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Abstract

Repetitive mild traumatic brain injury (rmTBI) is known to disturb axonal integrity and may play
an important role in the pathogenic cascades leading to neurodegeneration. One critical approach
to reduce the future onset of neurodegeneration is to intervene in this process at an early stage
following a brain injury. Previously we showed that direct application of the microtubule-
stabilizing drug, paclitaxel, on the brain following controlled cortical impact improved motor
function and reduced lesion size. Herein, we extended these findings to a model of mild brain
injury induced by repeated closed-skull impacts. Paclitaxe/was administered intranasally to
circumvent its poor transport across the blood-brain barrier. Mice received five mild closed-skull
impacts (one per day for five days). Intranasal paclitaxe/was administered once only, immediately
after the first impact. We found that pac/itaxel prevented injury-induced deficits in a spatial
memory task in a water tread maze. /n vivo magnetic resonance imaging (MRI) and positron
emission tomography with 18F-flurodeoxyglucose (FDG-PET) revealed that pacl/itaxel prevented
structural injury and hypometabolism. On MRI, apparent, injury-induced microbleeds were
observed in 100% of vehicle-treated rmTBI mice, but not in paclitaxel-treated subjects. FDG-PET
revealed a 42% increase in whole brain glucose metabolism in paclitaxel-treated mice as compared
to vehicle-treated rmTBI. Immunohistochemistry found reduced evidence of axonal injury and
synaptic loss. Our results indicate that intranasal paclitaxe/administration imparts neuroprotection
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against brain injury and cognitive impairment in mice. The results from this study support the idea
that microtubule-stabilization strategies hold therapeutic promise in mitigating traumatic brain
injury.
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INTRODUCTION

There is increasing evidence that repetitive mild traumatic brain injury (rmTBI) is associated
with neurodegenerative disease [1-4]. Although the process by which rmTBlIs lead to
neurodegeneration is still under investigation, there is emerging evidence that loss of axonal
integrity and cytoskeletal derangement may play a prominent role in the evolving pathogenic
cascades that in later life can cause significant neurocognitive impairment [5-7]. One critical
approach to reduce the future onset of neurodegeneration is to intervene in this process at an
early stage following a brain injury. However, much work remains in the search for clinically
effective pharmacological interventions to treat traumatic brain injury (TBI). Microtubules
play a role in many homeostatic brain processes including cytoskeletal integrity and axonal
transport, as well as in regulating cell morphology, proliferation, motility, and intracellular
protein trafficking [8-11]. All of these processes may be disturbed by the primary
mechanical insult in TBI [12]. In a previous study, we administered a microtubule-
stabilizing (MT) drug, typically used to treat cancer, to mitigate acute head trauma [13].

Long used for chemotherapy to prevent mitosis in tumor cells, the prototypical, microtubule-
stabilizing compound, paclitaxel has been well-studied in terms of binding and target
characterization [14]. Paclitaxel prevents depolymerization by binding to g tubulin on the
inner surface of microtubules [15, 16]. Studies have indicated that low doses of pac/itaxe/
may be beneficial for acute CNS injuries, as well as neurological diseases [8, 17-21].
However, the neurotherapeutic potential of paclitaxel has been investigated only sparingly in
models of focal neuronal injury [19, 20, 22, 23]. An /n vivorat study by Adlard et al. used
intracortical delivery of paclitaxel after a penetrating needle stick injury and found reduced
axonopathy and a preservation of MAP2 labeling in the injury area [22]. Another study
showed that intrathecal administration of pac/itaxel facilitated axonal regeneration in acute
spinal cord injury in rats [19]. Sengottuvel et al. found paclitaxel/ promoted axonal growth /in
vitro and optic nerve regeneration after crush injury /n vivo[20]. In addition, Ertirk et al.
delivered paclitaxel to a dorsal root ganglion injury and found that the drug limited axonal
retraction bulbs. This same study found that pac/itaxe/ promoted axonal growth when
applied /n vitroto cultured neurons [23]. Collectively, these findings suggest that paclitaxe/
may be neurotherapeutic for focal neuronal injuries.

Previously we applied paclitaxe/topically to the injury site in the brains of mice following a
single, unilateral controlled cortical impact with craniotomy and found significant

improvement in neurological function using “Catwalk” gait analysis [13]. This improvement
corresponded to imaging biomarkers indicating reduced injury volume and edema, as well as
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myelin preservation with paclitaxel. These encouraging results support the idea that acute
TBI might benefit from treatment with pac/itaxel. The aim of this present study was to
determine if paclitaxel could mitigate repeated mild brain injury.

One significant challenge for the application of paclitaxel/to brain injury is its low blood-
brain barrier penetration when delivered systemically [24]. To address this issue and, more
importantly, to limit systemic distribution and target specifically to the brain, we delivered
paclitaxel via the intranasal (IN) route. IN administration for CNS drug delivery was
proposed by Frey and colleagues more than two decades ago [25]. Our group has used IN
administration as an alternative delivery approach in studies that included insulin for
treatment of Alzheimer’s disease (AD) [26], imaging agents such as manganese [27], and
administration of hormones such as progesterone and testosterone [28, 29]. Brain uptake
after IN administration is not dependent on classic distribution mechanisms. Research
suggests that transport via IN administration is within the perivascular spaces of the brain,
resulting in rapid distribution, which reaches steady state quickly [30, 31]. In this study, we
assessed the pharmacokinetics of IN administration in mice using [3H]-pac/itaxel.

