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Abstract—Recently, there has been increased concern about microstructural brain changes after head trauma.
Clinical studies have investigated a neck collar that applies gentle bilateral jugular vein compression, designed
to increase intracranial blood volume and brain stiffness during head trauma, which neuroimaging has shown
to result in a reduction in brain microstructural alterations after a season of American football and soccer. Here,
we utilized a swine model of mild traumatic brain injury to investigate the effects of internal jugular vein (IJV) com-
pression on histopathological outcomes after injury. Animals were randomized to collar treatment (n = 8) or non-
collar treatment (n = 6), anesthetized and suspended such that the head was supported by breakable tape. A
custom-built device was used to impact the head, thus allowing the head to break the tape and rotate along
the sagittal plane. Accelerometer data were collected for each group. Sham injured animals (n = 2) were exposed
to anesthesia only. Following single head trauma, animals were euthanized and brains collected for histology.
Whole slide immunohistochemistry was analyzed using Qupath software. There was no difference in linear or
rotational acceleration between injured collar and non-collar animals (p > 0.05). Injured animals demonstrated
higher levels of the phosphorylated tau epitope AT8 (p < 0.05) and the inflammatory microglial marker IBA1
(p < 0.05) across the entire brain, but the effect of injury was markedly reduced by collar treatment (p < 0.05)
The current results indicate that internal jugular venous compression protects against histopathological alter-
ations related to closed head trauma exposure. © 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION The scientific community, as well as the public at large,
now recognizes that the term “mild” is quite misleading,
since as many as 30% of patients remain symptomatic
one month after injury (Zemek et al., 2016). In addition,
an increasing number of reports suggest a link exposure
to head trauma, even those without overt clinical symp-

The public health burden of head trauma resulting in mild
traumatic brain injury (mTBI), including concussion, is
enormous with millions of cases reported each year.
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seizure disorder, multiple sclerosis and chronic traumatic
encephalopathy (CTE) (Omalu et al., 2005, 2006; McKee
et al., 2009; Stern et al., 2011; McKee et al., 2013; Noy
et al., 2016; Mez et al., 2017). To date, there are no pro-
ven interventions to prevent or mitigate brain injury from
head trauma.

The extent and severity of brain injury after head
trauma is hypothesized to depend upon local brain
deformation or strain, which may or may not result in
overt clinical symptomatology and a subsequent
‘concussion’ diagnosis (Margulies and Coats, 2013).
Micro-damage to the local tissue occurs when the magni-
tude or strain rate exceeds tissue mechanical properties.
External head protection, including helmets (Schneider
et al., 2017), does not fully mitigate the shear/strain
energy absorption the brain undergoes during traumatic
impacts. A key knowledge gap in prevention of brain injury
is how to efficiently and effectively minimize movement of
the brain through the cerebrospinal fluid inside of the skull
(‘slosh’) to ameliorate differential acceleration between
the skull and its contents (Benson et al., 2009).

To address this knowledge gap, several preliminary
studies evaluating the use of an innovative compression
collar applied to the jugular vein to increase cerebral
blood volume as a means of protecting against
mechanical slosh upon head impact have been reported
(Yuan et al., 2017; 2018a,b). The published data indicate
the potential to reduce neurophysiologic and microstruc-
tural brain alterations in response to head impacts using
a jugular vein compression collar, fashioned off of the
diagnostic Queckenstedt maneuver (Gilland et al., 1969;
Myer et al., 2016a,b; 2018). Early small animal preclinical
studies to date also reveal that jugular vein compression
reduces a widely accepted marker of TBl—amyloid pre-
cursor protein-positive axons—by 83% during a 900 g
impact protocol (Smith et al., 2012). Further, using the
same impact protocol in a related preclinical TBI model,
there was a greater than 45% reduction in degenerative
neurons, reactive astrocytes, and microglial activation
with the application of jugular vein impedance (Turner
et al., 2012). However, these murine models lack the sub-
stantial white matter (WM) domains and specific patho-
physiological features of human TBI, which may be key
factors in the development of specific features of
trauma-induced neuropathology.

