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Abstract

Recent studies have reported that TBI is an independent risk factor for subsequent stroke. Here, we
tested the hypothesis that TBI would exacerbate experimental stroke outcomes via alternations in
neuroimmune and neurometabolic function. We performed a mild closed-head TBI and then one
week later induced an experimental stroke in adult male mice. Mice that had previously
experienced TBI exhibited larger infarcts, greater functional deficits, and more pronounced
neuroinflammatory responses to stroke. We hypothesized that impairments in central metabolic
physiology mediated poorer outcomes after TBI. To test this, we treated mice with the insulin
sensitizing drug pioglitazone (Pio) after TBI. Pio prevented the exacerbation of ischemic outcomes
induced by TBI and also blocked the induction of insulin insensitivity by TBI. However, tissue
respiratory function was not improved by Pio. Finally, TBI altered microvascular responses
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including promoting vascular accumulation of serum proteins and significantly impairing blood
flow during the reperfusion period after stroke, both of which were reversed by treatment with Pio.
Thus, TBI appears to exacerbate ischemic outcomes by impairing metabolic and microvascular
physiology. These data have important implications because TBI patients experience strokes at
greater rates than individuals without a history of head injury, but these data suggest that those
strokes may also cause greater tissue damage and functional impairments in that population.
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Introduction

Several recent studies have reported that traumatic brain injury (TBI) is an independent risk
factor for subsequent stroke (Albrecht et al., 2015; Burke et al., 2013; Chen et al., 2011;
Liao et al., 2014). Even the mildest injuries (i.e., concussion) produce stroke hazard ratios of
1.27-1.74 compared to individuals without prior TBI (Burke et al., 2013; Liao et al., 2014;
Liu etal., 2017). Importantly, this variable interacts with traditional risk factors including
being male, hypertension, and hyperlipidemia (Morris et al., 2017). Potential links between
TBI and stroke have been postulated, but only explored epidemiologically so no causative
factor has been established, though there is mounting evidence that impairments in vascular
function and coagulation abnormalities may be involved (Frith et al., 2012; Schwarzmaier et
al., 2016). Moreover, clinically, the relative risks of treating with anticoagulants after brain
injury to reduce the risk of stroke must be balanced against the increased likelihood of
intracerebral hemorrhage (Albrecht et al., 2014; Zhang et al., 2012). Recreational and
prescription drug use also may increase stroke incidence among TBI patients (Gill et al.,
2005; Glenn, 2010).

In addition to the increased incidence of stroke, mortality is greater in stroke patients that
have suffered a TBI (Liao et al., 2014). Men 20-69 years of age who suffered a stroke within
24 months of a TBI were nearly twice as likely to die as patients that had not suffered a TBI.
It is also possible that strokes in the TBI population are more likely to be reported because
they produce more significant signs, symptoms, and damage. Thus, the epidemiological data
do not fully indicate whether TBI is increasing stroke incidence and/or exacerbating the
damage associated with ischemia.

Clearly central to the vulnerability to cerebral ischemia is the cerebral vasculature and the
neurovascular unit more broadly, which is often damaged by TBI(Sandsmark et al., 2019). A
very large percentage of individuals with a history of TBI exhibit postmortem evidence of
damage to both large and small vessels(Hay et al., 2015; Shlosberg et al., 2010). Severe
damage can cause hemorrhages and vasospasm, but even short of those outcomes vessel
damage can significantly contribute to post-injury dysfunction(Logsdon et al., 2015;
Sandsmark et al., 2019). The CNS is highly dependent on the coordination among multiple
cell types that form the neurovascular unit (endothelial cells, mural cells and glia) for the
activity-dependent delivery of oxygen and glucose and the removal of waste products.
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Moreover, damage to the vessels has the potential to induce inflammatory events,
intravascular coagulation and microthrombi that can reduce tissue oxygenation and
contribute to vasogenic edema(Bartnik-Olson et al., 2014) as well as narrowing the vascular
lumen. A reduction in vascular reactivity associated with narrowing vascular lumen size and
coagulopathies is likely to greatly increase the risk of stroke (Ostergaard et al., 2016) and
potentially impair the ability of the vasculature to reperfuse after stroke leading to much
greater tissue loss and functional deficits.

Recovery from TBI is a protracted process; not only does TBI directly damage the nervous
system, but it also renders the brain more vulnerable to subsequent insults. For instance,
following a TBI, the functional consequences of repeated injuries are much more severe,
particularly when the injuries occur close together in time (McCrory et al., 2013; Vagnozzi
et al., 2008). The TBI-induced physiological changes that render the injured brain more
vulnerable to subsequent insults are not fully understood. However, it is clear that recovery
from brain injury is metabolically demanding and occurs during a time in which supplying
energy to the brain and the removal of potentially toxic metabolic byproducts is impaired by
vascular dysfunction, increased intracranial pressure, and cell intrinsic impairments in
substrate metabolism (Abdul-Muneer et al., 2015; Giza and Hovda, 2014; Sandsmark et al.,
2019). Here we tested the hypothesis that experimental TBI would exacerbate ischemic
outcomes via alterations in metabolic and cerebrovascular function.

Materials and Methods

Animals.

Data resulting from these experiments are available upon request.

Swiss Webster mice were purchased from Charles River (Wilmington, MA) and bred at
OSU and WVU. Swiss Webster mice were used because their skulls are much less likely to
fracture with our injury device than other strains. Pups were weaned at 21 days of age and
were housed in a 14:10 light cycle with ad /ibitum access to food (Harlan-Teklad #8640) and
filtered tap water. All procedures were approved by the OSU and WV U Institutional Animal
Care and Use Committees and were conducted in accordance with NIH guidelines. In all
cases, animals were randomly assigned to groups (injury, drug, and ischemia) and all
observations were conducted by researchers blind to experimental conditions.

Surgical Procedures.