To test the hypothesis that paclitaxe/ will prevent diffuse axonal injury from TBI, we utilized
a mouse model with repeat mild TBI, which produced axonal injury in brain white matter
and synaptic loss in the CAL region of the hippocampus. We administered IN paclitaxe/ only
one time after the first impact of a rmTBI protocol consisting of five impacts over five days
without craniotomy. We tested the therapeutic efficacy of paclitaxelto mitigate injury-
induced deficits with outcomes that included cognitive function on the radial water tread
maze, imaging of structure and function using magnetic resonance imaging (MRI) and 18F-
flurodeoxyglucose positron emission tomography (FDG-PET) and immunohistochemistry.

MATERIALS AND METHODS

Subjects

All procedures and animal handling were conducted in accordance with the animal care
guidelines issued by the National Institutes of Health and by the University of Washington
Animal Care and Use Committee. For the rmTBI treatment and sham groups, adult male
C57BL/6J mice were purchased from the Jackson Laboratory, Bar Harbor, ME, USA.
Animals were kept on a 12-h light/12-h dark cycle with ad /ibitum access to food and water,
and were randomly assigned to four groups: sham surgery with IN saline (n=5), or IN
paclitaxel (n= 3), repeat impact with IN saline (7= 29), or IN paclitaxel/ (n=T7). Statistical
analyses of imaging and behavioral outcomes revealed no statistical differences or trends of
differences between sham controls receiving saline or paclitaxel (F[1, 6] = 0.010, p< =
0.922, n.s.), so these groups were combined as a single control group (sham). For paclitaxel
pharmacokinetic assessment, male CD-1 mice were purchased from Charles River,
Wilmington, MA, USA and were kept on a 12-h light/12-h dark cycle with ad libitum access
to food and water.
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Intranasal paclitaxel pharmacokinetics

With a protocol similar to a previously published study [28], male CD-1 mice (8 weeks, n=
3-5 per time point) were anesthetized with urethane and administered 1 pl with 1,000,000
DPM tritium labeled paclitaxel (American Radiolabeled Chemicals, St. Louis, MO, USA)
with unlabeled paclitaxel in PBS to equal 0.6 mg/kg (dose used in /in vivo studies below).
The radiolabeled paclitaxel was administered IN using a micropipette tip inserted 4 mm into
the left nostril of each mouse. A subset of animals (7= 3, 20 min only) received intravenous
(IV) administration (left jugular vein) of radiolabeled paclitaxel for brain/serum ratio
quantification. At 10, 20, 40, or 60 min after administration, the carotid artery was exposed
and blood taken. The mouse was then decapitated and the brain removed and dissected [32]
on ice into 11 regions: olfactory bulb, occipital cortex, striatum, frontal cortex,
hypothalamus, thalamus, hippocampus, parietal cortex, cerebellum, midbrain, and pons-
medulla. Each region was weighed. Collected whole blood was allowed to clot at room
temperature, centrifuged at 5400 g for 10 min at 4°C, and 50 pl of the resulting serum
removed. Radioactivity in each of brain region and the matching serum sample was
measured in a gamma counter (Perkin Elmer; Waltham, MA, USA) for 30 min. Percent
injected dose in 1 ml of serum (%Inj/ml) was calculated by: %Inj/ml = [100*(CPM/mI)]/Inj
(Inj = counts per minute (CPM) administered, CPM/ml = radioactivity in 1 ml of serum).
Percent injected dose taken up per gram of brain region (%Inj/g) was calculated at each time
point by: %Inj/g = [100*(CPM/R)](/Inj(W)) (W= weight of brain region in grams, CPM/R
= radioactivity in brain region).

Repeat impact TBI and drug administration

Mice were anesthetized and maintained with isoflurane (1.5-2.5% in flowing O, at 2L/min)
during surgery and core temperature was maintained at 37°C via paraffin heating pad. The
mice were secured in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA), and the
scalp depilated with topical cream diluted with saline (Nair; Church & Dwight Co. Inc.,
Ewing, NJ, USA). An impactor device (Impact One; Leica Biosystems, Buffalo Grove, IL,
USA) was positioned directly above the midline of the skull between bregma and lambda
and a mark was made with a permanent marker to ensure the same area was impacted daily.
Mice received a mild closed-skull TBI or sham impact (anesthesia and treatments, no
impact) once daily for five consecutive days (5 mm impact tip, 1 mm depth, 5 m/s velocity,
200 ms dwell time). Low-dose IN paclitaxel (0.0175 pmol of paclitaxel in 5 pl volume) or 5
ul saline (vehicle) was administered (2.5 pl in each naris) immediately after the initial
impact, but not on subsequent days. Immediately following surgery, mice were removed
from anesthesia, placed in a warmed recovery box, and given a subcutaneous injection of
buprenorphine (0.5 mg/kg).

Outcome study design

The study protocol was designed to accommodate multiple endpoints, thus necessitating
accommodations for logistical work flow and timing constraints of the experimenters. The
injury paradigm of 5 impacts in 5 days was performed Monday-Friday. MRI imaging was
conducted early (4 days) after the injury to assess if the injury protocol resulted in
observable lesion on structural imaging. Maze testing requires a full week (M-F) for
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acquisition plus short-term memory test as well as one more day of Friday testing the
following week for the long-term memory. Since imaging requires anesthesia we did not
plan any imaging experiments during the maze testing time frame, nor within 3 days prior to
maze testing. Depending on the cohort size, FDG-PET requires 1-2 days and “hot” animals
needed to be housed overnight in shielded housing then moved back to regular housing,
therefore imaging could not be performed on a Friday. Euthanasia was performed within 1
week of the FDG-PET imaging.