In clinical studies, initial evidence indicates that
imaging biomarkers of microstructural changes in WM
after a season of head impact exposure is mitigated in
athletes wearing a jugular venous compression collar
compared to those not wearing a collar (Myer et al,
2016a,b; 2018). However, the prior clinical studies were
unable to provide a direct measurement of brain
microstructure to determine the protective benefits of
jugular compression during head impact exposure and
it is not clear how the protective effects on histopathol-
ogy outcomes in murine models translates to the gyren-
cephalic brain. Thus, while evidence from clinical studies
using imaging biomarkers and preclinical murine models
to date are encouraging, further understanding of tissue
level protection of jugular venous compression is
needed.

For the current project, we have developed a closed
head rotational head impact protocol in swine that
provides the advantages of a more realistic impact blow
with the ability to allow free movement of the head post-
impact and imparting a rotational component to the
brain throughout, approximating the environment that
athletes are subjected to during competitive play. Our
hypothesis to be tested is that jugular (i.e., neck) vein
compression applied during head impact exposure and
the resultant cerebral venous engorgement will reduce
alterations in  histological biomarkers of brain
microstructure in response to single head impact
exposure in large animal model.

EXPERIMENTAL PROCEDURES

All animal experiments were conducted in accordance
with protocols approved by Boston Children’s Hospital
Institutional Animal Care and Use Committee and in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Collar design

The swine collar was designed to occlude the jugular vein
and be applied to an anesthetized swine, in a downward
facing position. Due to the variability in swine neck size
and geometry, the collar was designed with multiple
adjustments to ensure proper occlusion of the IJV.
During fittings, the IJV pods were opened to allow the
collar to slip around the neck. Then, the IJV pod angle
and lateral spacing were adjusted and locked into
position so that the pods lied directly over the IJV. The
adjustable neck pod was then tightened to provide
proper pressure and occlusion of the IJV. The
construction of the collar is a stainless-steel frame with
3D printed center structure, 3D printed IJV compression
pod and 3D printed neck adjustment (Fig. 1).

Head impact measurement

Each animal was fitted with an X Patch Pro accelerometer
(X2 Biosystems; Seattle, Washington). The X Patch Pro is
a small, durable device that attaches to the back of the
neck behind the ear using an adhesive and tracked
head accelerations due to impacts. The data recorded
by the X Patch Pro was used in the final analysis to
normalize the acceleration exposure between animals.

Closed head injury

Six-month-old castrated male Yucatan miniature swine
(n = 16) were used for this study. A subset of 14 (n = 8
collar and 6 non-collar) were subjected to a closed head
impact concussion model. Sham animals (n = 2) were
subjected to anesthesia only. Sample size estimates
were based on a prior mTBI swine study (Browne et al.,
2011). Swine were anesthetized with telazol 2.2—6.6 mg/
kg, xylazine 1.1-2.2 mg/kg and atropine 0.04 mg/kg and
vital signs (heart rate, respiratory rate, pulse oximetry
and core body temperature) were monitored throughout
the procedure. After inductions, anesthetized swine were
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Fig. 1. Jugular compression collar worn by pigs. Images are labeled as follows. (A) Adjustable neck
brace to adjust for varying neck sizes. (B) Pins to adjust the 1JV pads at varying angles, allowing for
different neck sizes. (C) IJV pads for venous compression. Left image shows IJV pads at most open
position, as is used to place collar on pig necks. Right image shows IJV pads in the closed position

was set at a 35 degree angle
(1.5 m height from the head of the
swine) and with a 15.9kg total
weight of the impactor arm. These
parameters were a priori calculated
to deliver a total gforce of ~120 g,
in the middle of the range reported
in the clinical literature (Guskiewicz
and Mihalik, 2011). Gforce calcula-
tions were made based on 15.9 kg
weight of the impactor, 1.5m
height of the drop and 0.2 m decel-
eration distance after impact. Once
set in position, the release lever
was pressed and injury was deliv-
ered in the specified region of the

providing venous compression.

