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INTRODUCTION

C
erebral vascular injury is a nearly universal event in traumatic brain injury (TBI),where
a functional deficit of the neurovascular unit (NVU) is sustained either directly due to
the initial physical injury or occurs over time as part of the following secondary inflam-

mation cascade. (Kenney et al., 2016).The NVU is comprised of endothelial cells,basal lamina
covered by smooth muscle cells (replaced by pericytes in capillaries), astrocytes, neurons, and
the extracellular matrix,which interact as a major conduit in maintaining central nervous sys-
tem (CNS) homeostasis, among other functions (Salehi, Zhang, & Obenaus, 2017; Kenney et
al., 2016; Muoio, Persson, and Sendeski, 2014).

In particular, damage to the cerebral vasculature often results in neuroinflammation (Schim-
mel,Acosta,& Lozano,2017; Elder et al., 2015).Damage to the vasculature can alter the extra-
cellular matrix, promoting the infiltration of peripheral leukocytes into the CNS and activat-
ing resident glial cells, including astrocytes and microglia (George & Geller, 2018). Chronic
activation of glial cells in the brain contribute to elevated pro-inflammatory cytokine levels,
including IL-6 and TNF-α (Schimmel, Acosta,& Lozano, 2017; Elder et al., 2015), and second-
ary cell death in the cascade of TBI sequelae (Schimmel, Acosta,& Lozano, 2017). These elev-
ated pro-inflammatory cytokines in turn lead to an increased expression of adhesion factors,
such as ICAM-1 in astrocytes, microglia and endothelial cells alike, which enables increased
leukocyte binding to the endothelium. The increase in leukocyte binding lead back to in-
creased efflux of immune cells from the blood vessels to the brain parenchyma,completing the
vicious cycle of transendothelial leukocyte extravasation and pro-longed neuroinflammation
(Lutton et al., 2017; Balabanov et al., 2001; McKeating & Andrews, 1998; Shrikant et al.,
1995).

The strong association of vascular injury with TBI has prompted an exploration into the link-
age between general vascular health and injury outcome.High-density lipoprotein (HDL) has
well -defined vasoprotective effects in peripheral blood vessels outside of the brain , with low
plasma levels of HDL firmly established as a predictor for cardiovascular disease (Besler,
Lüscher,& Landmesser, 2012;Mahdy Ali,Wonnerth,Huber,& Wojta, 2012).ApoA-I, the major
protein component of circulating HDL in plasma, has been shown to reduce inflammation
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through the inhibition of macrophage chemotaxis and reduced
monocyte recruitment from the circulation to the tissue (Iqbal et
al., 2016; Yin et al., 2011). It does this by the suppression of adhe-
sion molecules expressed on endothelial cells (Calabresi et al.,
1997). In addition, it promotes endothelial nitric oxide (NO) syn-
thase activity, thereby reducing inflammation via downregulation of
the pro-inflammatory NFκB signalling pathway (Boyce, Button,
Soo,& Wellington, 2017).

ApoA-I is produced by hepatocytes and enterocytes in the liver and
small intestines respectively. Although ApoA-I mRNA is not ex-
pressed in the brain (Elliott, Weickert, & Garner, 2010), its protein
is detected in the brain and in cerebrospinal fluid (CSF).While it is
unclear whether the protective effects of peripheral ApoA-I is
shared in the brain, recent evidence supports the role of HDL in
reducing neuroinflammation in mice models. This includes the
finding of increased vascular ICAM-1 expression as well as in-
creased vessel-associated astrogliosis among ApoA-I KOmice when
compared to mice hemizygous for ApoA-I (Button et al., 2019).

While these results suggest that peripheral ApoA-I may also exhibit
vasoprotective properties in the CNS,whether ApoA-I can offer pro-
tection from TBI-induced brain changes has not been tested. To
investigate the protective role of ApoA-I, we utilized a previously
published CHIMERA (Closed-Head Impact Model of Engineered
Rotational Acceleration) model of TBI, developed by our group,
(Cheng et al., 2019; Vonder Haar et al., 2019; Namjoshi et al., 2014,
Bashir et al.,2020) to induce a closed-head, surgery-free and clinic-
ally relevant TBI to ApoA-I Knockout (ApoA-I KO) and wild type
(WT) mice. In this study,we tested the novel hypothesis that ApoA-I
KO would worsen acute vascular and inflammatory outcomes in
mice after CHIMERA TBI as indicated by increased pro-inflam-
matory brain cytokine levels and vascular adhesion factors.Overall,
this study helps shed light on the function of ApoA-I in the brain
and by extension,uncovering HDL as a potential therapeutic in im-
proving post TBI inflammatory outcomes.

