JCBFM

Original Article
Journal c')f Cerebral Blood Flow &
Impaired capillary-to-arteriolar electrical 2001 vl 41(6) 1317-1327
° ° ° ° o o © The Author(s) 2020
signaling after traumatic brain injury Arcice reuse gideines

sagepub.com/journals-permissions
DOI: 10.1177/0271678X20962594
journals.sagepub.com/home/jcbfm

®SAGE

Amreen Mughal', Adrian M Sackheim?, Maria Sancho',
Thomas A Longden3, Sheila Russellz, Warren Lockette",
Mark T Nelson'”® and Kalev Freeman'?

Abstract

Traumatic brain injury (TBI) acutely impairs dynamic regulation of local cerebral blood flow, but long-term (>72h)
effects on functional hyperemia are unknown. Functional hyperemia depends on capillary endothelial cell inward rectifier
potassium channels (Kir2.1) responding to potassium (K™) released during neuronal activity to produce a regenerative,
hyperpolarizing electrical signal that propagates from capillaries to dilate upstream penetrating arterioles. We hypoth-
esized that TBI causes widespread disruption of electrical signaling from capillaries-to-arterioles through impairment of
Kir2.1 channel function. We randomized mice to TBI or control groups and allowed them to recover for 4 to 7 days
post-injury. We measured in vivo cerebral hemodynamics and arteriolar responses to local stimulation of capillaries with
I0mM K™ using multiphoton laser scanning microscopy through a cranial window under urethane and a-chloralose
anesthesia. Capillary angio-architecture was not significantly affected following injury. However, K*-induced hyperemia
was significantly impaired. Electrophysiology recordings in freshly isolated capillary endothelial cells revealed diminished
Ba"-sensitive Kir2.1 currents, consistent with a reduction in channel function. In pressurized cerebral arteries isolated
from TBI mice, K™ failed to elicit the vasodilation seen in controls. We conclude that disruption of endothelial Kir2.1
channel function impairs capillary-to-arteriole electrical signaling, contributing to altered cerebral hemodynamics
after TBI.

Keywords
Cerebral blood flow, capillary endothelial cells, functional hyperemia, inward rectifier K* channels (Kir2.1), traumatic
brain injury

Received 20 May 2020; Revised 28 July 2020; Accepted 31 August 2020

Introduction
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regulate cerebral blood flow (CBF) by communicating
with upstream penetrating arterioles.” This communi-
cation depends on electrical signaling initiated by cECs
Kir2.1 channels that rapidly respond to the elevated
extracellular K released during neuronal activity.
The hyperpolarization resulting from Kir2.1 channel
opening propagates along the vascular wall in a retro-
grade direction to dilate upstream penetrating arterio-
les and increase blood flow.

The delicate network of interconnected vessels and
capillaries comprising the cerebral vasculature is at risk
of disruption by both the mechanical force of a brain
injury and through subsequent hemorrhagic expansion,
edema, and inflammation.® ' Secondary problems
with vascular function, including significant decreases
in global and regional CBF, contribute to adverse out-
comes such as cognitive decline, ischemic stroke,
depression, and dementia.'>'> Abnormal vascular
reactivity may persist for months even in the absence
of visible structural injury to the tissue parenchyma.*
While significant reductions in global and regional
CBF after severe brain trauma have been recognized
for over 40years,*'""'*'® little is known about the
long-term effects of more mild, survivable TBI on cere-
bral capillary function and the dynamic regulation of
local CBF responses during neurovascular coupling.
This critical knowledge gap limits progress in under-
standing and treating long-term disabilities after TBI.

To address this problem, we tested the hypothesis
that TBI causes widespread disruption of electrical sig-
naling from capillary-to-arterioles through impairment
of cEC Kir2.1 channel function. We examined regula-
tion of CBF in an apparently unaffected cortical cap-
illary bed 4 to 7 days after fluid percussion brain injury.
We found that even in apparently normal appearing
brain regions remote from the primary injury, K*-
induced hyperemia at the level of the capillary micro-
circulation is significantly impaired relative to controls.
Next, we provide evidence of reduced Kir2.1 channel
function in isolated cECs. Finally, pressurized cerebral
arteries from TBI mice exhibited decreased K" -induced
vasodilation despite having normal spontanecous myo-
genic tone. Together, these results provide a novel
mechanism linking endothelial Kir2.1 channelopathy
to impaired functional hyperemia 4 to 7 days after TBI.

