracked in each slice.
Videos were opened with the MetaMorph software program
(Molecular Devices, LLC, Sunnyvale, CA), and the tracks of single
beads were traced for at least 15 frames (1 sec). To reduce exper-
imental variability, only beads moving along the main stream of
CSF at the focus of beating cilia that could be followed for at least
15 frames of recording were used. Velocity was calculated and
compared between sham and LFPI groups at each time point.

Statistical analysis

Because of the nested nature of the data and modest sample size,
a linear mixed-effect model was used to determine statistical sig-
nificance when comparing different treatment groups, with
o=0.05. Each dot in the group data plot in Figure 6 is a mean from
multiple beads from a single brain slice. IBM SPSS (version 21;
IBM, Armonk, NY) software was used to run the linear mixed-
effect analysis.

Results

Concussive brain injury leads to rapid and protracted
loss of ventricular ependymal cilia without overt
ependymal cell loss

The ventricular system of the brain is lined with ciliated epen-
dymal cells (Fig. 1). One week after nonpenetrating concussive
brain injury, the ipsilateral lateral ventricular surface was nearly
devoid of cilia (Fig. 2). The loss of cilia was evident within 30 min
of injury and persisted for at least 1 week (Fig. 3). Brain slices
prepared from animals 30 days after LFPI demonstrated that the
ipsilateral lateral ventricle was repopulated with cilia, resulting in a
ventricle that morphologically appeared no different from ventri-
cles in brain slices prepared from age-matched sham animals (Fig.
3D,D’). Further, no cilia loss was evident in the contralateral lateral
ventricle; therefore, all subsequent experiments were conducted
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FIG. 1. Brain cilia lining healthy ventricle. (A) Photomicrograph
montage showing immunofluorescent stained cilia (arrows) with
type IV f-tubuline. Brain slice from a naive mouse at the ros-
trocaudal level precisely at bregma (anterior/posterior, 0 mm), rel-
evant to Fig. 31 of Paxinos and Franklin.>’ 3V, third ventricle; ac,
anterior commissure; cc, corpus callosum; cg, cingulum; CPu,
caudate putamen; ic, internal capsule; LV, lateral ventricle; st, stria
terminalis. (B) Scanning electron microscope (SEM) image show-
ing cilia on the lateral wall of the lateral ventricle from a sham
mouse. (C) Higher magnification of the ventricular cilia under
SEM. Scale bar is 500 um in (A), 100 um in (B), and 10 ym in (C).
Color image is available online at www .liebertpub.com/neu

solely on the ipsilateral lateral ventricle. We then checked whether
LFPI could induce ependymal cell loss. Hoechst staining showed
no overt loss of ependymal cell nuclei in the ipsilateral lateral
ventricle (Supplementary Fig. 1B) (see online supplementary ma-
terial at http://www .liebertpub.com) of injured mice, compared to
its contralateral side (Supplementary Fig. 1A) (see online supple-
mentary material at http://www .liebertpub.com) or the ipsilateral
lateral ventricle of sham mice (Supplementary Fig. 1C) (see online
supplementary material at http://www.liebertpub.com). Because no
gross cell loss was evident, no further analysis was undertaken
because there would need to have been large-scale cell death to
account for the considerable loss of cilia.

Anatomy, physiology, and ultrastructure
of surviving cilia

Basal bodies anchor the axonemal scaffold proteins and are in-
terconnected by a series of cytoskeletal fibers both within and be-
tween ependymal cells subserving a potential mechanism to allow
coordinated ciliary beating.>® Immunostaining for f-tubulin dem-
onstrates a paucity of organized basal bodies in the ependymal layer
of animals 7 days postinjury, compared to the ordered array ob-
served in tissue from age-matched sham animals (Fig. 4A,B). In-
terestingly, basal body ultrastructure examined in transverse as well
as longitudinal sections demonstrated no injury-induced alterations
(Fig. 4C-F). The paucity of well-demarcated basal bodies in the

FIG. 2. Scanning electron microscope images of lateral ven-
tricular cilia. Samples from slices derived from mice 7 days after
sham (A) or LFPI (B) procedure. Scale bar is 10 um.
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TBI specimen is consistent with the significant level of ciliary loss
noted by SEM and immunofluorescence (Figs. 2 and 3). Ad-
ditionally, TEM demonstrated no overt differences in post-TBI
surviving cilia because the 9+ 2 microtubule arrangement was in-
tact and undisturbed (Fig. 5).