A single closed-head mild TBI was conducted on male mice (6-8 weeks of age) as
previously reported (Karelina et al., 2017) (see below). Given the significant sex difference
reported for the incidence of TBI in young adult males, and increased mortality in post-TBI
stroke in males, we elected to conduct these experiments in young male mice. (Faul et al.,
2010; Liao et al., 2014).

Traumatic brain injury.

Mice were randomly assigned to an experimental group and then placed into a stereotaxic
frame under inhaled isoflurane anesthesia (3% induction, 1.5% maintenance). The injury
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was induced with an Impact One device (Leica Biosystems, Buffalo Grove, IL). A 3mm
diameter impactor tip was retracted and driven into the skull along the midline (-2mm AP
relative to bregma) to a depth of 1.2 mm at a rate of 3mm/sec (dwell time: 30 msec). The
skin was sutured with 6/0 nylon suture and mice were returned to their cages. The control
procedure was performed identically but the impactor was not driven into the skull (just
placed on the surface and retracted). A subset of mice were treated intraperitoneally (IP)
with 10mg/kg Pioglitazone (Abcam) or the vehicle (5% DMSO in olive oil). Mice were
treated 15 minutes after injury and again 24 hours later.

Middle cerebral artery occlusion.

Briefly, following a 7-day recovery period after TBI, mice were re-anesthetized with inhaled
isoflurane (3% induction, 1.5% maintenance) and a unilateral middle cerebral artery
occlusion (MCAQ) was achieved by insertion of a 0.23mm occluder (Doccol) into the right
middle cerebral artery via the internal carotid artery and extending 6mm beyond the internal
carotid-pterygopalatine artery bifurcation. The occluder was secured and the mouse was
returned to its home cage for 1 hour. Following the 1-hour occlusion period, the mouse was
re-anesthetized, and reperfusion was initiated by removal of the occluder. Sham surgeries
included all the surgical preparation up to the exposure of the internal carotid artery but
omitted occlusion, all other aspects of the surgery were identical. All animals were treated
with the analgesic buprenorphine (0.1mg/kg). MCAO mice were included in the study if a
measurable infarct was present.

Determination of infarct volume.

Mice were euthanized by rapid decapitation; brains were sectioned into 4 2mm-thick coronal
sections through the forebrain and incubated in 1% TTC (made in saline) for 10 minutes at
37°C. TTC produces a pink formazan product in the presence of live mitochondria, thus
ischemic lesions are visualized as unstained white tissue. Slices were post-fixed in 4%
paraformaldehyde overnight, photographed, and infarct area was outlined on both sides of
each slice using Fiji imaging software(Schindelin et al., 2012). Infarct size was determined
after correcting for edema and reported as percent of the contralateral hemisphere using the
formula: (1-(total ipsilateral hemisphere — infarct)/total contralateral hemisphere) *100.
Following tissue imaging for TTC, the paraformaldehyde-fixed tissue slices were
cryopreserved, frozen, and further sectioned coronally on a cryostat at 40um throughout the
forebrain. The thin-sliced tissue was then used for free-floating immunohistochemistry and
silver staining. Histochemistry was conducted as previously described (Karelina et al.,
2017). Axon degeneration was assessed via silver staining (FD NeuroSilver) per
manufacturer’s instructions. Of note, TTC-stained tissue has successfully been used for
further protein analysis (i.e. immunohistochemistry) as a means of reducing the total number
of animals needed for experiments, as well as providing maximal converging information
regarding ischemia-related pathology and behavior from each animal (Kramer et al., 2010;
Sun et al., 2012).

A separate subset of animals was transcardially perfused seven days post-TBI and tissue was
cut on a cryostat and processed for immunochemical labelling of 1gG, CD31 and GFAP.
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Behavioral testing.

Motor function was assessed in the corner test by placing a mouse facing into the corner of
two Plexiglas boards (attached at a 30° angle) to the depth at which both sides of the
vibrissae were touching each board. The direction the mouse turned to exit the corner was
recorded, the mouse was replaced in its home cage for 30 seconds, and the trial was repeated
for a total of 10 times. The percent time turning toward the non-impaired side (right) was
calculated for each mouse by a blinded observer.

Histological analysis

Following tissue imaging for TTC, the paraformaldehyde-fixed tissue slices were
cryopreserved, frozen, and further sectioned coronally on a cryostat at 40um throughout the
forebrain. The thin-sliced tissue was then used for free-floating silver staining (NeuroSilver,
FD Neurotechnologies, Columbia, MD) per the manufacturer’s instructions.

A separate subset of animals was transcardially perfused seven days post-TBI (or the control
procedure) and the brains were postfixed, cryoprotected and frozen before being cut on a
cryostat at 40 microns. Sections were then blocked in 1% normal horse serum containing
0.01% Triton-X and incubated overnight in primary antibodies CD-31 (RNDSystems,
Minneapolis, MN, 1:200) and GFAP (Agilent, Santa Clara, CA 1:250) at room temperature.
Tissue was then incubated in secondary antibodies (rabbit-anti mouse 546, donkey anti-goat
647, and 1gG labelling was assessed with goat anti-rabbit 1gG 488).

Imaging and Analysis
Axonal degeneration was assessed live, by an investigator blinded to the experimental
conditions on a Leica microscope. Sections were imaged initially at low magnification (4x)
and areas of degeneration were examined at higher power (20x). Experimenters made
qualitative analyses of silver staining using a 4-point scale (0 = no silver staining, 3 = dense
axon degeneration in white matter tracks throughout the forebrain) as previously reported
(Weil et al., 2014). IlgG/CD31/GFAP immunochistochemistry of a section (between bregma
-1.5 and -2.0) was imaged and stitched on an Olympus VS-120 microscope with a 10X
Plan S Apo/0.40 NA objective using a Monochrome XM10 camera (1376 x 1032 imaging
array, 6.45 x 6.45-micron pixel size, and 14-bit digitization). Resulting images of the entire
section were assessed via qualitative analysis using a 5-point scale (0 = no staining, 1 =
sparse vascular staining, 2 = moderate vascular staining limited to the injury site, 3 =
extensive vascular staining throughout the injury site, 4 = extensive vascular staining evident
within and beyond the injury site).