Methods

Animal husbandry

Male C57BL/6J mice (Jackson Laboratories, Bar
Harbor, ME), aged 8-12weeks, were selected at
random to either TBI surgery or control treatment
groups. Blinding of investigators to group allocation
was not feasible because the TBI group had a visible

surgical scar. Naive mice, not exposed to any surgical
procedures, were used as controls for most experi-
ments. For the in vivo studies, we also studied sham
controls, consisting of mice subjected to the surgical
procedure but without fluid percussion injury.
Animals in the experimental TBI group were anesthe-
tized, administered a fluid percussion injury, and
allowed to recover for three post-operative days prior
to experimentation. Mice were kept on a 12h light/
dark cycle, with ad libitum access to food and water
and were housed in groups of five. All studies were
conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals (National
Institute of Health), Guidelines for Survival Rodent
Surgery (National Institute of Health) and approved by
the Institutional Animal Care and Use Committee of the
University of Vermont. All procedures were conducted
and reported in accordance with the ARRIVE guidelines
(Animal Research: Reporting In Vivo Experiments)
(https://www.nc3rs.org.uk/arrive-guidelines).

Experimental traumatic brain injury

A fluid percussion injury method was used to induce a
TBI. Mice were anesthetized with 2%—-5% isoflurane,
and the animal’s head was stereotaxically restrained.
A craniotomy was performed midway between
lambda and bregma, 2mm lateral to the sagittal
suture, by drilling a 3mm diameter hole through the
skull into the underlying extradural space using a var-
iable speed power drill. A custom stainless steel, hollow
intracranial screw with a 2mm internal diameter was
fitted into the craniotomy hole. The intracranial screw
was filled with 0.9% normal saline and attached with
tubing to the fluid percussion apparatus. A weighted
pendulum was released to impact the fluid percussion
device and induce TBI. During injury, the intracranial
pressure and its peak pressure by the fluid percussion
wave were recorded using an inline pressure transducer
connected to a data acquisition system and measured in
pounds per square inch (PSI) (Instrumentation and
Modeling Facility, University of Vermont, VT). We
previously determined a level of injury at 37 PSI
which was survivable in the majority of animals (66%
survival) but with demonstrable neurologic out-
comes."” All animals received 0.02 mg/kg subcutaneous
buprenorphine for analgesia while under anesthesia
and to treat postoperative pain. Animals were studied
using in vivo imaging, or euthanized, approximately
1 week after injury (4-7 days).

In vivo imaging of cerebral hemodynamics

Craniotomy and in vivo imaging were performed as
previously described.” Briefly, mice were anesthetized
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with isoflurane (5% induction and 2% maintenance).
The skull was exposed, a stainless-steel head plate was
attached, and a small circular cranial window was
created above somatosensory cortex contra-lateral
to the side of injury. Approximately, 150 uL of a 3-
mg/mL solution of FITC-dextran (MW 150kDa) in
sterile saline was injected intravenously into the retro-
orbital sinus®” to allow visualization of the cerebral
vasculature and contrast imaging of red blood cells
(RBCs). Upon conclusion of surgery, isoflurane anes-
thesia was replaced with a-chloralose (50 mg/kg) and
urethane (750 mg/kg). Body temperature was main-
tained at 37°C throughout the experiment using an
electric heating pad. The brain was continuously per-
fused with artificial cerebrospinal fluid (aCSF) con-
taining (in mM) 124 NaCl, 3 KClI, 2 CaCl,, 2 MgCl,,
1.25 NaH,PO,, 26 NaHCO3;, and 4 glucose. A pipette
was introduced into the cortex, maneuvered adjacent
to the capillary under study and pressurized injections
(200-300ms, 541 PSI) of 10mM K™ with tetrame-
thylrhodamine isothiocyanate (TRITC, MW
150kDa; 0.06 mg/mL)-labeled dextran were ejected
directly onto the capillary. RBC flux and velocity
data were collected by line scanning the capillary of
interest at 5 kHz. Structural analyses were performed
by collecting 3D-stacks on a field of the x—y dimen-
sions (424 x 424 um) plus ~300um in the z axis.
Images were acquired through a Zeiss 20x Plan
Apochromat 1.0 NA DIC VIS-IR water-immersion
objective mounted on a Zeiss LSM-7 multiphoton
microscope (Zeiss, USA) coupled to a Coherent
Chameleon Vision II Titanium-Sapphire pulsed infra-
red laser (Coherent, USA). FITC and TRITC were
excited at 820 nm, and emitted fluorescence was sep-
arated through 500-550-nm and 570-610-nm band-
pass filters, respectively.