placed in a modified Panepinto sling (Morgantown, West
Virginia) attached to an impact device. Animals were ran-
domly assigned to collar intervention and placed in a col-
lar as above if assigned to collar treatment. Similar to
testing in prior clinical trials, visual evidence of superior
venous dilation was confirmed with ultrasound following
neck collar application to the swine (Fig. 2). The head of
collar and non-collar animals was cradled in a thin mem-
brane held in position parallel to the floor. The impact
device was positioned to make impact in a midline site,
delineated by the intersection of two lines drawn from
the medial aspect of each ear flap to the contralateral
medial canthus of the eye. The midline between the naso-
frontal and frontal parietal sutures. The impactor device

Pre-Collar With Collar

Diameter = 0.6 cm

Diameter= 0.39

Fig. 2. Doppler ultrasound images of pig jugular vein without (left)
and with (right) jugular compression collar. The image during collar
was taken on the side of the collar proximal to the head, and as such
the jugular vein (blue) is enlarged indicating reduced venous return
from the head. Width of jugular vein as measured by the distance
between markers on ultrasound is reported. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)

skull, resulting in rotational acceler-
ation of the head through the thin
membrane. Rotational kinematics
were recorded using X-Patch Pro v1.1 (X2 Biosystems,
Seattle WA) mounted to the neck and ear area on the
swine and recorded running X2 XPP Lab Tool software
(1600 Hz sampling rate). Heart rate, respiratory rate, oxy-
gen saturation and temperature were measured during
the injury procedure. Animals were allowed to recover in
their cages.

Clinical behavior score

Based on routine post-procedure assessments by
veterinary staff in our large animal facility, a clinical
behavior score was devised to assess functional status
after injury. A subset of animals (n = 4) was monitored
for baseline prior to injury and for five days after injury.
The score was comprised of the following seven
measures: strength, balance, coordination, activity level,
latency to upright, reflexes, appetite, and urine/fecal
output. Scoring for each measure was conducted as
follows: A score of 5 constituted normal behavior (full re
sponse/activity/appetite/output); a score of 4 constituted
a marginal decrement from normal behavior (little less
than full response/activity/appetitefoutput); a score of 3
constituted a moderate decrement from normal behavior
(responsive/active, but decreased/appetite & output
altered); a score of 2 constituted a severe decrement
from normal behavior (responds, but barely reacts/
appetite & output decreased); a score of 1 constituted
the near absence of normal behavior (barely responsive/
appetite & output minimal); a score of 0 constituted the
absence of normal behavior (no response, appetite, or
output) In addition, pupillary response, ability to stand
upright and the absence of vomiting were scored yes/
no. The behavior score was implemented by veterinary
technicians blinded to injury status. Results are reported
as percent deviation from baseline score: difference
between score on that day and baseline score, divided
by baseline score, multiplied by 100 percent.

Animal euthanasia and tissue processing

Animals were euthanized 3-5days after injury (n = 2—
6/group) and 23 days post injury (n = 2/group) and all
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subsequent analyses were adjusted for time from injury.
Swine were anesthetized with telazol 2.2—6.6 mg/kg and
xylazine 1.1-2.2 mg/kg and injected with lithium heparin
(200 units/kg) intracardially to prevent blood clotting.
Animals were then euthanized using intracardial Fatal
Plus (110 mg/kg) and the brains were immediately
removed and weighed. Brain tissue was placed in 4%
paraformaldehyde upon removal and stored at 4 °C for
approximately 2 weeks, after which they were placed in
phosphate buffered saline (pH = 7.4) until sectioning.
Brains were initially sectioned into 5 mm thick sections
using a brain slicing matrix (Zivic Instruments,
Pittsburgh PA). Five sections were then selected for
further processing, starting at 20 mm from the front of
the brain and alternating sections. This approach
allowed for processing a representative range of brain
regions from each brain. The selected sections were
sent to Cummings Veterinary Medical Center Pathology
Services for sectioning and immunohistochemistry.