Lateral fluid percussion injury does not lead
to hydrocephalous

TBI has been reported to occasionally lead to hydrocephalous.®*

Further, it has been recently demonstrated using transgenic (Tg)
technology that inhibition of ventricular ciliary beating leads to
hydrocephalus in rodents.>®?3132 Additionally, deficits in ven-
tricular ciliary beating also significantly enhance the potential de-
velopment of hydrocephalus and ventriculomegaly in humans.®*
Therefore, to determine whether LFPI caused hydrocephalus, ani-
mals were subjected to sequential MRIs initiated before injury and
followed 4 weeks after injury. The volume of the ipsilateral lat-
eral ventricle was calculated using Image] software (National In-
stitutes of Health). Interestingly, despite the loss of ependymal
cilia, volume in the ipsilateral lateral ventricle in injured animals
was not significantly different at any time point from the preinjury
volume measured in those same animals (data not shown). A
Friedman’s test comparing the preinjury volume to the volumes at
1,2, and 4 weeks post-LFPI demonstrated no significant differences
(Friedman’s test statistic =3.000; p=0.445). The average volumes
(*standard deviation) in microliters were 3.58 £1.07 (preinjury),
3.97+1.59 (1 week post-LFPI), 4.58 +1.38 (2 weeks post-LFPI),
and 4.0961+0.56 (4 weeks post-LFPI; n=5 animals). These data
suggest that substantial, but transient, loss of cilia in one ventricle
postdevelopment is probably insufficient to cause hydrocephalus
(Supplementary Fig. 2) (see online supplementary material at
http://www liebertpub.com).

Cerebrospinal fluid surface velocity is diminished
after brain injury

Whereas LFPI does not appear to cause hydrocephalus, surface
CSF flow is also important for the continued delivery of nutrients
and removal of catabolic waste from the parynchema.** Further, it
also serves as a functional conduit for endocrine transport.>> To
determine whether surface CSF velocity is altered after TBI,
fluorescent latex beads were applied to the ipsilateral lateral ven-
tricle of slices from sham and injured animals and tracked for the
duration that they remained in the original focal plane of the beating
cilia. Bead velocity measured in slices from sham animals was
significantly faster, compared to bead velocity obtained in sliced
from injured animals, 18 h and 7 days after LFPI (Fig. 6). Because
the number of slices for each animal varied, it was necessary to use
a linear mixed-model analysis. Significant differences were found
in the bead velocities in slices generated from of sham versus brain
injured mice at 18 h postinjury (£(1,2.131)=30.701; p=0.027) and
7 days postinjury (F(1,3.545)=26.762; p=0.009). Not surpris-
ingly, bead velocity in slices from animals 30 days postinjury
returned to values not significantly different from slices from time-
matched sham animals (F(1, 28.000)=1.243; p=0.274), consistent
with observations of the repopulation of cilia in the ipsilateral
lateral ventricle 30 days after LFPI (Fig. 3).

Discussion

To the best of our knowledge, this is the first analysis of the
effects of TBI on ventricular cilia. We have demonstrated that
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FIG. 3. Lateral fluid perscussion injury results in overt decrease in density of lateral ventricular cilia ipsilateral to injury. Im-
munofluorescent staining against type IV f-tubulin in slices from time-matched sham (top row) and injured (bottom row) mice. Time
points from left to right (A-D) are 30 min, 18 h, and 7 and 30 days, respectively. LV, lateral ventricle. Scale bar is 5 um. Color image is

available online at www liebertpub.com/neu

LFPI, a model of closed-head injury, leads to a rapid, protracted,
but reversible, shearing of motile cilia lining the ipsilateral lateral
ventricle with reduction of CSF flow velocity over the ependymal
surface of that specific ventricle.