Cortical capillary structure analysis

Composite TIFF files of 3D-stacks generated
from control and TBI mice were analyzed using an
automated image analysis program (Autotube; freely
available at https://github.com/autotubularity/auto
tube).?! Briefly, images (8-bit TIFF files) along with
imaging parameters were included in the software.
Noise correction and tube detection were performed
using BM3D and MultiOtsu filters, respectively. Pial
and penetrating vessels were manually removed
before the analysis. Output data including number of
branching points, vessel width and average vessel
length, automatically calculated by the program were
then exported as Excel files and used for reporting
results.

Electrophysiology

Capillary ECs were obtained from mouse brain as pre-
viously reported.” In brief, a small piece of cortex
(~200-250 um-thick) was placed in ice-cold aCSF and
mechanically disrupted using a Dounce homogenizer.
Debris was discarded by passing the homogenate
through a 62 um nylon mesh. Retained capillary frag-
ments were enzymatically digested by incubating in an
isolation solution composed of (in mM) 55 NaCl,
80 Na-glutamate, 5.6 KCI, 2 MgCl,, 4 glucose and
10 HEPES (pH 7.3), containing 0.5 mg/ml neutral pro-
tease, 0.5mg/ml elastase (Worthington, USA) and
100pM Ca*", for 23min at 37°C. Thereafter, the
sample was incubated with 0.5 mg/ml collagenase type
I (Worthington, USA) for an extra 2 min. The cell sus-
pension was filtered, and the remaining tissue was
washed to remove the enzymes and triturated with a
fire-polished glass Pasteur pipette. Single cells and
small capillary segments were stored in ice-cold isola-
tion medium for use the same day within ~5h.

Conventional patch-clamp electrophysiology was
used to measure whole-cell currents in isolated cECs.
Briefly, currents were amplified using an Axopatch 200
amplifier, filtered at 1kHz, digitized at 10kHz, and
stored on a computer for offline analysis with
Clampflit 10.7 software (Molecular Devices, USA).
Patch pipettes were pulled from borosilicate, microca-
pillary tubes (1.5-mm OD, 1.17-mm ID; Sutter
Instruments, USA), fire-polished (resistance of 3—
6 MQ) and backfilled with a solution containing (in
mM) 10 NaOH, 11.4 KOH, 128.6 KCI, 1.1 MgCl,,
2.2 CaCl,, 5 EGTA, and 10 HEPES (pH 7.2). The
bath solution consisted of (in mM) 80 NaCl, 60 KCI,
1 MgCl,, 10 HEPES, 4 glucose, and 2 CaCl, (pH 7.4).
The mean capacitance of capillary ECs averaged
9.89 £0.43pF. All experiments were performed at
room temperature (~22°C).

Ex vivo arterial diameter measurements

Mice were euthanized, and a full craniectomy was per-
formed to expose the brain which was then dissected
and placed into cold (4°C) HEPES-buffered physiolog-
ical saline solution (HEPES-PSS) with the following
composition (in mM): 134 NaCl, 6 KCl, 2 CaCl,, 1
MgCl,, and 7glucose (pH 7.4). The brain was then
pinned out in a silicone-lined dissecting dish and the
posterior cerebral artery (PCA), contralateral to the
fluid percussion injury, was dissected free from the sur-
rounding dura and pia mater. PCAs were then cannu-
lated in a pressure myograph chamber (Living Systems
Instrumentation, USA) using nylon sutures. Residual
blood and debris were flushed out of the lumen prior to
cannulating the distal end of the artery. The pressure
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myograph was placed on the stage of an inverted
microscope (AE31; Motif, Canada) and continuously
superfused with oxygenated (20% O,; 5% CO,; 75%
N,) aCSF maintained at 37°C. Intraluminal pressure
was controlled using a pressure servo system (Living
Systems Instrumentation, USA), and blood vessel
diameters were measured using edge-detection software
(IonOptix, USA).