Radial water tread maze (RWT)

Water maze testing began at 10 days after final impact. The full procedure and application to
a mouse model of TBI has been published previously by our group [33]. This test requires
no swimming, capitalizes on the natural tendency of mice to avoid open areas in favor of
hugging the edges of an apparatus (thigmotaxis), and has been used successfully to
distinguish TBI from sham mice previously [33, 34]. The RWT maze consists of a 32-inch
galvanized steel tub with 9 holes placed at equal intervals around the device, roughly 1%
inch above the apparatus floor. Of these, 8 terminate after roughly 1 inch (decoy exits), and 1
leads to a safety box hidden behind a 90-degree angle bend to prevent visual confirmation of
escape route. The safety box consists of a dark plastic container (30”L x 15”"W x 15”H)
heated externally via electronic heating pad. Five large unique visual cues line the sides of
the apparatus for spatial orientation.

Testing was conducted in a brightly lit room. Before each mouse was tested, the maze was
sanitized with 70% ethanol and filled with 1 inch of 12-14°C water. The temperature was
monitored during filling to ensure it was within the desired range. After maze preparation,
each mouse was placed in the center of the maze and given 180 s to find the escape hole. If
the mouse was unable to find the escape within the time period, the mouse was gently
guided by hand to the exit and the trial was recorded as 180 s. If a mouse attempted to enter
a decoy hole and did not voluntarily re-enter the maze after 5 s, they were returned to the
center of the maze by hand. Once inside the safety box, the mouse was presented with a
high-reward food treat and allowed to remain in the box for 60 s. The safety box and maze
were sprayed with 70% ethanol between trials to prevent olfactory cues. Each mouse was
tested for three sequential trials, with an inter-trial interval of one minute. Water was then
changed between mice, so each mouse was tested in fresh water. Mice were given 3 trials a
day for 4 days (acquisition period), followed by a short-term memory test consisting of 3
trials on day five. Mice were then unexposed to the maze until day 12 (day 22 after final
impact), at which they underwent 3 final trials (long-term memory test).

Imaging and image analysis

Magnetic resonance imaging (MRI), including diffusion tensor imaging (DTI), has been
proposed as a biomarker to assess rmTBI clinically. We acquired MR imaging including T1-
weighted, T2-mapping, and DTI at 4 days after the final impact. Mice were anesthetized
with isoflurane and scanned on an ultra-high resolution 14T MRI (Avance 111, Bruker
BioSpin Corp, Billerica, MA). T1-weighted imaging to assess gross brain structure and
obvious lesions, was acquired using a 3D Modified Driven Equilibrium Fourier Transform
(MDEFT) sequence: voxel size: 0.14 x 0.14 x 0.25 mm3, 64 slices, flip angle/repetition
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time/echo time (FA/TR/TE): 121/5000 ms/1.9 ms. The presence of edema under the impact
region was assessed by T2 quantitative mapping (T2) with a voxel size of 0.12 x 0.12 x 1.0
mm3, 15 slices, TR 1/4 2000ms,16 echoes, spacing: 6.7 ms, TE Effective 1:6.7 ms, TE
Effective 2:13.4 ms. DTI was acquired as a 4 shot echo planar image (EPI), TR/TE =
500/16.482 ms, 30 diffusion directions, Max bval = 6477.26849710899 s/mm?, multislice
3d, FOV 22.4 x 22.4 x 22.4 mm, Matrix size= 112 x 80 x 82, time was 1h 35 min and 40 s.
MR image sets including T1-weighted and T2 maps were manually inspected (DC) for the
presence of anatomical abnormalities, edema and/or lesions resulting from the impact
procedure. Manual inspection consisted of visual review of synchronized image sets through
approximately 20 axial slices covering the area under impact region. During this manual
inspection, it was noted that there were small lesions under the impact area in all of the
saline-treated rmTBI subjects that were not present in the paclitaxel-treated mice.

DTI processing included the application of a custom algorithm running within the
Neuroimaging Informatics Tools and Resources Clearinghouse (NITRC) DTIPrep software
package (http://www.nitrc.org/projects/dtiprep/), which allows elimination of image frames
contaminated by motion-derived artifacts, followed by eddy current and BO corrections and
confers several advantages. The resultant diffusivity maps had little spatial distortion,
artifacts of subject motion or inhomogeneities of magnetic (B0) or RF fields; and showed a
high degree of white/gray matter contrast. Fractional anisotropy (FA) maps are constructed
from DTI by FSL software (Analysis Group, FMRIB, Oxford, UK) and compared between
groups using FSL tract-based spatial statistics (TBSS). Manual regions of interest (ROI)
analysis as well as left and right regions were hand-drawn by a blinded investigator over 3
consecutive slices as indicated and averaged.

Cerebral glucose activity was assessed at 31 days after last impact using 18F-
flurodeoxyglucose positron emission tomography (FDG-PET) (Inveon micro-PET; Siemens,
Munich, Germany). PET imaging was performed under isoflurane anesthesia with 30 min
uptake after 250 uCi intraperitoneal injection of FDG. High-resolution images were acquired
over the whole brain for 30 min and processed using 3D OSEM/MAP reconstruction with a
spatial resolution of approximately 1 mm. Given the limited spatial resolution of FDG-PET
of the mouse brain, whole brain analysis (rather than region-based) was performed on
standardized uptake values (SUV) calculated images using ImageJ software.