Sectioning and immunohistochemistry

Sections were bisected longitudinally and embedded into
paraffin, from which 4-um slices were cut and mounted
onto positively charged slides. Sections were baked at
65 °C for 30—60 min, deparaffinized, and hydrated to
deionized water. Antigen retrieval was done: the slides
were incubated in a 1:10 solution of Citrate Antigen
Retrieval solution (Cell Marque, Declare) in deionized
water, cooked in a steamer for 20 min and then allowed
to cool for 20 min. Slides were twice rinsed in deionized
water, and the following steps were conducted at room
temperature. Slides were incubated in 3% aqueous
hydrogen peroxide twice for 5min each, in order to
oxidize blood vessels and reduce false positives on
immunohistochemistry. Slides were washed once in
phosphate buffered saline (PBS) (pH = 7.4) and placed
into an automatic slide stainer (BioGenix, i6000 system).
This ensured that all slides were exposed to the same
solutions of antibodies for the same duration, allowing
comparison between slides. Slides were exposed to one
of the following concentrations of primary antibodies for
30 min: AT8 at 5 pg/ml (Thermo Scientific, MN1020) or
IBA1 at 250 ng/ml (Wako Chemicals, 019-19741). Slides
were then rinsed five times in PBS, incubated for 10
minutes in linking solution (Hi-Def Detection Kit, Cell
Marque 954D-30), rinsed five times in PBS and
incubated for 10 minutes in labeling solution (Hi-Def
Detection Kit, Cell Marque 954D-30). Slides were rinsed
five times in PBS and incubated in DAB Chromogen
(Cell Marque, 957D-40) for 6 minutes, rinsed 5 times in
PBS and counterstained with hematoxylin as follows:
dipped three times in hematoxylin, rinsed three times in
tap water, dipped 10 times in bluing reagent (4%
ammonium hydroxide) and rinsed three times again in
tap water. Slides were then dehydrated using increasing
concentrations of ethanol and coverslipped.

Automated histopathology

Automated, whole brain histopathology was employed for
all histopathological outcomes, which we have previously

demonstrate correlate with manual cell counts (Morriss
et al., 2020 in press). All slides were scanned using a
ZEISS Axio Scan.Z1 automatic slide scanner located at
the Harvard Center for Biological Imaging (Cambridge,
MA), converted to a .czi file for each slide scanned,
then analyzed using QuPath freeware v0.2.02 (https://
QuPath.github.io/).

QuPath image analysis was deployed as follows,
using code previously developed in our laboratory (see
Supplementary  Information).  First, simple tissue
detection created annotations around tissue located on
the slide, and then automatically shrunk these
annotations by 250 um from each border in order to
exclude potential false positives along the edges of
tissue (to exclude some areas of folded tissue, which
would double the DAB signal of pixels in that area).
Each slide was then manually rechecked for correct
tissue identifications. Next, the QuPath code analyzed
each image, exported the data in a text file to a
previously determined folder, generated a “heat-map”
that visualized stain intensity across the entire image,
and exported the image of that heat-map. Finally, data
for each slide were exported to excel for further analysis.

Quantification was accomplished using superpixels
rather than cell-based procedures. Pixel-level
quantification results in nearly identical methods across
stains, allows for the capture of subcellular-level data
that might be missed if cell-body based analysis were
used, and also permits sensitivity analyses for different
thresholds of positivity. For each image of a slide,
QuPath iterated over all pixels in each image and
grouped adjacent and similar pixels into superpixels of a
set size (set at 50 ym? to maximize resolution and
processing speed). Pixel similarity was determined by
their red-green-blue (RGB) values, which determined
color and shade of the pixel. Positivity of each
superpixel was determined at multiple different
thresholds to allows for visualization of subcellular
elements and perform sensitivity analyses of multiple
thresholds. The use of multiple thresholds for positivity
in the analysis of AT8 allowed distinct quantification and
analysis of different significant cellular features. The
lowermost threshold 1+ captured only subtly positive
elements such as axons positive for tau, while middle
threshold 2+ captured notably positive cell bodies, and
uppermost  threshold 3+  captured exclusively
supercellular tau tangles or masses of strongly positive
cells. For IBA1, the multiple thresholds allowed analysis
that ranged from highly sensitive to highly specific. As
IBA1 is present in non-activated microglia as well as
activated, and the distinction between the two relies on
the increased size of the cell body and number of
microprocesses it was necessary to ensure that this
increase could be seen across multiple thresholds.