To assess myogenic response of individual vessels,
arteries were allowed to equilibrate at 10mm Hg for
~10min. The intraluminal pressure increased to 80 mm
Hg, and vessels were allowed to develop spontancous
myogenic tone. Vessels with pressure leaks or those
without intact endothelium, tested using 1 uM NS309
(Cayman Chemical, USA), were not studied. To assess
vasodilatory function in response to elevated K™, arter-
ies were pressurized to 80 mm Hg, allowed to develop
spontaneous myogenic tone, and equilibrated for
30min for measurement of intraluminal diameter
(baseline). The bath solution was then changed to an
elevated potassium aCSF (10mM K™) to elicit vasodi-
lation. The arteries were then washed with physiologi-
cal aCSF, allowed to recover, and the bath was then
exchanged with 0 Ca?" aCSF with 100 pM diltiazem to
elicit maximal passive diameter. Percentage of myogen-
ic tone at 80 mm Hg was calculated as the percentage
decrease of the vessel diameter using the following
equation: tone (%)= [(passive diameter — active diam-
eter)/passive diameter] x 100. The percentage of K*-
induced vasodilation was measured at the point of
peak dilation and calculated as: vasodilation (%)=
[(diameter after K" administration — baseline diame-
ter)/baseline diameter].

Data analysis and statistics

Patch-clamp data were analyzed using Clampfit 10.7
software. Changes in arteriolar diameter were calculat-
ed from the average luminal diameter measured over
the last 10s of stimulation. The shape of arterioles
during in vivo imaging depends on the focal plane
and can appear as a circle or oval. We measured diam-
eter of both short and long axes, at baseline and after
stimulation, and reported the change in diameter as
an average. This allowed us to normalize each blood
vessel to its own baseline, eliminating the impact of
arteriole shape on the measurements. RBC flux and
velocity were analyzed offline using custom software
(SparkAn, Adrian Bonev, University of Vermont,
USA). Flux data were binned at 1-s intervals. Mean
baseline velocity and flux data for summary figures
were obtained by averaging the baseline (~6s) for
each measurement before pressure ejection of 10 mM
K. The peak response was defined as the peak 1-s flux
bin after delivery of K* within the remaining scanning

period (~365). Because flux and velocity are correlated,
the average velocity of all cells in the peak flux bin was
reported for velocity summary data. The depth of
capillaries below the surface was estimated from
z-stack series acquired before pipette placement.
Results are expressed as mean =+ standard deviation
(SD), and n refers to the number of animals used,
unless otherwise stated. All data sets were tested for
normal distribution using the Shapiro-Wilk test, and
a subsequent unpaired ¢ test or Mann-Whitney test was
applied based on parametric or non-parametric distri-
bution, respectively. A paired ¢ test or Wilcoxon test
was applied based on parametric or non-parametric
distribution, respectively, for paired data. Values were
considered significantly different when p < 0.05. For in
vivo experiments, we compared naive control group
with TBI. The same naive control group was compared
again with sham controls to rule out any potential
effect of the surgical procedures. For electrophysiology
experiments, power analyses confirmed that a sample
size of n =6 per group was enough to observe statistical
significance. Sample sizes for all other experimental
preparations were estimated wusing our previous
experience.

Results

Cortical capillary vascular structure is preserved
after TBI

We used a craniotomy-based approach on the right
side of the somatosensory cortex to analyze vascular
structures visualized with FITC-dextran 4 to 7 days
after injury to the contralateral hemisphere. We
mapped cortical vasculature down to ~layer III with
average Z depth of 300 £ 10 um (0.5 um z-steps) from
the pial vessel border. We classified vessels as penetrat-
ing arterioles, venules, or capillaries according to their
orientation and branch orders. Interestingly, fluid per-
cussion injury on the left cortex caused no structural
damage to the contralateral cortical vasculature. Our
automated 3D structural analyses show that the density
of capillary webs surrounding penetrating arterioles did
not change post-injury. Moreover, average capillary
diameter, length, and branch point analyses indicate
an absence of macroscopic changes in cortical capillary
vasculature post-injury (Figure 1).