Immunostaining

Mice were euthanized using intraperitoneal ketamine/xylazine until respiratory arrest and
then transcardially perfused with PBS followed by 4% formaldehyde. Brains were removed
and postfixed overnight in 4% paraformaldehyde in PBS at 4°C, followed by 24 h in 20%
sucrose in PBS, and then 24 h in 30% sucrose. Tissue was then paraffin embedded, cut
coronally to 5 pm sections, and slide mounted. Sections were deparaffinized in xylenes (2
times at 10 min each), followed by 100% ethanol (2 times for 5 min each), 95% ethanol
(once for 5 min), 70% ethanol (once for 5 min) and finally distilled H,O (2 times for 5 min
each). Tissues were permeabilized (1 h, room temperature, 0.2% Triton X-100 and 0.01%
sodium azide in PBS) followed by three 5 min washes in PBS. Antigen retrieval was
performed by heating at 80°C for 30 min in 50 mM sodium citrate (pH 8.5-9.0). Sections
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were then cooled to room temperature, washed in PBS (3 times for 5 min each) and blocked
in PBS with 10% normal goat serum (NGS) for 2 h at room temperature with gentle
agitation on an orbital shaker (10 rpm). After circling individual tissue sections using a
hydrophobic barrier pen, sections were covered with primary antibody solution (PBS, 5%
NGS; 200 pl per section) and incubated at 4°C overnight at 1:1000 with rabbit mAb PSD-95
(Cell Signaling, Danvers, MA). Following a brief rinse and 3 PBS washes (each 10 min in
duration) secondary antibodies were applied. Anti-rabbit/AF555 secondary antibody
(Molecular Probes, Grand Island, NY) were applied to tissue sections for 3 h at room
temperature, followed by three 10 min washes in PBS. Slides were lastly rinsed into water to
remove buffer salts, mounted and cover slipped. Slides were mounted in Prolong gold anti-
fade solution with DAPI (Life Technologies, Grand Island, NY, USA). Laser scanning
confocal imaging was conducted using a Leica TCS SP2 confocal/multiphoton hybrid
microscope with tunable emission gating and using sequential, between stack, single photon
excitation at 488, 543, and 633. Z-plane images acquired the full volume thickness of each
slice imaged (i.e., 50 um for floating sections and 5 pum for paraffin-embedded sections)
using system optimized stepping. Within an experiment, all directly compared sections/
slides were identically and simultaneously prepared.

Gallyas silver stain was used to detect axonal retraction bulbs. Gallyas method was
performed using a commercial kit (FD Neurosilver Kit, FD Neurotechnologies, Inc.
Columbia, MD, USA) and is characterized by its stability, reproducibility, and ability to
visualize abundant deposits. This commonly used method allows reproducible examination
for pathological deposits such as neurofibrillary tangles or glial cytoplasmic inclusions from
TBI. Mouse brains were coronally sectioned between [Bregma: —3.4 and —2]. Samples were
cut serially with each successive tissue slice being placed onto the next microscope slide.
Anatomically-matched tissue sections from 2—4 members of each group were represented on
each slide to ensure that each group was well-matched in terms of anatomy and received
equal downstream processing treatment. Random planes relative to Bregma were examined
and all subjects were matched to the selected plane. Slides were stained together as a full
group using the FD Neurosilver Kit according to the manufacturer’s instructions. Slides
from all study conditions were simultaneously processed, darkened for ~3 min at room
temperature and stopped in parallel. After development, slides were coverslipped. Using
brightfield microscopy, the entire surface of each tissue slice was briefly examined for
argyrophilic degeneration. Due to a lack of notable staining elsewhere, quantitation of
retraction bulbs was determined in the dorsal hippocampal commissure / corpus collossum /
alveus inferior to the site of TBI and proximal (superior) to where the PSD-95 micrographs
in Fig. 6 were taken. A total of two slices per animal were examined from two separate
silver-stained preparations.

PSD-95 expression was indirectly quantified using the histogram function of Adobe
Photoshop to determine the PSD-95-positive immunofluorescence (i.e., green channel only;
mean + standard deviation) within matched ROIs. The ROIs used for statistical analyses are
indicated by a white box for each subject in Fig. 6.
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Statistical analysis

Where appropriate, one-factor between-group ANOVAs or Student 7 tests were used to
compare paclitaxel-rmTBI to Sham or saline-rmTBI groups. All reported p values were
based upon two-tailed critical values (p < 0.05). Radial water tread maze data were analyzed
by two-way analysis of variance (ANOVA) with training or test days as a repeated measures
within-subjects factor and treatment (drug/no drug) as a between-subjects factor. Following
ANOVA the a priori hypothesis that injured/untreated groups would be statistically
significantly different from both vehicle/sham-treated and injured/paclitaxel-treated groups
was performed using a Helmert individual comparisons test [35, 36]. PK data for time versus
%Inj/g brain tissue were analyzed by two-way ANOVA. Statistical analyses were carried out
using SPSS software (IBM, Armonk, NY, USA).

RESULTS

Pharmacokinetics of [3H] Paclitaxel in the brain after intranasal administration

We first assessed the pharmacokinetics of [3H]-paclitaxel after IN administration at a dose
of 0.0175 pmol (0.6 mg/kg for 25 g mice). Inspection of the time activity curves in several
brain regions (Fig. 1A) indicated that overall, [3H]-paclitaxel concentration in the brain
remained fairly stable over the interval of 10-60 min. However, there were different levels of
[3H]-paclitaxel uptake among the 11 brain regions analyzed. This was confirmed by a two-
factor ANOVA where the time factor was not statistically significant (F[3, 30] = 2.583, n.s.)
and the brain region factor was statistically significant (F[1, 30] = 59.36, p < 0.00001). Brain
region differences in [3H]-paclitaxel uptake at 20 min post injection are further illustrated in
Fig. 1B. As expected olfactory bulb uptake was higher than other brain regions [28].
Interestingly, uptake was also comparatively high in the striatum and hypothalamus, which is
unique for paclitaxel. We also assessed [3H]-paclitaxel distribution in peripheral organs.
Only 0.3% Inj/ml was found in serum and 2% injected dose/g-tissue in the kidney (2.06 +
1.8,0.66 £ 0.7, 0.30 £ 0.2, and 0.02 £ 0.0, mn = sd of %Inj/ml of [3H]-paclitaxel, in kidney,
liver, serum and urine, respectively). Taken together these results demonstrate that paclitaxel
delivered IN is taken by multiple brain regions at levels that remain stable for at least 60
min.