Generation of heat-maps

In order to visualize the distribution of DAB stains, we
generated heatmaps of staining intensity for each
image. QuPath allows the user to generate this
visualization after quantified analysis in the form of
heatmaps, applying a gradient of color to each
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Fig. 3. Clinical symptom score for the five days after injury composed
of the following eight measures: strength, balance, coordination,
activity level, latency to upright, reflexes, appetite, and urine/fecal
output. Data are presented as percent deviation from baseline score,
with error bars representing standard deviation of two independent
raters blinded to injury and collar status.

superpixel based on DAB intensity. This permits an easy
qualitative analysis of the stained tissue and can be used
to isolate regions of interest for complementary analyses.
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This technique is particularly useful in the analysis of
heterogeneous tissue such as brain matter as it allows
visual identification of regions with markedly higher or
lower signal intensity and highlights regions of interest.
Heatmaps assign a color to each superpixel based on
DAB intensity along a spectrum with ranges defined by
the user, which permits selective focus on higher or
lower ends of staining intensity if desired. As long as the
same range is used for a group of images, the relative
intensities of stains can be directly compared within and
between images. Importantly, the color assignment
independent of the superpixel being positive or negative,
and each superpixel is graded on a continuous scale.
This allows visualization of subtle differences in
intensities that may not be captured by the ordinal
thresholds assigned for positivity. These heatmaps can
then be exported as downsized JPEG images for quick
reference, or as pieces of a larger image that can be
externally stitched back together for a higher resolution
image.

Statistical analysis

Data were exported to Microsoft Excel and all statistical
analysis was done using Stata 15. For behavioral and
accelerometer analyses, the unit of comparison was the
individual animal. To evaluate head
impact exposure between collar
and non-collar groups (n = 6-—
8/group), Wilcoxon rank sum test
were used compare peak linear
acceleration and rotational velocity.
Behavior scores were analyzed by
Kruskal Wallis (n = 4/group). For
histopathological outcomes, the
unit of comparison was individual
sections (n = 20-80/group). As
multiple sections per animal per
stain were analyzed, a negative

Time (ms)

Accel (Vert)

100 150

50 100

Force (g)

20

Time (ms)

Accel (Total)

binomial regression was employed,
controlling for time, and clustered
by individual animal to account for
repeat measures across animals.
Graphs were generated using
Graphpad Prism 5.

40 60 80 100

RESULTS

There were no deaths. Heart rate,
respiratory rate, oxygen saturation,
and core body temperature did not
differ between groups (p > 0.05).
Both collar and non-collar injured
animals showed a decrement in the

Time (ms)

20

Time (ms)

40 60 80 100 clinical behavior score after injury,
though there was no difference

between groups (Fig. 3; p > 0.05).

Fig. 4. Graphical display of time series data for accelerometry recorded for (mean + 1 SE) linear
acceleration and rotation velocity time series by group for all three axes of motion [anterior/posterior

(AP), medial/lateral (ML), vertical (Vert) and summated (Total)] accelerations and velocities (final
column). Visualized overlapping SEs over the time series indicate non-significant between group
differences in head impact accelerations. Peak values for summated (Total) values were used for the
statistical analysis further indicating similarity in head impact exposure for the comparative groups.

Accelerometry

No differences were found in head
impact exposure between the collar
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Fig. 6). Injured animals with

collars demonstrated

significantly less IBA1 staining

and non-collar groups. Specifically, temporal head impact at all thresholds (p = 0.008,

exposure was characteristically similar, both temporally
and structurally, for both linear acceleration and
rotational velocity in all three planes of motion (Fig. 4).
Peak values of linear acceleration and rotational velocity
for both the collar and non-collar groups were all found
to have come from a continuous distribution with the
same median (Wilcoxon rank sum test; all p > 0.05;
Table 1).