METHODS

Animals and chimera procedure
All procedures involving animals were approved by the Canadian
Council of Animal Care and the University of British Columbia An-
imal Care Committee. Male and female ApoA-I KO [B6.129P2-
Apoa1tm1Unc/J] and WT [C57BL/6J] mice (total N=64) were pur-
chased from The Jackson Laboratory. Animals were 3.5-5 months
of age at the time of impact and were randomized into sham or
TBI groups of 6hr or 2D end-
points. The TBI group received
an impact energy of 2.5 J
whereas the sham group re-
ceived anesthesia and restraint
but no impact. A schematic of
the experimental timeline is
shown in Figure 1. The CHI-
MERA model was used to in-
duce TBI as described previ-
ously (Bashir et al.,2020). Two
ApoA-I KO mice (10% of injury
group) died right after CHI-
MERA procedures due to
apnea and no WT animals ex-
pired prematurely. The group-

ings for all animals kept for final analysis were: WT-6hr (Sham:N=6
(3 Male, 3 Female), TBI:N=8 (5 Male, 3 Female)); WT-2D
(Sham:N=6 (3 Male, 3 Female),TBI:N=7 (4 Male, 3 Female)); ApoA-
I KO-6hr (Sham:N=7 (3 Male, 4 Female), TBI:N=9 (5 Male, 4 Fe-
male)); ApoA-I KO-2D (Sham:N=8 (4 Male, 4 Female), TBI:N=11(5
Male, 6 Female)) respectively.

Tissue collection
Mice were fasted for 4 hours prior to anesthetization by intraperi-
toneal injection of 20mg/kg xylazine (Bayer, Whippany, NJ, USA)
and 150mg/kg ketamine (Zoetis, Florham Park, NJ, USA). Once a
surgical plane of anesthesia was reached, mice were perfused for
7min with ice-cold phosphate-buffered saline (PBS) containing
2500U/L heparin at 6mL/min.Brains were excised and bisected in
the sagittal plane. Half of the brain used for biochemical analysis
was snap-frozen on dry ice and stored at −80°C until use. The re-
maining half-brain was fixed in 4% paraformaldehyde (PFA) for 2
days at 4°C followed by cryoprotection in 30% sucrose and 0.1%
sodium azide at 4°C, after which 20-μm-thick coronal sections were
cut using a cryotome (Leica Microsystems,Buffalo Grove, IL,USA).

Cytokine ELISA
Half-brain lysates were homogenized in 8-volumes of ice-cold ra-
dioimmunoprecipitation assay (RIPA) lysis buffer containing pro-
tease and phosphatase inhibitor cocktails (Roche, Branford, CT),
and centrifuged at 9000 rpm for 10 min at 4 °C. The supernatant
was extracted and frozen at −80 °C until analysis. Inflammatory cy-
tokines interleukin 6 (IL-6), interleukin-12 (1L-12), keratinocyte
chemoattractant/ human growth-regulated oncogene (KC/GRO),
tumour necrosis factor α (TNF-α) levels were measured in RIPA lys-
ates using MesoScale Discovery ELISA kit (K15048G, MesoScale
Discovery, 1:2) according to the manufacturer’s instructions. Data
points were interpolated from a standard curve and normalized to
total soluble protein concentration measured by bicinchoninic
acid (BCA) assay (Thermofisher, 23225) per the manufacturer’s in-
structions.