Paclitaxel prevents white matter injury from repeat mild impacts

Diffusion tensor images were acquired in all subjects, however due to a coil malfunction, we
were unable to acquire usable artifact-free FA maps in 5 of 7 paclitaxel-treated subjects. In
the remaining subjects of the saline-treated rmTBI and sham groups, the FA maps were
assessed on a voxel-wise basis using tract-based spatial statistics (TBSS). The rmTBI group
had extensive regions of decreased FA throughout the white matter tracts of the brain, in
particular the external capsule, fimbria of the hippocampus, the ventral hippocampal
commissure, and the corpus callosum (Fig. 2A). This voxel-based analysis was confirmed by
manual region of interest analysis. Manual ROI indicated that rmTBI resulted in decreased
FA in the external capsule (green arrows) at 4 days after final impact (17% (0.21 + 0.01
versus 0.25 + 0.01, unpaired #test p< 0.01) as compared to sham mice (Fig. 2B). These
imaging results were used to define the location of the post-mortem immunohistochemistry.
At 45 days after rmTBI, a corresponding post-mortem examination of the external capsule
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using Gallyas silver stain confirmed /n vivo imaging findings of diffuse axonal injury. More
importantly, we were able to assess the white matter histologically in the paclitaxel-treated
subjects. Argyrophilic axonal degeneration is seen in cortical white matter of the alveus/
external capsule in 5 of 6 saline-treated rmTBI mice with varicosities (bilateral, and at least
1 argyrophilic bulb per side observed). One mouse had very prominent degeneration (15
argyrophilic bulbs in a single field in the dorsal hippocampal commissure / corpus
collossum). 1 of 5 sham mice had a single unilateral, translucent bulb which is likely
artifactual. However, to favor a conservative assessment it was counted as a bona fide
argyrophilic retraction bulb. 0 of 3 paclitaxel-treated sham mice had evidence of argyrophilic
degeneration in any region. 0 of 5 paclitaxel-treated rmTBI mice had at least 1 argyrophilic
retraction bulb in the white matter regions within, or contiguous with, the alveus. However,
in 2 of 5 paclitaxel-treated rmTBI treated mice argyrophilic degeneration was observed in
the area consisting of the external capsule, brachium of the superior colliculus, and the optic
tract (Fig. 2C).

Paclitaxel administration prevents apparent microbleed

In the same imaging session at 4 days after final impact, T1-weighted (T1-w) images and T2
maps were acquired to reveal any gross anatomical injury and/or edema. Manual inspection
consisted of visual review of synchronized image sets through approximately 20 axial slices
covering the area under impact region. During this manual inspection, it was noted that there
were small lesions under the impact area in all of the saline-treated rmTBI subjects that were
not present in any slices of either MR acquisition of the paclitaxel-treated mice. A likely
tissue strain microhemorrhage was observed in the cortical region directly below the impact
area (Fig. 3A). This lesion was found in 100% (9/9) of rmTBI mice receiving saline-only
treatments and no paclitaxel-treated mice (0%, 0/6, one PTX subject MRI had a slight
artifact in the region of the impact therefore it was not possible to definitively conclude no
lesion) showed evidence of the injury (Fig. 3B). This defect resolved by time of euthanasia/
immunohistology, so pathologic confirmation of the microbleed was not performed.

Spatial memory impairment from repeat mild impacts is prevented by paclitaxel

Mice were tested at ten days after final impact for spatial memory impairment using a radial
water tread (RWT) maze, which was developed specifically to test spatial memory in mice
[33, 37]. A two-way ANOVA (Days 1-12, between and within subjects factors, respectively)
indicated that there was not a statistically significant difference between sham-saline versus
sham-paclitaxel mice for either testing day, or the acquisition phase (F[1, 6] = 0.010, p<
0.922, n.s). Therefore, in further analyses these two sham groups were pooled. As shown in
Fig. 4A, a two-way ANOVA (Days1-4) comparing Shams, rmTBI paclitaxel-treated, and
rmTBI saline-treated animals revealed an overall statistically significant difference between
groups (F[2, 20] = 3.903, p< 0.037), indicating that paclitaxel treatment significantly
improved learning of the water tread maze by mice with repetitive mTBI. In keeping with
this, a Helmert a priori individual comparisons test [36] further confirmed that vehicle-
treated rmTBI mice performed significantly worse than the paclitaxel-treated rmTBI and
sham groups (p < 0.014) and that the paclitaxel-treated rmTBI group performance was not
significantly different from non-injured sham controls (p < 0.324, n.s.). In addition, Fig. 4B
shows that RWT performance on post-exposure (sham or mTBI) mice at Days 5 and 12 also
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showed that paclitaxel significantly reduced escape latencies, indicative of improved
performance (F[2, 20] = 7.254, p< 0.004 and F[2, 20] = 4.595, p< 0.023; Day 5 and Day
12, respectively). Finally, an overall two-way ANOVA (treatment X Days; between and
within subjects factors, respectively) encompassing Days 1-12 further confirmed that
paclitaxel significantly reduced injury-induced deficits on the RTW maze (Day 5:24.2 + 15.7
versus 69.78 £ 70.5 and Day 12:26.58 + 21.4 versus 68.33 + 50.16, mn + sd, paclitaxel-
rmTBI versus saline-rmTBI, respectively, F[1, 20] = 12.423, p< 0.001).