Gross dissection and histopathology

Upon euthanasia and extraction of brains, no brain
demonstrated evidence of gross cerebral hemorrhage or

Table 1. Accelerometry Data.

p = 0.039, p =0.044 and p = 0.006, respectively for
threshold 1, 2, 3 and all respectively, Fig. 6) relative to
injured animals without collars. The effect of time was
only significant at threshold 3 (p = 0.015).

Heatmaps

Qualitative assessments of heatmaps for AT8 staining
showed overall higher AT8 and IBA1 signal in the
foremost two sections, approximately 15 mm and 25 mm
from the front of the brain. AT8 increased most notably
along the edges of the cortex, and surrounding sulci and
ventricles. Importantly, AT8 supercellular tangles were

Variable mean_col sd_col mean_non sd_non p

Accel (AP) 117.2 16.5 85.2 38.8 0.400
Accel (ML) 46.3 9.0 31.2 2.0 0.114
Accel (Vert) 73.9 4.0 66.0 10.5 0.229
Accel (Total) 125.8 14.2 100.2 27.3 0.400
Gyro (AP) 2218.6 145.0 14771 762.0 0.114
Gyro (ML) 2260.3 74.9 2046.0 4925 1.000
Gyro (Vert) 1162.9 260.2 1207.6 674.9 0.629
Gyro (Total) 3793.4 297.2 3253.4 96.8 0.057
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100 um

activation (Smith et al., 2012;
Turner et al, 2012). To our
knowledge, this is the first study
to demonstrate the protective
effects of a jugular venous com-
pression collar on histopathologi-
cal outcomes in a gyrencephalic
closed head injury model. A
strength of the study is the auto-
mated quantification method
allowing us to investigate diffuse,
whole brain histopathological
changes after injury. Importantly,
our findings were not due to mod-
ifications in the biomechanics of
[ injury in collar versus non collar
animals as evidenced by similar
accelerometry results between
groups. These data have impor-
tant clinical implications linking
direct histopathological benefits
to prior clinical trial efficacy in ath-
letes engaged in high-risk colli-
sion and contact sports (Myer
et al, 2016a,b; 2018; Yuan
et al., 2017; 2018a,b). Further
these data combined with prior

Fig. 5. Changes in phosphorylated tau in swine brain as a result of CHI and wearing of jugular
compression collar during injury. (A) Example of a supercellular phosphorylated tau tangle staining
positive for AT8. (B) Superpixels of AT8 positive tau tangle in A. Superpixels encompassing center of
tangle are positive at the uppermost threshold of positivity (solid red), whereas superpixels
surrounding the tangle are positive at the middle threshold (orange) and lowermost threshold (yellow)
only. Negative superpixels are in blue. (C) Example of axons at edge of cortex staining positive for
AT8. (D) Superpixels of AT8 positive axons in (C). Superpixels containing a positive axon are positive
only at the middle threshold (orange) or lowermost threshold (yellow). Negative superpixels are in
blue. (E) Tau phosphorylation as measured by superpixel positivity at the three thresholds, and sum
total of all positive superpixels. *Indicates injured animals are significantly different from sham
(p < 0.05). **Indicates collar animals are significantly different from non-collar animals (p < 0.05).
(For interpretation of the references to color in this figure legend, the reader is referred to the web

reports support the use of IJV
compression in those employed
in the military where the risk of
single and repetitive mTBI is sig-
nificant and where widespread
deployment of protective gear is
feasible (Bonnette et al., 2018;
Yuan et al., 2018b). In fact, given
the repetitive and sometimes
silent nature of head trauma in

version of this article.)

present in both injured and sham animals and were
scattered throughout gray matter. These are visualized
as red dots on their heatmaps. IBA1 signal was
generally more apparent in WM and central brain
structures than in gray matter or the cortex and did not
appear to have consistent changes as a result of injury
(Fig. 7). In contrast to the focal changes seen in AT8
histopathology, IBA1 signal globally changed as a result
of injury (Fig. 7).