Within 30 min of LFPI, large swathes of cilia were sheared from
the ependymal cells lining the ipsilateral lateral ventricle. We hy-
pothesize that the unilateral delivery of a single brief pressure wave
transient to the exposed dura creates a fluid pressure wave in the
CSF, decimating the most exposed and thus vulnerable cilia lining
the ventricle. It has previously been shown that the mechanical
pressure wave preferentially affects larger, loosely packed cells,
compared to smaller, more tightly packed cells.>® This observation
stems from seismology; large and unsupported objects are more
prone to breakage, compared to smaller objects that simply rise and
fall during the traveling pressure waves.>’ A similar phenomenon
may be occurring in the present situation; longer cilia are more
susceptible to shearing because they are subject to more of the

physical stress during the fluid wave. We have demonstrated that
fewer cilia result in slower CSF velocity. We cannot rule out that
surviving cilia may be immature and therefore shorter and more
resilient to physical sheer stress. No alterations in the ultrastruc-
ture of surviving cilia were observed because the 9 +2 microtubule
arrangement of motile cilia was conserved and appeared undis-
turbed; thus, gross ultrastructural permeation does not explain the
resilience of the surviving cilia. Whereas transmission EM dem-
onstrated that, at the ultrastructural level, the basal bodies are intact
7 days postinjury, immunofluorescence for y-tubulin demonstrated
an overall lack of organization within each cell. However, in this
animal model of nonpenetrating head trauma, the loss of cilia was
completely restored by 30 days after injury.

Cilia dysfunction induced by Tg technology,>*? antisense RNA
injection, ' or pharmacologically>® all cause hydrocephalus or, to a
lesser extent, ventricular dilatation. Because of the existing corre-
lation between cilia dysfunction and alterations in ventricular size,
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FIG. 4. Photomicrographs showing basal bodies of lateral ventricular cilia in brain slices from sham (right column) and time-matched
injured mice (left column). (A and B) Immunofluorescent staining. Each cluster of red dots represents all basal bodies of one individual
ependymal cell. (C-F) Transmission electron micrscope images showing ultrastructure of basal bodies identified with immunogold-
silver staining. Only a small fraction of one ependymal cell with basal bodies is shown. Note the asymmetrical gold staining (i.e., the
staining occurs only on one side of each basal body). Each cluster of gold particles represents a single basal body at the electron
microscope level. (C and D) Sagittal sections of cilia and basal bodies. (E and F) Transverse sections of cilia and basal bodies. Scale bars
are Sum in (A & B) and 100nm in (C and F). Color image is available online at www.liebertpub.com/neu

we hypothesized that the large-scale loss of cilia after the fluid
pulse may also cause an increase in ipsilateral lateral ventricle size.
However, serial MRIs taken before and followed for 2 weeks after
brain injury demonstrated no alteration in ventricular size or vol-
ume. We believe that the LFPI used in this study did not result in a
significant change in ventricular volume because the deciliation
was restricted to the ipsilateral lateral ventricle, was incomplete,
and fully reversible. Though reported as possible sequela of TBI,

hydrocephalus is not a consistent finding in TBI patients.>* Further,
a lack of ventricular enlargement is not surprising, because the
precipitating mechanism(s) underlying the development of hydro-
cephalus are unimportant. Rather, it is a series of ependymal cell
alterations that lead to hydrocephalus. That is, initially, cilia are
lost, followed by a disappearance of the microvilli,> possibly re-
sulting from extensive stretching of the ependymal layer.*® These
changes culminate in the death of the ependymal cells. We



FIG. 5. Transmission electron micrscope images showing ul-
trastructure of ventricular cilia 7 days after sham procedure (A),
compared to age-matched injured cilia (B). The 9+2 microtubule
arrangement is shown at higher magnification of cilia in transverse
sections (see insets). m, mitochondria; mv, microvilli. In order to
demonstrate the ultrastructure of the cilia, it was necessary to
locate comparable intact ependymal cells. Because of the high
magnification, only a part of an individual ependymal cell in an
injured and sham brain slice is shown. Scale bar is 500 nM.
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hypothesize that it is ependymal cell death that leads to hydro-
cephalus. Because cilia loss in our model was not accompanied by
ependymal cell loss (Supplementary Fig. 1) (see online supple-
mentary material at http://www.liebertpub.com), cellular viability
may underlie and mediate the robust ciliogenesis restoring ipsi-
lateral lateral ventricle function and preventing hydrocephalus.
Although the exact function of the ependymal cilia is not known,
it is thought that cilia contribute to CSF circulation,®*' thereby
allowing for robust exchange between nutrient delivery and waste
removal.** The most profound consequence of injury-induced
shearing of ipsilateral lateral ventricular cilia that we demonstrate
is the significant and protracted decrease in CSF flow reflected in
the velocity of exogenously applied fluorescent beads. The velocity
of these beads was drastically reduced at 18h after injury with
restoration of CSF velocity toward contralateral or sham injured
values, but still significantly reduced at 7 days postinjury. Because
ciliogenesis repopulates the damaged ventricular surface, the bead
velocity, and, by proxy, the CSF flow rate, returns to normal as well
at 30 days after injury. Though the clinical ramifications of this
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(A) Bead velocity at different time points after lateral fluid perscussion injury (LFPI) and their time-matched sham controls.