Histology
Immunofluorescence microscopy was used to visualize intercellular
adhesion molecules (ICAM-1) and their colocalization with en-
dothelial cells (CD31). One section from the dorsal hippocampus
and one section from the ventral hippocampus were selected from
each cyrosectioned half-brain, which were mounted on Superfrost
Plus slides. Antigen retrieval was performed with citrate buffer fol-
lowed by washing with PBS, permeabilizing tissue with Triton, and
blocking with 5% donkey serum,1% BSA and 0.3% Triton X-100 in

Fig. 1 Experimental Timeline. ApoA-I KO and WT male and female animals underwent a single moderate-severe TBI at
2.5J. Brains from animals were harvested at 6hrs or 2 days (2D) post TBI for histological and cytokine analysis.
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PBS for 60 minutes. Primary antibodies, ICAM-1 (R&D, AF796,
1:50) and CD31 (Abcam,ab28364,1:200) were incubated overnight
at 4°C, followed by 3x phosphate buffered saline (PBS) washing
steps.Next, incubation with secondary antibodies donkey anti-goat
Alexa 594 (Invitrogen, A-11058, 1:400) and donkey anti-rabbit Al-
exa 647 (Invitrogen, A-31573, 1:400), for ICAM-1 and CD31, re-
spectively at room temperature for 2 hours. The samples were then
washed 3x in PBS, cover-slipped and mounted onto slides in Pro-
long Gold Antifade with DAPI (Invitrogen, P36931). The slides
were stored at 4°C until imaging with an Axio Scan.Z1 (Zeiss) slide
scanner.

Image analysis
Entire coronal sections were imaged with Zeiss Axio Scan.Z1 (Carl
Zeiss Microscopy, Thornwood, NY, USA) at 20× magnification, us-
ing fluorescent (ICAM/CD31) imaging.Downstream image analysis
was performed with ImageJ (NIH)

A schematic of ICAM-1/CD31 quantification is illustrated in Figure
2. Exported images for each channel were converted to 8-bit black
and white images. Cortical regions in the anterior hippocampus
and the entorhinal cortex from the posterior hippocampus were
drawn manually and saved as regions of interest (ROI) for each
sample, using the Allen Mouse Brain Atlas as a guide. ICAM-1 sig-
nal was quantified by thresholding and reporting the percentage
area containing signal relative to the total cortical area after filter-
ing a background noise <15 pixels. Stained vessels from the CD31
channel were selected with the ImageJ macro Tubeness. The out-
puts of Tubeness were thresholded and masked, after filtering of
background noise <100 pixels, CD31 percentage area was normal-
ised to selected ROI areas. Vascular ICAM-1 was quantified as the
ICAM-1 positive area associated with CD31 in each region where
masks of the segmented CD31 image for a section were applied to
the segmented ICAM-1 image of the same section,using the ImageJ
macro ImageCalculator.The ICAM-1 positive area within the CD31
mask was measured then normalized to the total CD31-positive
area within the ROI.

Statistics
All animal groupings were blinded during analysis by using surrog-
ate identifying codes. Statistical analyses were performed using
IBM SPSS Statistics version 23 software (IBM, Armonk, NY, USA),
and graphs were plotted using Prism version 6.07 software (Graph-
Pad Software, La Jolla, CA, USA). For the analysis of histological
data, 3-way ANOVA was used considering ApoA-I genotype as one
factor, injury status as another factor and timepoint of injury as the
third factor, followed by Sidak’s multiple comparisons test if signi-
ficant factor or interaction effects were observed. For inflammatory
cytokine assays, Kruskal-Wallis non-parametric test was used to de-
tect overall effect, followed by Bonferroni corrected Mann-Whitney
test to detect meaningful between-group differences.

RESULTS

ApoA-I deficiency enhances the acute inflammatory re-
sponse after CHIMERA TBI
To assess differences in inflammatory status in brain tissue after
TBI, we examined cytokine levels in RIPA brain lysates via Meso-
scale cytokine ELISA. IL-6 and TNF-α are recognized markers of
acute inflammation following TBI, and are produced by activated
immune cells. KC/GRO is involved in neutrophil activation and
subsequent activation of cells of the innate immune response. IL-
12p70 is produced by dendritic cells,macrophages and neutrophils,
and is involved in the activation of naïve T cells to activated T cells.
We observed a significant overall effect in all four cytokines by
Kruskal-Wallis analysis. Further, Bonferroni adjusted Mann–Whit-
ney post-hoc analysis revealed a significant increase in IL-6 levels
for both WT (p=0.002) and ApoA-I KO mice (p=0.008) at 6hr post
TBI (Figure 3b). A trend for a significant injury driven increase was
observed for WT TBI animals at 6hrs for KC/GRO, IL-12p70 and
TNF-α (p=0.056), while no significant increase in measured cy-
tokine levels was observed for ApoA-I KO animals at 6hrs (Figure
3a,c,d).