DISCUSSION

In this study, we found that treatment with an innovative
internal venous compression collar mitigates post-mTBI
changes in AT8 and IBA1 in a porcine closed head
injury model. Prior preclinical studies using murine
models of closed head injury demonstrate the protective
effects of jugular venous impedance on outcomes such
as axonal injury, degenerative neurons and glial

these settings, prophylactic treat-

ment may be amongst the most

effective strategies to reduce risk

of short and long-term
microstructural changes associated with exposure to
repetitive head trauma.

Our study demonstrates the effectiveness of a novel
jugular compression collar device in mitigating
phosphorylated tau accumulation (AT8) and microglial
activation (IBA1) after single closed head injury. Both
preclinical and clinical studies have suggested that tau
phosphorylation is implicated in the causal pathway
leading from repetitive mTBI to tauopathy, particularly
as described in chronic traumatic encephalopathy (CTE)
(Kondo et al., 2015; Turner et al., 2015). We therefore
examined phosphorylation at pS202/pT205/pS208 resi-
dues (AT8), which has been previously shown to be a
key phosphorylation pattern found in TBI related neurode-
generative diseases such as CTE (Mez et al., 2017). Our
prior studies indicate that interventions targeting phos-
phorylated tau at early time points after injury prevents
the development of CTE like pathology in murine close
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head injury models (Kondo et al., 2015). It will be vital to
study whether collar treatment could result in long term
mitigation of phosphorylated tau accumulation after single
and repetitive mTBI.

Treatment with internal jugular venous compression
also attenuated the increase in |IBA1 reactivity
(presumed microglial activation) after mTBI. The
mechanism of this effect is uncertain but likely includes
indirect protection through the reduction of triggers of
microglial activation. For example, by decreasing the
accumulation of phosphorylated tau after injury, internal
jugular venous compression may also reduce the post-
injury stimulus for microglial activation (Laurent et al.,
2018). The durability of this response and association with
long term outcomes was beyond the scope of the current
study but will need to be addressed in future efforts.

These tissue level findings are important correlates to
clinical studies that have reported the protective effects of

Fig. 5 (continued)

3+-----| |--Total pos--|

internal  jugular  venous compression against
microstructural injury after head trauma exposure.
Indeed, the clinical literature has suggested that internal
jugular venous compression prevents alterations to WM
integrity and brain network neurophysiology following
head impact exposure (Myer et al., 2016a). Correlating
these imaging biomarkers with fluid biomarkers of injury,
such as serum tau or neurofilament light chain, would fur-
ther substantiate the protective effects of this intervention.
However, it is notable that the protective effects of jugular
venous compression has not been proven in the setting of
a single mTBI event. Moreover, we did not find any
changes in symptoms in collared versus non collared ani-
mals. Whether or not collar treatment might mitigate func-
tional outcomes after single mTBI was not assessed in
the current study. The findings in our study warrant further
work to support translation of results to this common clin-
ical scenario.
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This study has several important limitations. First, we
evaluated the effect of collar treatment on a single mTBI
injury. It is uncertain whether collar treatment would
demonstrate similar tissue level protection in the setting
of repetitive injury, though the clinical literature suggests
a Dbeneficial effect of internal jugular venous
compression in the setting of exposure to repetitive
head trauma (Myer et al., 2016b; Yuan et al., 2017,
2018a). Second, the collar was applied for a brief dura-
tion, immediately before injury and removed immediately
after injury. It will be important to investigate how duration
of collar placement effects outcomes after injury. Third,
we did not compare tissue level changes to imaging
biomarkers in the current study, though we plan to inves-
tigate these correlations in future studies. This will be
important as tissue level changes can only indirectly be
assayed in clinical mTBI, through the use of imaging or
fluid biomarkers. Understanding whether imaging
biomarkers predict tissue level changes, particularly those
associated with long-term neurodegenerative sequelae, is
a vital step for clinicians managing patients exposed to
head trauma and repetitive head trauma. Fourth, we eval-
uated treatment at subacute but not chronic time points
after injury. As the prevention of neurodegenerative
changes is of primary interest, especially in the case of
collision sport athletes and those in the military, long-
term studies are needed to investigate the durability of
collar protection. Fifth, we investigated a limited set of
histopathological outcomes, limited to those most relevant
to sport related TBI and CTE. Sixth, we did not have suf-
ficient power to investigate functional outcomes in collar
versus non collar animals in the current study. Finally,
while the use of accelerometry to ensure standardization
of head trauma between groups strengthens the between
group comparisons, the authors acknowledge that
accelerometry cannot provide a direct measure of brain
motion or load during the application of head impact.
Future studies that with MR elastography or dynamic
imaging or Finite Element Analysis may further elucidate
the mechanistic response of the brain to the collar appli-
cation that underlies the protective effects noted in the
current pilot investigation.