Real time PCR.

Fresh brains were removed, placed in RNAlater and cortex and striatum were dissected out
of the ischemic hemisphere. RNA was extracted using Trizol reagent (Life Technologies),
and reverse transcribed with M-MLV. Primer and probe sets were purchased from Applied
Biosystems (CD68: Mm03047343_m1, TNF-a: MmO00443258_m1, and I11p:
MmO00434228_m1) and a Tagman 18S ribosomal RNA primer/probe set was used as an
internal control (Applied Biosystems #4319413E). Universal RT-PCR cycling conditions
were performed on an ABI 7900HT Fast Real-Time PCR System using the TagMan Fast
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Advanced Master Mix (#4444963). Gene expression is normalized to 18S rRNA and
expressed as a relative quantity based on the relative standard curve method.

Ex vivo insulin stimulation.

Mice were rapidly decapitated and fresh brains were collected and sliced through the entire
forebrain at 0.4 mm intervals using a Mcllwain tissue chopper. Slices from each brain were
evenly split among two wells containing aCSF bubbled with carbogen (127 mM NacCl, 25
mM NaHCOg, 1.2 mM NaH,PO,, 2.5 mM KCI, 1 mM MgCl,, 25 mM glucose, 2 mM
CaCl,), one well was incubated with 10nM insulin (Sigma, St. Louis MO) and the other well
with only aCSF for 10 minutes at 37°C (Karelina et al., 2016). Tissue was then lysed in
RIPA buffer containing phosphatase and protease inhibitors (Invitrogen), centrifuged, and
protein concentration was assessed with a BCA protein assay (Bio-Rad).

Western blotting.

Protein lysates were subjected to SDS-PAGE as previously reported (Karelina et al., 2016).
Protein (30pg) was electrophoresed into a precast gel (Bio-Rad, 4-15%) and transferred onto
a PVDF membrane. Membranes were washed with TBS containing 0.01% tween, blocked in
5% BSA and incubated overnight with goat anti-rabbit phosphorylated Akt Ser473 (1:3,000
Cell Signaling), anti-rabbit pan Akt (1:2,000 Cell Signaling), or GAPDH (1:2000 Cell
Signaling) at 4°C. Following secondary antibody incubation (HRP-conjugated anti-rabbit
IgG, R&D), the blots were visualized with an ECL substrate (Invitrogen). Protein expression
was determined by a densitometry calculation performed in Fiji (Schindelin et al., 2012).
Phosphorylated Akt expression was first determined relative to pan Akt (pAkt/Akt), then
reported as percent change pAkt expression [(pAkt/Akt insulin — pAkt/Akt aCSF)/pAkt/Akt
insulin X 100)].

Seahorse XFe24 Microplate-Based Respirometry

Brains were rapidly dissected following decapitation and 250-um slices were made using a
Mcllwain tissue chopper. The slices were transferred to artificial cerebral spinal fluid (aCSF,
pH 7.4) consisting of 120 mM NacCl, 3.5 mM KCI, 1.3 mM CaCl,, 0.4 mM KH5POy4, 1 mM
MgCl,, 5 mM HEPES, 10 mM D-Glucose, plus 4 mg/mL BSA. Tissue punches (2 per
animal) of the corticostriatal interface (spanning approximately .75 mm to 1.00 mm anterior
to bregma) were obtained measuring 1 mm in diameter. Tissue punches were loaded into
Seahorse XFe24 Islet Capture Microplate (1 punch/well) containing 525 uL aCSF per well.
Islet capture screens were secured over each tissue punch, and the plated was floated in a
37°C water bath in between animals.

Methods were adapted from (Fried etal., 2014; Schuh etal., 2011) Briefly, the drug-filled sensor
cartridge was hydrated overnight with XF Calibrant (ImL/well). The day of the assay the
drug-filled sensor cartridge was loaded with 10X, 11X, 12X, and 13X of the desired final
concentrations of pyruvate, oligomycin, FCCP, and rotenone plus antimycin-A in aCSF (75
uL) in ports A, B, C, and D. The final concentrations were: 1 mM, 10 pM, 10 uM, and 4 uM
plus 4 uM. The assay protocol consisted of the following cycle: 3-min mix, 2-min wait, 3-
min measure. The protocol specified for 5 cycles before the first injection and 5 cycles
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following each injection. Raw data were processed with the XFe24 Analyzer Software
Program (Wave 2.6.0) using the Seahorse XF Cell Mito Stress Test Report Generator
(Report Generator Version 4.0). The respiratory parameters obtained from the Report
Generator for each sample (in duplicate) were averaged to determine the respiratory
parameters for each sample.

Cerebral blood flow assessment.

Mice were randomly assigned to receive either a TBI or control procedure and then were
injected with pioglitazone or vehicle. Seven day later mice a 1.5 cm incision was made along
the surface of the skull and cerebral blood flow was assessed with a MoorFLPI laser speckle
contrast imager (Moor Instruments, Devon UK). Three images were collected over the
course of two minutes with an exposure time of 200 msec. All animals underwent a 60-
minute MCAQ procedure, the occluder was withdrawn and 60 minutes into reperfusion the
animals were reimaged. Tissue incisions were closed with wound clips. Change in blood
flow was expressed by relativizing the ipsi- and contralateral hemispheres during reperfusion
to their baseline measurements.

Statistical analysis.

Results

Sample sizes were formulated from power analyses based on the magnitude of differences
detected in preliminary studies and from previous literature. Effect sizes were >0.45 with
biochemical and histological changes being larger than behavioral effects.