Fig. 2 Schematic diagram of quantification methods used for vascular immun‐
opositivity. Stained coronal brain sections were scanned in respective chan‐
nels, and ROIs were cropped and converted to 8-bit. The GFAP channel was
thresholded to remove background signals, while the ImageJ Tubeness filter
was applied to the CD31 channel to isolate the vasculature. Finally, the
filtered images were combined by the ImageCalculator function to select the
overlapping signals using the “AND” command.
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There was a significant decrease in cytokine levels between the WT
6hr TBI group and WT 2D TBI group (p=0.007) for KC/GRO, IL-
12p70 and TNF-α (Figure 3a,c,d). No difference of pro-inflammat-
ory cytokine levels between the WT sham and WT 2D TBI group
could be detected (Figure 3a,c,d), suggesting that the inflammatory
response was resolved by 2D in WT TBI mice. Intriguingly, the
same pattern was not observed in ApoA-I KO mice as cytokine
levels remained elevated between the 6hr TBI and 2D TBI group
(p=0.456, p=1.000, p=0.368, p=0.368 for KC/GRO, IL-6, IL-12p70,
and TNF-α respectively (Figure 3a-d). Of note, data points for pro-
inflammatory cytokine levels in ApoA-I KO animals were higher
and spread over a wider range compared to WT animals regardless
of injury status (Figure 3a-d), suggesting a higher baseline cytokine
level relative to WT. In addition, while no significant increase was
observed in comparing the ApoA-I KO 2D TBI against the WT 2D
TBI groups, there was a trend towards significance for KC/GRO
(p=0.073), IL-12p70 (p=0.085), TNF-α (p=0.085) respectively (Fig-
ure 3a, c, d).

Taken together, while is it clear that WT animals experienced an
initial heightened inflammation at 6hr post-injury, this response
was mostly attenuated at 2D.This temporal injury-recovery pattern,
however, does not appear to be similar in ApoA-I KO animals.

ApoA-I deficiency increases injury driven total ICAM-1
positive area at the cortex at 2D post -TBI
To better analyse specific brain areas affected by TBI,we examined
the presence of inflammatory markers through immunofluores-

cence. ICAM-1 is an adhesion molecule produced by endothelial
cells,astrocytes and microglia,and is a prominent marker for vascu-
lar inflammation as it promotes leukocyte adhesion to endothelial
cells.We quantified the ICAM-1 signal in the entire cerebral cortex,
spanning the retrosplenial area to the auditory areas where blood
vessels are abundant, and observed a significant injury × genotype
× timepoint effect (p=0.035) in total ICAM-1 area by 3-way ANOVA
(Figure 4a, c). Sidak adjusted post-hoc analysis revealed increased
percentage stained total ICAM-1 between the 2D Sham ApoA-I KO
and 2D TBI ApoA-I KO animals (p=0.001), from a mean of 0.343
to a mean of 0.981,while levels in WT animals remained consistent
regardless of injury status or timepoint (p=0.863 for 6hr Sham WT
vs 6hr TBI WT, p=0.935 for 2D Sham WT vs 2D TBI WT) (Figure
4c). In addition, although main group differences were not signific-
ant for vascular associated ICAM-1 (Figure 4c), there was a trend of
increased vessel-associated ICAM-1 in 2D TBI ApoA-I KO animals
compared to other groups. This finding demonstrated that, com-
pared to WT animals, ApoA-I KO animals with TBI had a stronger
induction of cortical ICAM-1, suggestive of a more pronounced in-
flammatory status.However, specific examination of the entorhinal
cortex revealed no significant injury or genotype differences for
both total ICAM-1 and vascular associated ICAM-1 in this region
(Figure 4d). Together, these data suggest the potential for ApoA-I
deficiency to exacerbate TBI-induced inflammation at the cerebral
cortex at 2D,although more studies are needed to validate this pre-
liminary observation.