The results of the current study indicate that internal
jugular venous compression protects against tau
phosphorylation and microglial activation after a single
closed head injury in swine. To our knowledge, this is

the first study to directly address prophylactic treatment
for mTBI-induced histopathological changes in a swine
close head injury model, relevant to athletes and
veterans who are at high risk of closed head mTBI.
While an increasing body of literature suggest that
jugular venous impedance mitigates neuroimaging
biomarkers of injury after exposure to head trauma, the
protective effects in preventing imaging and/or
histopathological changes after single mTBI have not
been fully characterized. However, current results
indicate a protective effect of collar treatment on direct
measures of brain health following traumatic head
impact. Future work that links the histopathologic injury
to imaging biomarkers showing similar of internal jugular
vein (IJV) compression collar efficacy in clinical trials
may further substantiate this novel approach as a viable
solution to protect the brain from external trauma.
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Fig. 6. Changes in microglial activation in swine brain as assessed by IBA1 signal of CHI and wearing of jugular compression collar during injury.
(A) Example of IBA1 positive, activated microglia in swine cortex, with multiple microprocesses and relatively large cell bodies. (B) Superpixels of
microglia in (A). The superpixel encompassing the large cell body with multiple microprocesses (center, red) is the only one positive at the
uppermost threshold. Superpixels encompassing slightly smaller cell bodies and/or ones with fewer microprocesses are positive at either the
lowermost threshold (yellow) or middle threshold (orange). Superpixels with few microprocesses and no cell bodies are predominantly negative
(blue). (C) Microglial activation as measured by superpixel positivity at the three thresholds, and sum total of all positive superpixels. DPI stands for
days post injury. *Indicates injured animals are significantly different from sham (p < 0.05). **Indicates collar animals are significantly different from
non-collar animals (p < 0.05). ***Indicates three days post injury animals are significantly different from 23 days post injury animals (p < 0.05).
Error bars are + standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)



142 R. Mannix et al./Neuroscience 437 (2020) 132-144

A Signal Strength
- m
Low High
B Sham Noncollar Collar

AT8

IBA1

Fig. 7. Heatmaps of AT8 signal for tau phosphorylation and IBA1 signal for microglial activation. (A) Color representation of relative superpixel
positivity. (B) AT8 signal in sham, injured animals without collar (noncollar), and injured animals with collar (collar). Signal in sham animals is overall
lower, and there are markedly fewer supercellular tau tangles (visible in red) than in noncollar or collar animals, although these tangles are not
entirely absent. Noncollar animals show higher AT8 signal in particular along the edges of cortex and surrounding sulci. Collar animals showed
overall reduced signal in comparison to noncollar, with notably fewer supercellular tau tangles and fewer strongly positive regions. (C) IBA1 signal in
sham, injured animals without collar (noncollar), and injured animals with collar (collar). Signal in sham animals is overall lower than both noncollar
and collar animals. No specific regions of markedly different stain intensity were obviously apparent; rather, IBA1 signal changed globally as a result
of injury and/or collar. Error bars are + standard error of the mean. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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