Thus, we powered the study to detect differences with a $>0.8. Behavioral outcomes, infarct
size, PCR, and western blotting results were assessed via a two-way ANOVA (injury
condition X ischemia condition, or injury condition X treatment). All significant overall
results (p < 0.05) were followed up with a Tukey HSD post hoc analysis. Qualitative silver
staining and microglial morphology data were analyzed using the non-parametric Kruskal-
Wallis H test. Significant overall Kruskal-Wallis results were followed up by pairwise
comparisons.

Traumatic brain injury exacerbates ischemic infarct, functional deficits, and
neuropathology.

In order to determine whether a mild TBI increases vulnerability to cerebral ischemia, mice
underwent a mild closed head TBI (or control injury; CON) and were returned to their home
cages for a 1-week recovery period. Cerebral ischemia was conducted via middle cerebral
artery occlusion (MCAO; or sham injury) one week after brain injury. The following groups
were examined: CON/sham (n = 7), TBI/sham (n = 7), CON/MCAO (n = 9), TBI/MCAQO (n
= 9) after excluding 3 mice (2 CON/MCAQO and 1 TBI/MCAQ) without measurable infarcts.
Behavioral testing for functional deficits, and tissue collection for infarct analysis and
immunohistochemistry occurred 24 hours after MCAO or Sham. Infarct size was
significantly impacted by prior TBI such that a mild TBI induced one week prior to MCAO
more than tripled infarct size relative to MCAQ without prior TBI (F1 17 = 20.458, p <
0.001; Figure 1A-B), as well as significantly increased cerebral edema (Fy 16 = 13.076, p =
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0.003; Figure 1C). The TBI/MCAO group also exhibited a greater degree of functional
deficits in the corner test (F3 25 = 3.424, p = 0.033; Figure 1D). A post hoc analysis revealed
that motor asymmetry was not significantly induced in the CON/MCAQ group. In addition,
mild TBI alone did not produce histological evidence of cell death or motor asymmetry
without MCAO.

Analysis of the neuropathology revealed a statistically significant overall difference in axon
degeneration between the groups as assessed with silver staining (H(3) = 15.687, p = 0.001),
and a follow-up pairwise comparison revealed greater axonal degeneration in the TBI/
MCAO group (Figure 2A). Given that TBI increased brain tissue vulnerability to MCAO-
induced cell death (infarcted tissue), edema, and axon degeneration, we conducted an
analysis of proinflammatory gene expression an identical cohort of mice (n = 5-7 per group)
was examined for pro-inflammatory gene expression 24 hours after MCAO/Sham. Tissue
punches from the ischemic hemisphere were collected through the cortex and striatum and
relative gene expression was measured for CD68 (expressed by activated microglia) and the
pro-inflammatory cytokines tumor necrosis factor (TNF) and interleukin 1-beta (IL1p).
Significant group differences were determined for all the examined genes in the cortex
(CD68 F3 24 = 7.614, p = 0.001; TNF F3 4 = 3.576, p = 0.032; 111;8 F3 3 = 5.244, p =
0.008). A follow-up Tukey post hoc analysis revealed the TBI/MCAQ group to have
significantly more CD68 and TNF gene expression relative to the CON/sham and TBI/sham
groups, as well as significantly more IL1p gene expression relative to all other groups
(Figure 2B). Similarly, significant group differences were determined for these genes in the
striatum (CD68 F3 23 = 12.945, p < 0.001; TNF F3 24 = 6.440, p = 0.003; 111 F3 24 = 3.716,
p = 0.028). Post hoc analysis revealed the TBI/MCAO group to have significantly more
CD68 gene expression relative to all other groups, as well as significantly more TNF and
IL1p gene expression relative to the CON/sham and TBI/sham groups (Figure 2C).

Pioglitazone treatment reduces vulnerability to cerebral ischemia after TBI.

TBI increases tissue vulnerability to subsequent insult in part by impairing brain
metabolism, rendering the central nervous system temporarily more vulnerable to damage
(Prins et al., 2010; Vagnozzi et al., 2008). Thus, additional damage to the brain during a
period of central metabolic dysfunction is more severe and longer lasting. We previously
reported that TBI acutely reduces central insulin sensitivity (Karelina et al., 2016). Here, we
tested the effect of the insulin sensitizing drug, pioglitazone (Pio) on enhanced vulnerability
to cerebral ischemia after TBI. Mice underwent TBI or control injury followed by MCAO
one week later. All mice were treated with either Pio or vehicle after TBI as above and all
groups underwent an MCAQO 1 week after injury, resulting in the following MCAO groups:
CON/Veh (n = 6), CON/Pio (n = 6), TBI/Veh (n = 6), TBI/Pio (n = 7), after excluding 7
mice from analysis due to a lack of a measurable infarct (3 CON/Pio, 3 TBI/Veh, and 1 TBI/
P10). Five days after MCAOQO, mice were assessed for functional deficits and infarct volume.
Overall ANOVA results indicate significant group differences in infarct volume (F3 20 =
3.899, p = 0.029). Post hoc analysis revealed that among vehicle treated animals, mice that
had a prior TBI had a significantly larger ischemic infarct compared to those that did not
have a TBI; however, treatment with Pio significantly reduced infarct size (Figure 3A-B).
Functional deficits were significantly increased after MCAQ in the TBI/Veh group (F1 g =
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7.402, p = 0.03), compared to CON/Veh, but treatment with Pio after the TBI prevented the
worsening of functional deficits (Figure 3C).

In order to assess whether the protective effect of Pio was mediated by altered metabolic
physiology an additional cohort of animals was treated with Pio (10mg/kg) (or Veh) after
injury, producing the following groups: CON/Veh (n = 5), TBI/Veh (n = 5), CON/Pio (n =
5), TBI/Pio (n = 5). Forty-eight hours after injury we tested brain tissue sensitivity to insulin
by measuring phosphorylated Akt after ex vivo incubation with insulin. As previously
reported, TBI impairs Akt signaling in response to insulin, however treatment with Pio
reversed the impairment resulting in similar insulin sensitivity between the CON/Pio and
TBI/Pio groups (F3 15 = 3.530, p = 0.05; Figure 4 A-B).