K*-induced hyperemia is impaired after TBI

We used in vivo multiphoton imaging for contrast
imaging of blood flow to test our hypothesis that K-
induced hyperemia is impaired in TBI. After perform-
ing z-stacks, we identified a field of view and applied
K™ to capillary beds and measured dynamic local CBF
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Figure I. Cortical capillary structure is preserved after TBI. (a) In vivo 3D-images processed by autotube showing cortical capillaries
from a control (i) and TBI (i) mouse. Block width =425 x 425 pm, block depth =300 um. Summary data comparing various control
and TBI structural analyses. No significant differences were present in (b) the number of branch points (166 =28, n=5 vs 201 £ 19,
n=4 branch points, n.s., unpaired t test) (c) vessel width (7£0.4, n=5 vs 6 == | um, n=4, n.s., unpaired t test), or (d) vessel length
8+ 1,n=5vs 9+ | pm, n=4, n.s., unpaired t test) between control and TBI mice, respectively. Data are expressed as mean =+ SD.

responses. We quantified changes in capillary RBC
flux, velocity, and upstream arteriolar diameter in
response to local pressure injections of 10mM K™
administered through a micropipette around post arte-
riolar capillaries (third or fourth order branch from
arterioles). We previously established that placement
of the pipette in the brain under these conditions
restricts agent delivery to the capillary bed under
study and produces minimal displacement of the sur-
rounding tissue.” In control mice, the administration of
K™ caused a rapid and robust increase in both RBC
flux (110+£63%, n=38, *p=0.004, paired ¢ test) and
velocity (95+46%, n=38, *p=0.002, paired ¢ test).
Conversely, exposure of capillaries in TBI mice to
10mM K% did not produce a significant increase of
RBC flux (23+17%, n=38, n.s., paired ¢ test) or

velocity (29 +62%, n=28, n.s., paired ¢ test) from the
baseline condition (Figure 2).

Because it is the dilation of upstream arterioles that
ultimately promotes a hyperemic response in the capil-
lary bed where the triggering K signal originates, we
further examined capillary-to-arteriole communication
by measuring the change in diameter of these arterioles
in vivo. We found that local pressure injection of K™
(10mM) onto a capillary bed caused robust vasodila-
tion of the connected upstream arteriole (23 +4%,
n="7, *p<0.0001, paired ¢ test) in controls, but this
manipulation did not increase arteriolar diameter in
TBI mice (Figure 3). To address the potential caveat
that the anesthesia and surgical procedures might
impact Kir function in vivo, we performed a subset
of experiments in mice subjected to an identical surgical
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Figure 2. K'-induced hyperemia is impaired in vivo in TBI mice. (a) In vivo imaging approach. A cranial window was prepared over
the somatosensory cortex and imaged using 2-photon laser-scanning microscopy. (b and c) Left: baseline and peak distance—time plots
of capillary line scans showing hyperemia to the ejection of [0 mM K™ onto a capillary. RBCs passing through the line-scanned capillary
appear as black shadows against green fluorescent plasma. Middle: typical experimental time-course of RBC flux binned at |-s intervals
before and after pressure ejection of 10mM K™ (300ms, 5 = | psi; gray arrow) onto a capillary, demonstrating hyperemia to K™

delivery. Right: summary RBC flux responses to 10mM K™ in (b) control and (c) TBI mice. K* delivery caused significant hyperemia in
control (16 +8 vs 31 £ 10 cells/s, n=8 paired experiments, 6 mice; *p = 0.0004, paired t test), but not in TBI (24+ 15 vs 25+ | |
cells/s, n=8 paired experiments, 6 mice; p =0.819, paired t test) mice when compared to their baseline prior to K* application,

respectively. (d) The percent change in RBC flux after 10 mM K™ application is significantly decreased in TBI mice when compared to
controls (0.6 =7 vs |54 7%, n=8; *p = 0.0008, Mann-Whitney test). (e) K™-induced hyperemia caused a significant increase in flux
velocity in control (left) (441 & 179 vs 840 4 353 um/s, n = 8 paired experiments, 6 mice; *p = 0.0022, paired t test) but not in (right)
TBI (594 £ 195 vs 726 £ 289 pm/s, n=8 paired experiments, 6 mice; n.s., paired t test) mice when compared to their respective

baseline controls. Data are expressed as mean & SD.