Paclitaxel preserves cerebral glucose metabolic activity and prevents synaptic loss from

rmTBI

An alternative imaging modality used to investigate TBI in humans is FDG-PET, which
assesses the metabolic activity associated with glucose uptake in the brain. Our group has
previously reported regional metabolic deficits in Veterans years after mild repetitive blast
TBIs using FDG-PET [38-40]. In our current study, mice underwent FDG-PET imaging at
31 days post rmTBI. Brain-injured mice showed significantly decreased whole brain FDG
uptake, which was not observed in brain-injured mice receiving IN paclitaxel (Fig. 5).
Whole brain standardized uptake values (SUV, pseudo-quantitative assessment of FDG-PET,
dimensionless) were 120.5 + 30.1, 90.3 + 18.7, and 129.2 + 23.0, mn * sd for sham, saline,
and paclitaxel (PTX), respectively, which is 43% increased in mice treated with paclitaxel as
compared to saline (One-way ANOVA, p= 0.0154, F(2,17) = 5.386). Glucose consumption
in the brain is associated with synaptic activity [41]. Since synapses are also supported by
microtubule structural components, we further reasoned that paclitaxel could maintain post-
synaptic regions in the hippocampus. Therefore, we examined synaptic density in the CAl
hippocampi after rmTBI (45 days) by immunostaining postsynaptic density-95 (PSD-95)
protein, which is a well-established synaptic marker [42]. Figure 6 shows that overall
PSD-95 immunostaining intensity was reduced in saline-treated mice exposed to rmTBlI,
while paclitaxel administration blocked the TBI-induced loss in PSD-95 immunostaining
intensity. We also quantified PSD-95 expression in the demarked regions shown in Fig. 6
(mean PSD-95 immunostaining intensity (relative units) = 23.5+ 3.7 s.e.m., 46.5+ 7.7
s.e.m., and 47.6 + 6.9 s.e.m.; corresponding to the saline/rmTBI, saline/Sham, and PTX/
rmTBI, respectively; overall F[2, 6] = 4.62,p< 0.06; /= 3 for each group). Confirming the
specific hypothesis that paclitaxel would restore injury-induced PSD-95 expression to
saline-treated sham control levels, a Helmert a priori planned comparison test revealed that
PSD-95 levels were significantly lower (o< 0.023) in the saline/rmTBI group compared to +
saline/Shams and PTX/rmTBI animals; and that there was no significant difference (p >
0.90, n.s.) in PSD-95 levels among the PTX-treated rmTBI animals compared to the saline/
Sham group. This conclusion was further confirmed with separate hypothesis-independent
post-hoc paired comparisons (saline/rmTBI versus saline/Sham, p < 0.04; saline/rmTBI
versus PTX/rmTBI, p< 0.04; PTX/rmTBI versus saline/Sham, p< 0.91, n.s.).

These data support that paclitaxel reduces overall PSD-95 loss induced by rmTBI and also
lends support to our FDG-PET findings (Fig. 5), in that synapse activity is associated with
glucose consumption [41]. Taken collectively, the findings in this report argue that
microtubule stabilization can provided protection against mild repetitive TBI that is reflected
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at the anatomical structural and functional level, as well as by improved cognitive
performance.

DISCUSSION

In this report, we demonstrate that IN paclitaxe/treatment delivered after the first impact of
a multi-impact model of repeat mild brain injury prevented axonal injury in mice. This
finding was supported by improved spatial memory, preserved post-synaptic density in the
CAL hippocampus, and /in vivo imaging that indicated structural and metabolic outcomes
similar to sham subjects. To our knowledge, this is the first evidence that this therapeutic
strategy can mitigate structural and functional impairments from repeated mild TBI.
Although the use of microtubule-stabilizers has been proposed for neurotherapeutic uses,
including AD disease and other tauopathies, this approach has been limited to models of
focal axonal injury. Previous studies have focused specifically on the potential of
microtubule-stabilizers to maintain axonal function and structure [19-23]. Synaptic loss is a
well-described feature of many animal models of brain injury [43], as well as in clinical TBI
[21, 44-47]. A previous study by Erez et al found pac/itaxel rescued tau-induced decreases in
synaptic transmission in vitro [48]. However, the focus was on presynaptic vesicle release
and alterations in excitatory postsynaptic potential amplitude and did not look specifically at
post-synaptic density. Preservation of post-synaptic density may simply be explained by
prevention of deafferentation from axonal loss or may be a direct effect of paclitaxel-
microtubule stabilization on dendrites, which could not be distinguished in the current study.