Traumatic brain injuries impair central respiratory function an effect not rescued by
pioglitazone treatment.

Pioglitazone administered directly after TBI was sufficient to block the induction of central
insulin resistance. However, whether this manipulation would also prevent impairments in
respiratory function remained unspecified. To test this, we induced TBI and treated the mice
with pio or the vehicle [CON/Veh (n = 6), TBI/\Veh (n =7), CON/Pio (n = 6), TBI/Pio (n =
8)] and then collected micro-punches from the striato-cortical region seven days after injury
before testing them on with a Seahorse mitostress test. Tissue punches from animals that had
previously experienced a TBI exhibited reductions in non-mitochondrial O, production
(F2,22=6.354, p=0.019; Figure 4C), basal respiration (F5 2,=4.535, p=0.049; Figure 4D),
maximal respiration (F, 2,=8.481, p=0.008; Figure 4E), and spare respiratory capacity
(F2,22=8.649, p=0.008; Figure 4F). Neither proton leak (F 22=2.26, p=0.147; Figure 4G) nor
ATP production (F 2,=2.381, p=0.137; Figure 4H) were altered by injury. However, there
were no effects of Pio or interactions between drug and injury in any respiratory parameter
(p>0.05 in all cases).

Injury and pioglitazone alter vascular function

To generate hypotheses regarding the mechanisms of Pio-mediated protection we injured a
group of animals (n=3/group) and treated them with Pio or the vehicle and collected
hemispheres for the Nanostring analysis of neurological disease-related genes. Although the
magnitude of the changes in gene expression was small there were a number of genes that
were differentially expressed one week after injury (Figure S1A). Focusing on the key
comparison between TBI-Veh and TBI-Pio, six genes were downregulated by Pio and an
additional ten genes were upregulated by drug treatment (Figure S1B). This set of genes
included growth factors (IGF1 and NGF) and antioxidant genes (GSR) upregulated by Pio
and, several genes related to innate immune regulation and control of complement and
coagulation processes (C1Qc, Casp8, TLR2, F2) that were also differentially expressed.

Thus, to determine the role of TBI-induced disruption of vascular function as a contributing
factor to stroke vulnerability, animals underwent a TBI or control procedure and then one
week later we administered a MCAO. Blood flow was assessed throughout the stroke
procedure via laser doppler flowmetry. TBI did not alter blood flow prior to or during
ischemia nor at reperfusion (p>0.05 in all cases; data not shown). Nevertheless, in order to
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determine whether alterations in vascular responses to injury were involved in vulnerability
to TBI we injured animals and treated them with Pio (or the appropriate controls) and
collected the tissue one week after brain injury. Animals that experienced TBI exhibited
significant accumulation of 1gG in CD31 positive vessels. There was also evidence of 1gG
extravasation into parenchyma. Treatment with Pio markedly attenuated this 1gG
accumulation both intra- and extravascularly (Figure 5; U3 26=9.66, p=0.022).

One potential pathway through which vascular dysfunction could impair stroke outcomes is
via impairments in blood flow during the reperfusion period. In order to assess this
possibility, we prepared mice that had either a TBI or the control procedure and were treated
with Pio or vehicle (CON/Veh (n = 13), CON/Pio (n = 10), TBI/\Veh (n = 14), TBI/Pio (h =
9). We then assessed cerebral blood flow both prior to stroke and 60 minutes after removal
of the ischemic occluder with laser speckle imaging. Pioglitazone significantly improved
cerebral blood flow in the ischemic hemisphere (Figure 6; F1 37=6.66, p=0.014), an effect
that was nearly entirely mediated by reversing the impairment in blood flow among TBI
animals (F1 37=5.74, p=0.022). There were no drug or TBI effects on blood flow in the
contralateral hemisphere (S2).

Discussion

TBI is increasingly recognized as part of a disease process, rather than a single self-limiting
event (Vespa, 2017). There is mounting epidemiological evidence that TBIs are a risk factor
for both greater incidence and severity of neurological insults in the acute period after the
initial injury (Chen et al., 2011; Vagnozzi et al., 2008). The TBI model procedure utilized
here recapitulates that vulnerability to subsequent injury; the mild closed-head TBI produces
widely distributed, but sparse, axonal degeneration without inducing a focal lesion. While
the TBI alone, which is performed along the midline, does not produce appreciable
behavioral deficits or functional lateralization, it does set the stage for the exacerbation of
subsequent ischemic outcomes. Specifically, mice that had previously experienced a TBI had
a nearly four-fold increase in lesion volume, greater edema in the ischemic hemisphere and
functional impairments after MCAQ. TBI also significantly upregulated neuroinflammation
in both the ischemic cortex and striatum compared to mice that underwent ischemia without
a history of TBI. Previously, we have reported that TBI transiently reduces insulin receptor
sensitivity in the brain, a phenomenon with important implications for the regulation of both
inflammatory and metabolic physiology (Karelina et al., 2016). Here, we report that TBI
significantly reduced insulin sensitivity, as measured by AKT phosphorylation in a slice
culture preparation; however, administration of the insulin sensitizing drug Pio immediately
after TBI prevented the TBI-induced reduction in insulin receptor sensitivity. Critically, Pio
administered immediately after TBI also prevented the increase in deleterious stroke
outcomes including infarct development, and behavioral deficits. When we assessed tissue
respiratory function, a TBI-mediated impairment was apparent one week after injury,
however, these parameters were not rescued by treatment with Pio. However, Pio did
significantly alter the gene expression profile after TBI, markedly reduced the vascular
accumulation of serum proteins and prevented poor reperfusion blood flow after TBI.
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Shortly after a TBI, the brain enters a brief period of hyperglycolysis, in which glucose
utilization increases to meet the metabolic demands associated with recovery from the insult.
This initial phase is followed by a prolonged period of metabolic depression that can last
several weeks to months (Bergsneider et al., 1997; Oddo et al., 2008). A stroke occurs when
energetic demands of tissue outstrip the metabolic fuels necessary to maintain cellular
homeostasis (Smith, 2004). Most, if not all, of the ischemic cascade in stroke is initiated by
depletion of substrates necessary for maintaining cellular homeostasis (George and
Steinberg, 2015). Therefore, if cellular energy metabolism is already disrupted by TBI, cells
in the infarct penumbral region where blood flow is reduced (Durukan and Tatlisumak,
2007) may be rendered less likely to survive and may instead be incorporated into the infarct
core.