Fluorescent beads were added to live brain slices containing the lateral ventricles. Time-lapse movies were taken with a high-speed imaging
protocol under Olympus Fluoview 1000 (Olympus America, Center Valley, PA). MetaMorph software (Molecular Devices, LLC, Sunnyvale,
CA) was used to track single beads and were tracked for at least 1 sec. Each plotted point is an average value of multiple beads from a single
brain slice. Each symbol (triangle, circle, and square) signifies slices derived from the same animal. Colored lines indicate the means for each
animal; the black line indicates the group mean. (B) Trace (green) of moving beads tracked with the MetaMorph program (Molecular Devices).
Each bead was traced for 15 frames (1 sec). The longer trace corresponds to a greater velocity of the moving beads. Orange indicates the end
point of the moving bead. The red number ““1°* indicates single tracking. Color image is available online at www.liebertpub.com/neu
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finding are not directly known, several sequelae can be extrapo-
lated. First and foremost is compromised diffusion and waste re-
moval, thus diminishing the clearance of harmful metabolites (e.g.,
amyloid).** The inability to robustly clear normal amyloid depo-
sitions may underlie the proposed linkage between brain injury
and the development of Alzheimer’s disease.**~*® Second, because
CSF supplies micronutrients and peptides to neuronal networks,
diminished CSF flow may contribute and enhance pathologies, as
has been suggested with various bipolar disorders and schizo-
phrenia.*’™ This may be especially true of blast injury and re-
petitive injury that leads to chronic traumatic encephalopathy,® a
tau-protein—linked neurodegenerative disease.’’ Further, CSF is a
conduit for inflammatory cytokines and chemokines to be rapidly
delivered to the entire CNS. Thus, decreased CSF velocity may
blunt an inflammatory response to CNS microbial infection, as is
often encountered in TBI. Additionally, respiratory cilia have re-
cently been demonstrated to detect microbes and assist in the
clearance.>® Thus, if ependymal cilia subserve the same function,
deciliation would contribute to CNS infection post-TBI.

Several endocrine glands are situated along various sites of the
ventricular system and collectively comprise the circumventricular
organ system. This system uses CSF as a transport conduit for
various hormones and peptides. Therefore, diminished CSF flow
would negatively affect the function of this system.>

Recently, motile cilia have received substantial attention as
cellular sensors. Respiratory cilia have been demonstrated to ex-
hibit both mechanosensitivity>* and chemosensitivity to bitter ta-
stants,” quorum-sensing molecules,”® and alterations in pH.>®
Brain ependymal cilia have recently been demonstrated to detect
alterations in viscosity>’ and thus may modulate CSF composition.
Thus, cilia denudation may have more-profound effects on CNS
homeostasis than merely depressed CSF flow and amalgamation.

It is important to stress that the model used for these studies
reflects mild TBI, and that more periventricular damage may be
observed in a severe TBI model. Even so, we demonstrate a pro-
found, yet reversible, loss of ependymal cilia with a resultant de-
crease in CSF velocity in the ipsilateral lateral ventricle. Though
additional studies are necessary to further determine the contribu-
tion of ependymal cilia to CSF homeostasis and overall CNS
function, recent reports have demonstrated that motile cilia in the
respiratory, reproductive, and ventricular system can exhibit sen-
sory function for detection of alterations in fluid composition as
well as presence of microbial factors.”>>>738 Thus, loss of cilia
function after TBI may have serious implications in short- and
long-term CNS function.
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