We found significant improvement in spatial memory and increased FDG brain uptake
measured by PET imaging in mice treated with a single dose of pac/itaxel. These results are
consistent with findings that FDG uptake in the brain is generally associated with brain
activity [49, 50]. Numerous clinical studies, including those from our group examining
Veterans with repetitive blast-related rmTBI, and others of mild impact TBI have indicated
decreased FDG uptake on PET imaging [38-40, 51, 52]. Therefore, the finding that our
mouse model of rmTBI model resulted in significantly decreased brain FDG uptake, at one
month after the injury, is translationally consistent with human studies. Although infection
and inflammation are known to increase FDG uptake on PET images, [53] research suggests
that the neuroinflammation specifically may contribute less to overall brain FDG-PET
uptake than brain activity [54]. The spatial memory preservation seen in mice treated with
paclitaxelis a novel finding. Although it has been proposed that microtubules may be
involved in learning and memory processes, the mechanism of action is not yet fully
understood [55]. In 2006, insulin, delivered via the IN route, was shown to improve memory
in patients with memory impairment [56]. A subsequent study by the same group indicated
increased brain uptake of FDG in amnestic cognitive impairment after IN insulin [26]. In a
more recent study, IN insulin improved memory and decreased neuroinflammation in a
model of traumatic brain injury [57]. Although it is beyond the scope to this study to
determine the exact mechanism by which IN paclitaxe/ preserved brain FDG uptake as well
as spatial memory, we may also speculate that these effects could be attributed to modulation
of brain energetics. Further studies on effect of paclitaxe/to preserve memory function in
TBI and other neurological conditions are warranted.
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The prevention of the injury-induced cortical lesion, possibly a microbleed, after
administration of paclitaxe/was not anticipated. However, our previous research applying
paclitaxel directly to the site of controlled cortical impact found a significant reduction in
injury volume and edema [13]. Hemorrhage is a common feature in moderate to severe TBI
[58]. Microbleeds, observed in acute TBI, are a result of vascular damage. The detection of
microbleeds after mild TBI is an area of considerable clinical research effort [59-61]. In our
study we only acquired MR imaging at 4 days after the final impact, therefore we do not
know if paclitaxel administration after the first impact completely prevented the lesion, or
facilitated tissue recovery. However, this finding raises intriguing possibilities for the
application of microtubule-stabilizers to more severe trauma where hemorrhage is a serious
complication [62]. Also, because the imaging took place at 4 days after impact, and the mice
were not euthanized until 45 days it was not possible to confirm histologically that the post-
injury lesion was actually a microbleed. This finding will be further investigated in future
research.

The pharmacokinetics of IN paclitaxel/ delivery indicated a brain uptake of 0.08-0.23
%injection/g brain tissue. These values convert to a tissue concentration of 14-40 pmol/g of
brain tissue. For kidney, 2% uptake of the administered dose would give a tissue
concentration of about 350 pmol/g of tissue. These biologic effects, despite low brain uptake
are consistent with previous research of other small molecules [28, 29]. Although MT-
stabilizers including paclitaxe/ may be neurotoxic at doses required to treat cancer [63],
other research indicates an opposite (neurotherapeutic) effect of paclitaxelin lower
concentrations and doses. An /n vivo study with intracortical delivery of 853.9 ng paclitaxel
after penetrating needle injury found reduced axonopathy [22]. Another showed that 256
ng/day via intrathecal administration facilitated axon regeneration in acute spinal cord injury
in rats [19]. In another study, 8.54 ng paclitaxel delivered to a dorsal root ganglion injury
limited axonal retraction bulbs, while in the same study, only 10 nM applied /n vitroto
cultured neurons promoted axonal growth [23]. Sengottuvel et al. found 3 nM paclitaxel
promoted axon growth /n vitro and 4.27 ng promoted optic nerve regeneration /n vivo [20].
Collectively, these findings along with those from our study suggest that low dose paclitaxel
is neurotherapeutic. In fact, the finding that pac/itaxel can be neurotherapeutic at low doses
and neurotoxic at higher ones, should not be surprising. Medical practice has many
examples of therapeutics, from botulimun toxin to acetaminophen, that have a range of
beneficial effects despite high dose toxicity.

One advantage to IN delivery is that using a commercially available drug delivery device
[64], a drug can be quickly administered to injured patients by medical personnel (from the
sidelines of football and hockey games, or in the military field) under up-tempo conditions
(i.e., light weight and without requiring refrigeration, electricity, or sophisticated
administration equipment). Some skepticism for IN drug delivery remains within the field of
central nervous system drug development, particularly with respect to translation of results
from mouse studies to human. Main objections include: the mouse brain is diminutive and
diffusion distances are shorter than in humans, and the olfactory bulb of the mouse is large
compared to that of the human so it is not surprising that mice have drug uptake via the
olfactory nerve tract. The success of IN insulin as a therapeutic for AD, argues against these
concerns [26]. Also, and more directly, distribution of substances into the brain after IN
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administration is not dependent on classic brain distribution mechanisms. Instead,
distribution is very rapid, reaches steady state quickly, and is fairly stable over one hour [64].
The exact mechanism of action is still not entirely clear, however. It has been suggested that
transport after IN administration is within the perivascular space of the brain [30, 31].

This study has some limitations. First, a coil malfunction that was not apparent at the time of
imaging and did not compromise the other imaging acquisitions (T1 w and T2 mapping),
was discovered after the study was completed. The malfunction affected the quality of the
DTI, particularly in the middle of the brain and we were unable to analyze the FA maps from
the paclitaxel-treated group that were acquired at 4 days post-injury. However, we applied
silver stain of the external capsule at 45 days for all subjects, which showed no evidence of
axonal injury in paclitaxel-treated mice. We also examined the /7 vivo structural T1-
weighted and T2 mapping and confirmed that pac/itaxeltreated subjects did not have overt
brain lesions at the 4 days time point. Second, the neuropathological evidence of synaptic
preservation based on PSD-95 stain is considered preliminary and support for this finding
will be investigated in future studies using electron microscopy. Third, we do not know the
temporal dynamics for repeat mild impacts on cytoskeletal derangements and the maximum
interval during which the administration of microtubule-stabilizers will mitigate
impairments. In this study we administered the drug immediately following the first impact.
In future studies, we will determine future translational potential of microtubule-stabilizing
therapeutics by providing insight into the temporal dynamics related to delivery. Lastly, only
male mice were used in this study. Research is underway to investigate sex differences in the
rmTBI model as well as response to paclitaxel treatment.