The data presented here indicate that mild TBI induces both vascular dysfunction and
impairments in central metabolic signaling and respiratory function. Therefore, it seems
likely that the metabolic dysfunction induced by TBI prevents the brain from mobilizing the
energetically intensive processes needed for optimal recovery from an injury like cerebral
ischemia. We have previously demonstrated that TBI significantly, but transiently, impairs
central insulin receptor sensitivity as assessed by activation of AKT after ex vivo stimulation
with insulin (Karelina et al., 2016). Although glucose metabolism in neurons and glia is not
absolutely dependent on insulin signaling, there is a general enhancement of glucose uptake
and utilization following insulin treatment and insulin can reduce the impairments in energy
metabolism induced by oxidative stress (Blazquez et al., 2014; Duarte et al., 2006).
Moreover, insulin receptor signaling in neurons and other CNS cell types is generally anti-
inflammatory, anti-apoptotic and generally opposes the deleterious effects of ischemia (Garg
et al., 2006; Shuaib et al., 1995). The reduction in central insulin sensitivity induced by TBI,
therefore, may contribute to and/or exacerbate metabolic dysfunction and deprive the injured
brain of the potential protective effects of insulin signaling. To test this hypothesis, we used
the peroxisome-proliferator activated receptor (PPAR) agonist Pio and we administered it
immediately after TBI but more than six days before the ischemic stroke. Critically, Pio
prevented both the reduction in insulin sensitivity and the increase in infarct size in mice that
had a prior TBI. Although Pio is used clinically as an insulin sensitizer for patients with type
2 diabetes, it has relatively broad neuroprotective effects that likely extend beyond its role in
increasing insulin receptor sensitivity. However, as the half-life of Pio is short
(approximately 9 hours in rodent serum (Hanefeld, 2001)), administration of Pio one week
prior to MCAQO is unlikely to have resulted in direct neuroprotection. Moreover, there was
no reduction in ischemic lesion volume in Pio-treated mice that did not receive a TBI, thus
we propose that the reduction of ischemic lesions in Pio-treated TBI mice is a function of
reduced insulin resistance induced by TBI.

Although this Pio treatment paradigm was sufficient to restore central insulin receptor
sensitivity and prevent the exacerbation in stroke damage after TBI, it did not alter the
respiratory function of tissue punches collected from the injured hemisphere. TBI
(regardless of drug treatment) reduced both the basal and maximal respiratory capacity of
the tissue punches and also reduced the spare respiratory capacity. The injured brain thus
respires at a reduced rate and also exhibits a smaller capacity for increasing respiratory
output in the case of subsequent challenges. As this assay primarily measures mitochondria-

Exp Neurol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weil et al.

Page 12

mediated respiratory function, impairments in mitochondrial energy production as well as
biogenesis are likely contributing to this phenotype (Fried et al., 2014; Underwood et al.,
2020). Gene expression analysis one week after injury indicated a simultaneous upregulation
of mitofusin-2 and down regulation of OPA-1 by injury, two genes for proteins that regulate
mitochondrial fusion. However, as Pio prevented the TBI-induced increase in ischemic cell
death without altering respiratory function, two critical questions remain unanswered,
specifically, 1) whether TBI-induced impairments in respiratory function contribute to the
increased vulnerability to injury and 2) how Pio improves stroke outcomes after TBI.

The TBI-induced impairments in respiratory function were assessed 7 days after injury (the
same time course in which MCAO was induced in other cohorts). It seems unlikely that
significant metabolic impairments, as assessed by Seahorse respirometry and insulin
receptor sensitivity assays, would not exacerbate the outcomes after a severe metabolic
challenge such as ischemic stroke. However, treatment with Pio reduced insulin receptor
sensitivity and the enhanced ischemic damage after TBI but did not rescue the respiratory
phenotype. Thus, the observed impairments in respiratory function are insufficient alone to
exacerbate stroke damage after TBI. The current study does not rule out the possibility that
respiratory deficits contribute to the increased vulnerability to ischemic damage but does
suggest that other factors are involved.

One potential mechanism for the protective effect of Pio is as an anti-inflammatory agent
(Deng et al., 2020). TBI prior to an ischemic injury greatly exacerbates the inflammatory
responses to subsequent injury as indicated by increased expression of proinflammatory
genes in the ischemic hemisphere. For instance, the cytokine gene expression for IL-1p
(assessed 24 hours post-reperfusion) was significantly elevated in mice that had a TBI prior
to stroke, relative to all other experimental groups. Metabolic and inflammatory signaling
pathways are both interconnected and bidirectional (van Horssen and Witte, 2013). For
example, the energy sensing adenosine monophosphate protein kinase (AMPK) is a sensor
of energy balance, and a potential exacerbating element in stroke outcome. AMPK can also
be activated by elements of the inflammatory cascade such as TNFa, and in turn regulate
inflammatory signaling(Ashabi et al., 2015; Ronnett et al., 2009). Finally, impairments in
mitochondrial function can result in increased reactive oxygen production and the release of
damage-associated molecular patterns such as mitochondrial DNA, which can drive
inflammatory signaling(Lassmann and van Horssen, 2016). Inversely, proinflammatory
cytokines and other ligands of toll-like receptors can reduce both central and peripheral
insulin sensitivity, impair mitochondrial energy production and survival, as well as
negatively impact mitochondrial oxidative phosphorylation(Lee and Huttemann, 2014;
Samavati et al., 2008). Insulin signaling is potently anti-inflammatory in the CNS, and thus
loss of insulin sensitivity can cause a net increase in inflammatory tone(Dandona et al.,
2007; Sun et al., 2014). Ergo, impairments in metabolic signaling are both caused by and
exacerbate inflammation following CNS injury(Abcouwer et al., 2008).