DISCUSSION

This is an exploratory study of the potential role of ApoA-I in acute
responses to TBI, with a pre-determined focus on cerebrovascular
outcomes as ApoA-I is implicated in vascular contributions to
Alzheimer's Disease (AD).

Our results provide proof-of-concept data that ApoA-I deficiency
may alter the acute inflammatory response after moderate CHI-
MERA TBI.We observed a significant increase of cortical ICAM-1
total expression at 2D post-TBI for ApoA-I KO animals only (Figure
4), and an overall increase in cytokine levels independent of injury
or timepoint status for ApoA-I KO animals (Figure 3). An increase
in total ICAM-1 immunofluorescence was aligned with elevated cy-
tokine levels observed in ApoA-I KO animals as cytokines can lead
to endothelial activation, resulting in an increase in expression of
adhesion factors (Lutton et al., 2017; Balabanov et al., 2001; McK-
eating & Andrews, 1998). However, histological data suggest a
highly regional-specific difference, as the increase in ICAM-1 ex-
pression was only observed in the cerebral cortex at the very acute
timepoints studied, though this may be due to how the CHIMERA
impact is made beneath the cerebral cortex. Since no baseline
differences in ICAM-1 staining between ApoA-I KO and WT anim-
als were observed in this study (Figure 4), ApoA-I deficiency may
have a role in the inflammatory response during the recovery pro-
cess after injury. Supporting this conclusion is the observation that
ApoA-I KO animals did not follow the typical injury-recovery tem-
poral response observed in WT animals (Figure 3). Notably, data
points for cytokine levels in ApoA-I KO animals were spread over a
wider range compared to WT animals regardless of injury status
(Figure 3). This may imply that the higher variation in the ApoA-I
KO group hindered detection of the cellular response to injury and
subsequent recovery. Importantly, these results will need to be con-
firmed or refuted in future studies with additional animal numbers
to provide more statistical power.

Fig. 3 Altered cytokine profiles in ApoA-I KO animals. Inflammatory cytokine
levels were assessed by ELISA at 6hr and 2 day (2D) timepoints post-TBI.
Cytokine analysis of (a)KC/GRO, (b)IL-6, (c)IL-12p70, (d)TNF-α levels in half
brain lysates normalised to protein concentrations respectively. For KC/GRO
and IL-6, Cohort Size: WT-6hr (Sham:N=6, TBI:N=8); WT-2D(Sham:N=6 ,
TBI:N=7); ApoA-I KO-6hr (Sham:N=7, TBI:N=9); ApoA-I KO-2D
(Sham:N=8 , TBI:N=11). For IL-12p70 and TNF-a, Cohort Size: WT-6hr
(Sham:N=6, TBI:N=8); WT-2D(Sham:N=6 , TBI:N=7); ApoA-I KO-6hr
(Sham:N=5, TBI:N=6); ApoA-I KO-2D (Sham:N=6, TBI:N=10). In all graphs,
error bars indicate Median± IQR, y-axis are in log base 10 scale. Light col‐
oured circles indicate female animals and dark coloured circles indicate male
animals. All data are analyzed by Kruskal-Wallis test for overall significance,
followed by Bonferroni corrected Mann-Whitney U post-hoc analysis. * in‐
dicate a significant post-hoc injury effect within a specific timepoint and gen‐
otype or a significant genotype difference within a specific timepoint and in‐
jury group (* p < 0.05, ** p < 0.01, *** p < 0.001).
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This study agrees with previous results published using moderate
CHIMERA, in that cytokine elevation was observed at 6hr only for
WT animals, and that histological evidence indicative of inflamma-
tion was most robust at 2D post TBI (Bashir et al.,2020).