We found that pac/itaxe/treated mice did not suffer from the spatial memory impairment
seen in the vehicle-only rmTBI mice. /n vivo imaging of treated mice revealed preservation
of glucose uptake on FDG-PET and no significant differences as compared to sham mice in
white matter integrity on DTI. Apparent micro-hemorrhage seen on imaging in vehicle
treated mice was not observed in paclitaxeltreated mice. Postmortem examination of
paclitaxeltreated brains confirmed /in vivo imaging results. In particular, we found no
indication of axonal injury after treatment, and, more importantly, paclitaxel protected
against synaptic loss in the CAL1 region of the hippocampus. These results indicate that
microtubule-stabilizers, more specifically paclitaxel, may be neuroprotective against
repeated mild brain injury.
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Fig. 1.

Br%in distribution of paclitaxel after intranasal administration. A) Time-activity curves
compare the % Inj/g-brain in five brain regions. Although there are regional differences,
tissue concentrations are stable over the 1 hour of sampled time. B) All brain region
concentrations of 3H-paclitaxel at the 20 min time point from after IN administration show a
classic pattern of high olfactory bulb uptake; however, the high striatum and hypothalamus
uptake is unique. Results are expressed as the percent of administered dose taken up by a
gram of brain region. Error bars indicate standard deviation across the group (/7= 5).
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Fig. 2.
White matter injury in the external capsule indicated on DTI and confirmed by silver stain is

ameliorated by paclitaxel. A) TBSS statistical maps (blue) are superimposed on coronal
slices from an FA template brain aligned to the mouse brain atlas for anatomical reference
[65]. TBSS indicated that repeat mild brain injury resulted in decreased fractional anisotropy
(FA) in diffuse white matter regions throughout the brain, including the external capsule at 4
days after final impact. Color scale bar to the right indicates p-values. B) Scatterplot of the
manual ROI analysis of the external capsule (location indicated by green arrows), shows that
FA was decreased significantly by 17% (0.21 £ 0.01 versus 0.25 + 0.01, mn £ sd, p< 0.01)
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compared to sham mice. Horizontal line indicates mean. C) Representative samples indicate
axonal injury in cortical white matter of the external capsule/alveus by rmTBI as
demonstrated by Gallyas silver staining. Mice were perfused for immunohistochemistry at
45 days after rmTBI. Argyrophilic axonal degeneration was found in 5/6 saline-treated but
not paclitaxel-treated mice (n7= 0/5) or sham-paclitaxektreated controls (n7= 0/3). A single,
unilateral dystrophic axonal bulb was observed in 1/5 sham mice. Insets represent
magnifications of boxed areas.
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Fig. 3.

P;c/iz‘axe/ prevents brain lesions associated with rmTBI. MR imaging was acquired at 4 days
post-rmTBI to assess injury and response to paclitaxel treatment /n vivo. A) Left to right:
Proton Density mapping (PD-map), T2-relaxation quantitative image (T2-relax) and T1-
weighted image (T1-W) from the same saline-treated mouse (coronal view). Green arrows
indicate a dark spot in the cortex just below the impacted region. Spot is dark in all 3 images
indicating a likely tissue strain microbleed. B) T1-W imaging of saline- (top row) and
paclitaxel-treated (bottom row) from 4 subjects of each group. 100% (8/8) saline-treated
subjects had microbleed lesion at 4 days post injury and 0% (0/6) of the paclitaxel-treated
showed evidence of the lesion.
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=3

Day 5
Short Term memory

Day 12
Long Term Memory

Paclitaxel preserves short- and long-term memory. The radial water tread (RWT) maze tests
spatial learning and memory. Maze test was administered from Day 10 to 22 post-injury. A)
Graph indicates learning/acquisition phase over Days 1-4, where saline-treated rmTBI mice
did not learn the maze as compared to sham and PTX-treated rmTBI. Paclitaxel (PTX)
rmTBI mice learned the maze similar to Sham. B) Paclitaxe/ subjects were significantly
improved from saline in both short-term memory (Day 5) as well as long term memory

(tested on Day 12).
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Paclitaxel preserves FDG brain uptake. A) Representative mouse brain FDG-PET image
(coronal view) from a single sham subject to illustrate image quality. B) Scatterplot of
standardized uptake values (SUV) from saline-treated rmTBI mice shows significantly
decreased brain FDG uptake at 31 days post injury, which was preserved in mice
administered IN paclitaxel. Horizontal lines indicate mean.
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Fig. 6.

P;c/itaxe/ treatment blocks rmTBI-induced loss of postsynaptic density-95
immunoreactivity in hippocampus. Representative PSD-95 (green) expression in CA1
stratum oriens hippocampi. Tissue was counterstained with DAPI (blue) to delineate
prominent nuclei of the stratum pyramidale. In saline-treated mice exposed to rmTBI,
hippocampal PSD-95 immunofluorescence was reduced as compared to sham or rmTBI
paclitaxe/ mice. CA1 (just superior to the dentate lateral horn) is near the location of the
Gallyas silver stain from Fig. 2C. Confocal micrographs are from 3 mice in each group.
White boxes indicate region of fluorescence analysis. Bars = 10 um.
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