An additional potential mechanism through which Pio may have provided neuroprotection
from TBI-induced exacerbation of ischemic outcomes is via improving the function of the
cerebral vasculature(Badhwar et al., 2017; Nicolakakis et al., 2008). Severe damage to
vessels can cause hemorrhages and vasospasm, but even short of those outcomes’ vessel
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damage can significantly contribute to post-injury dysfunction(Logsdon et al., 2015;
Sandsmark et al., 2019). The CNS is highly dependent on the coordination among multiple
cell types that form the neurovascular unit for the activity-dependent delivery of oxygen and
glucose and the removal of waste products. Additionally, the vasculature forms an integral
component of the blood-brain-barrier (BBB) which is tasked with chemically isolating the
brain from many large or charged molecules. Damage to the cerebral vasculature, which is
an extremely common histological finding in head trauma patients, has the potential to
significantly disrupt these critical processes(Hay et al., 2015; Shlosberg et al., 2010).
Moreover, damage to the vessels has the potential to induce intravascular coagulation and
microthrombi that can reduce tissue oxygenation and contribute to vasogenic edema
(Bartnik-Olson et al., 2014). Astrocytes are central players in metabolic physiology of the
nervous system and as structural components of the blood brain barrier. Moreover, they are
critical regulators of activity-dependent blood flow. Swelling of astrocytes and in particular
their end feet can both reduce BBB function and reduce the size of the vascular lumen.
Although we did not detect large gene expression changes or histological evidence of
astrocyte hypertrophy prior to stroke it remains important to understand the way in which
TBI may alter the astrocytic response to ischemia.

Here we report that mild TBI leads to the accumulation of intravascular 1gG deposits and
extravasation and significant upregulation of prothrombin gene expression all of which were
blocked by treatment with Pio. Changes in other genes associated with ongoing hypoxia,
vascular remodeling and integrity including Hifla, Notchl and 3, angiopoietin 2, as well
MMP19 by injury were apparent. Thus, this TBI model seems to produce a relatively mild
injury to the cerebral vasculature along with some moderate breakdown of the blood brain
barrier. The deposition of serum proteins like IgG into vascular walls can serve to both
narrow the luminal space and form a seed for thrombus formation(Grinberg and Thal, 2010;
Schreiber et al., 2012). The accumulation of intravascular serum proteins like 1gG is not a
common finding in the TBI literature where most moderate-severe experimental injuries
produce BBB breakdown and the spilling of large molecules into the parenchyma(Pop and
Badaut, 2011). This pattern of vascular histology most closely resembles cerebral small
vessel disease, a set of diseases associated with white matter damage, lacunar strokes and
dementia(Joutel et al., 2010).

Critically there is a strong and bidirectional link between microvasculature dysfunction and
insulin resistance(Rhea and Banks, 2019). Insulin resistance in the NVU in general, and in
endothelial cells particularly, can impair microvascular function and lead to reduced
functional perfusion under basal and hyperemic conditions(Muniyappa and Sowers, 2013).
Insulin signaling under physiological conditions can serve to balance PI3K-AKT-nitric
oxide-mediated vasodilation signals with MAP kinase endothelin-mediated
vasoconstriction(Vicent et al., 2003). However, insulin resistant states are commonly
associated with endothelial dysfunction and a shift in the balance toward vasoconstriction
and can serve as major risk factors for cardio- and cerebrovascular disorders(Katakam et al.,
2009; Muniyappa and Sowers, 2013). Further, insulin can also serve to oppose the
inflammatory and oxidative signaling in the NVU cells that both impair function and
reinforce insulin resistance and vascular dysfunction(Kobayashi and Puro, 2007).
Pioglitazone was sufficient to block the induction of insulin resistance in slices prepared
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from TBI animals and future studies will address whether improvements in insulin
sensitivity in the cerebral vasculature itself mediate improved outcomes from stroke.

The primary strategy for the minimization of ischemic damage is to restore blood flow to the
ischemic territory, clinically this can be accomplished with pharmacological or mechanical
clot removers. However, it is becoming increasingly clear that reperfusion of the infarcted
tissue and not recanalization of the blocked vessel is the primary predictor of ischemic
outcomes(Soares Bruno et al., 2010). If the tissue does not (fully) reperfuse after the
occlusion is removed outcomes will be relatively poor as the tissue is not supplied with the
necessary metabolic substrates and potentially toxic waste products are not removed(Arbel-
Ornath et al., 2013; Bai and Lyden, 2015; ElI Amki et al., 2020). The causes of incomplete
reperfusion are not fully understood but likely involve vascular inflammation (with
associated vascular accumulation of serum proteins and immune cells), intravascular
coagulation and endothelial dysfunction(Dalkara and Arsava, 2012; EI Amki et al., 2020).
Here we report that TBI induces a significant impairment in reperfusion blood flow a
phenomenon that is highly likely to contribute to the much larger infarct volumes among
mice in those groups.