The most surprising finding was that ApoA-I deficiency appeared to
affect grey matter more robustly than the vasculature, as we ob-

served an increase in total cortical ICAM-1 rather than
CD31(vascular) associated ICAM-1 following TBI.This
result is contradictory to what our group has observed
in APP/PS1 mice, a common Alzheimer’s Disease (AD)
animal model,where APP/PS1 mice deficient in ApoA-I
had increased vascular ICAM-1 adhesion as well as in-
creased vessel-associated astrogliosis when compared
to APP/PS1 WT animals (Button et al.,2019).This may
be due to the fact that APP/PS1 mice express and accu-
mulate A® in the brain parenchyma and in cerebral
vessels which triggers the production of increased
ICAM-1 in the endothelial cells (Verbeek et al., 1994).
Indeed, ICAM-1 is expressed in astrocytes, microglia
and endothelial cells alike (Dietrich, 2002). Our results
may imply that ApoA-I deficiency enhances ICAM-1 ex-
pression more robustly in glial cells rather than in en-
dothelial cells following TBI in a WTmice background,
which we used in this study. It will be important to de-
termine whether ApoA-I deficiency and the presence of
A® together exacerbates TBI-related pathologies, espe-
cially given the interest in understanding TBI in the
vulnerable elderly population (Thompson et al., 2006;
Haring et al., 2015).

This study has several limitations. We only examined
very acute time points of 6hr and 2D.Future studies are
encouraged to include post-acute and chronic time
points up to 6 months after injury, when potential sec-
ondary damage to endothelial cells (Villalba et al.,
2017; Andrews, Lutton,Merkel, Razmpour,& Ramirez,
2016; Prakash & Carmichael, 2015) may enable effects
of ApoA-I deficiency to be more easily observed. Fur-
ther,more time points are needed to investigate the ex-
tent of modulated cytokine response that we have ob-
served in 2D TBI ApoA-I KO animals, as it is unclear
whether this response will persist beyond the 2D time-
frame (Figure 3).

Despite these limitations, the study has several
strengths, including the a priori blinding strategy used
throughout. Based on the inflammatory changes
presented thus far, future studies are encouraged to ex-
plore the mechanistic relationship between ApoA-I and
neuroinflammation further, for example by supple-
menting ApoA-I KO TBI mice with HDL. To further
characterize inflammatory outcomes observed in
ApoA-I KO TBI mice, follow up work can be done to
uncover transcriptomic changes induced by ApoA-I KO
in the brain by techniques such as Single-Cell RNA-Seq
(scRNAseq), which would help identify widespread
changes in the brain beyond the capabilities of stand-
ard histology. Although this work is preliminary, our
study shows that ApoA-I deficicency enhances acute in-
flammatory responses post a single CHIMERA
TBI.The results from this study raises the possibility

that ApoA-I supplementation may be of therapeutic value in TBI
patients.,and shows how additional research in this area would be
beneficial in advancing TBI treatment.

The authors would like to thank the Weston Brain Institute
"for their support in funding for this project".

Fig. 4 TBI Induced increased Total ICAM-1 expression at the cerebral cortex in ApoA-I KO
animals at 2D post Injury. ICAM-1 expression in the brain vasculature was assessed by ICAM-
1 and CD31 co-staining at 6hr and 2D post-TBI. (a)(b) Coronal sections showing total ICAM-
1 positive signal and CD31 associated ICAM-1 signal in the cortex of the anterior hippocam‐
pus section and entorhinal cortex respectively (c)(d) Quantitative analysis of ICAM-1 staining
at the Cortex of the anterior hippocampus and entorhinal cortex respectively. Stained images
were quantified by calculating the % of the region of interest (ROI) that were ICAM-1 positive.
Vascular ICAM-1 was reported as the
ea of ICAM-1 directly overlapping with CD31 signal, normalised to CD31 Area within ROI.
Cohort Size: N=6 for all groups, except for the ApoA-I KO-6hr Sham group and the ApoA-I
KO-2D TBI group in the entorhinal cortex where N=5. Circles with bold borders in (c)(d)
correspond to the representative images shown in (a)(b). Data in (c)(d) were analyzed by 3-
Way ANOVA, followed by Sidak post-hoc test. In (c), * indicate a significant post-hoc injury
effect within a specific timepoint and genotype, a significant timepoint effect within a specific
genotype and injury status, or a significant genotype effect within a specific timepoint and
injury status (* p < 0.05, ** p < 0.01, *** p < 0.001).
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