Several important limitations of this study should be pointed out. First, the TBI paradigm
used here produces repeatable patterns of axonal degeneration, but we did not assess force
and displacement of the actual skull which may introduce some variability. Secondly, this
study was conducted in male animals. We elected to study males for two reasons. First, at
the age that we are interested in, late adolescence-young adulthood, there is a significant sex
difference in TBI incidence (Faul et al., 2010). Secondly, we focused on males because the
single paper that has demonstrated an increase in mortality following stroke (after TBI) did
so in males (Liao et al., 2014). Follow-up studies are under way to investigate the role of
TBI in post-stroke mortality in females. Finally, the seven day post-TBI injury time point is
relatively short and does not fully replicate the persistent increase in stroke risk that lasts
many months in humans. This work is currently being extended to detect the limits of the
enhancement of stroke outcomes.

There is convincing evidence that TBI increases the incidence of ischemic stroke and some
epidemiological evidence that stroke outcomes are worse in patients with a history of TBI.
Given the very large number of TBIs that occur annually it is critically important that we
determine why this population is at a greater risk for both more strokes and worse outcomes.
Here, we demonstrate that TBI exacerbates stroke outcomes, and that tissue damage and
functional impairments are much worse in animals that experienced TBI several days prior
to stroke. We also provide the first evidence that metabolic dysfunction in general, and
central insulin resistance in particular, strongly correlates with this phenomenon. Treatment
with the insulin sensitizer Pio rescued insulin resistance, inflammatory signaling, vascular
dysfunction, and enhanced vulnerability to ischemia but did not alter respiratory parameters
suggesting that a constellation of pathophysiological processes mediate enhanced
vulnerability after injury. Stroke prophylaxis therapies, (including anti-hypertensives, blood
thinners and potentially insulin sensitizing drugs) are not without risk, particularly in the
TBI patient population, but the data presented here raise the possibility that assessment of
central metabolic physiology could be used to predict which TBI patients (and for how long)
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might be at risk for greater damage if a stroke does occur, thus allowing clinicians to direct
treatment at those at the greatest risk. TBI patients, by definition, have already suffered
damage to their brains and thus any intervention that can reduce the likelihood or severity of
subsequent injuries should be considered.
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Highlights
Traumatic brain injury increases the risk and severity of ischemic stroke
Mice with traumatic brain injuries have larger experimental strokes

Mice with traumatic brain injuries have impaired metabolic and vascular
function

Vascular dysfunction after TBI may exacerbate stroke outcome by impairing
reperfusion
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Figure 1. TBI prior to cerebral ischemia exacerbates infarct volume, edema, and functional
deficits.

A) Mice that underwent a TBI 7 days prior to MCAQ exhibited a significantly greater infarct
volume, compared to those that had a control (CON) procedure prior to MCAQO. B)
Representative TTC stained tissue throughout the forebrain indicating healthy (red) and
infarcted (white) tissue in the cortex and striatum. C) Mice that underwent a TBI prior to
MCAO also exhibited significantly greater edema. D) Right-biased turning in the corner test
revealed significant deficits in mice that underwent both a TBI and MCAOQ. Data are
presented as mean +/— SEM. An asterisk (*) indicates significance at p < 0.05.
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Figure 2. Axon degeneration and pro-inflammatory gene expression following TBI and cerebral
ischemia.

A) Mice that underwent a TBI 7 days prior to MCAO exhibited more white matter
degeneration than those that had either TBI or MCAQ alone. Proinflammatory cytokine gene
expression is shown relative to 18S for CD68, TNF, and IL1p in the ipsilateral cortex B) and
striatum C). All data are considered significant at p < 0.05. An asterisk (*) indicates
significance at p < 0.05.
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Figure 3. Pioglitazone reduces brain vulnerability to ischemia after TBI.
A) Representative TTC staining after MCAO from mice that first underwent control or TBI

and were treated with pioglitazone (Pio; 10 mg/kg) or vehicle (Veh). B) Mice that were
treated with Pio after TBI has infarct volumes similar to mice that did not have a TBI prior
to MCAO. C) Treatment with P10 prevented the TBI exacerbation of right-biased turning in
the corner test. An asterisk (*) indicates significance at p < 0.05.
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Figure 4. Treatment with pioglitazone improves central insulin signaling but not respiratory
parameters after TBI.

Brain tissue from control (CON) and TBI mice was split into two wells and incubated ex
vivo with aCSF alone or containing 10nm insulin. A) Representative western blot bands are
shown for phosphorylated Akt (Ser473), total Akt, and GAPDH. B) Data are shown as
percent change pAkt expression in response to insulin. Separate animals underwent TBI or
control procedure and were treated with Pio or vehicle, and seven days later one mm tissue
punches were collected from 250-micron sections through the forebrain and analyzed with
Seahorse respirometry. TBI reduced C) non-mitochondrial O2 production, D) basal
respiratory capacity, D) maximal respiratory capacity, and E) spare respiratory capacity.
There were no TBI effects on either G) proton leak or H) ATP production. There were no
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effects of Pio on any parameter. Data are presented as mean +/— SEM. An asterisk (*)
indicates significance at p < 0.05.
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Figure 5. TBI induces vascular pathology that is attenuated by pioglitazone.
A-D) Representative sections indicate TBI induces accumulation of intravascular 1gG

(green) as well as mild extravasation that colocalizes with CD31 positive endothelial cells
(blue) this is attenuated by pioglitazone. GFAP positive astrocytes (red) are also in close
contact with IgG positive vessels. A’-D”) Corresponding insets of cortical staining. Size of
insets indicated by white box in A). E) Among vehicle-treated mice TBI significantly
increased 1gG accumulation relative to CON, but Pio treatment reduced 1gG accumulation to
CON levels. An asterisk (*) indicates significance at p < 0.05.
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Figure 6. TBI impairs reperfusion blood flow, reversal by pioglitazone.
Baseline and reperfusion (60 minutes after removal of the occluder) blood flow

measurements assessed with laser speckle imaging. Warmer colors indicate greater blood
flow. B) Assessment of relative change in blood flow from baseline to reperfusion in the
ipsilateral hemisphere. Data are presented as mean +/— SEM. An asterisk (*) indicates
significance at p < 0.05.
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