procedure without fluid percussion injury. We found
that K"-induced hyperemia is comparable in naive
and sham control mice (Supplementary Figure 1).
These findings support our premise that the TBI, and
not the surgical procedure, explains the observed dis-
ruption in functional hyperemia.

cEC Kir2.1 channel current density is reduced in
TBI mice

Patch-clamp electrophysiology was next used to
explore whether ¢cEC Kir2.1 channel function and
their involvement in K "-induced hyperemia is compro-
mised after TBI. Whole-cell currents were measured in
cECs isolated from TBI mice 4 to 7days post-injury
and compared to the control subset of mice. We quan-
tified whole-cell currents in response to a voltage ramp
(400 ms, from —140 to +40mV) in cells bathed in

60mM [K*],, used to amplify the inward component
of Kir2.1 channel currents. Under these conditions, the
K™ equilibrium potential (Ex) was —23mV. As shown
in Figure 4(a)—(b), inward currents, observed at nega-
tive potentials to Ex, were significantly smaller in cECs
isolated from TBI mice, consistent with an impairment
of Kir channel function. BaCl, (100 uM), a selective
Kir2 channel blocker, was employed to isolate the
Kir2.1 component from the total current density.
Ba’"-sensitive currents were significantly reduced by
64% 1in TBI cECs (—4 £ 1pA/pF, n=11 cells) com-
pared with controls (—11+2pA/pF, n=8 cells;
Figure 4(c)). These findings collectively suggest that
impaired K*-induced hyperemia is associated with
reduced cEC Kir2.1 channel activity. Because Kir
channels are critical not only for -capillary-to-
arteriolar signaling but also for K" -induced vasodila-
tion of cerebral arteries, we proceeded to examine K™
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not in (c) TBI (10£2 vs 10+ 3 um, n=7 paired experiments, 6 mice; n.s., paired t test) mice. (d) The change in diameter after
application of 10 mM K" is significantly impaired in TBI (0.7 4-0.6 pm, n=7, *b < 0.001, unpaired t test) mice when compared to

controls (2+0.2 um, n=7). Data are expressed as mean = SD.

responses in isolated, pressurized pial vessels to dem-
onstrate functional consequences of altered Kir
conductance.

Vasodilatory responses of pial arteries to K* are
diminished following TBI
Potassium has long been known to have profound

vasoactive effects on blood vessels, producing vasodi-
lation in small doses and vasoconstriction in large

doses, and the importance of local K release in
dynamic regulation of local CBF during neurovascular
coupling has been well established.> In the cerebral
circulation, increases in the extracellular K concentra-
tion within the range of 1 to 15mM normally causes
rapid and potent dilation of small arteries.**> > Isolated
pial arteries (PCAs) harvested from TBI (23+16%
tone, n=7) and control (15+4% tone, n=7) mice
both developed spontaneous myogenic tone when pres-
surized to 80mm Hg (n.s., unpaired ¢ test). As
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mice and blocked by 100 uM Ba®", (c) Summary data of Ba®"-sensitive current density at peak inward currents (— 40 mV) in control
(=112 pA/pF, n=8 cells, from 3 mice) and TBI mice (—4 % | pA/pF, n= 11 cells, from 4 mice) (*p < 0.0001, Mann-Whitney test).

Data are expressed as mean =+ SD.

expected, raising extracellular K* from 3 to 10mM
caused robust dilation in controls (56 +32% change
in diameter; n=7), but this response was significantly
impaired in TBI mice (26 +£16% change in diameter;
n=7; *p<0.05, unpaired ¢ test) (Figure 5). This
reduced KT'-induced vasodilation suggests that
impaired function of Kir channels following TBI is per-
vasive and not limited to capillaries.

Discussion

TBI abruptly decreases cerebral perfusion and disrupts
hyperemic responses; however, the mechanisms under-
pinning this disruption are not completely understood.
Little is known about the long-term effects of TBI on
functional hyperemia at the level of the cortical micro-
circulation and cECs, particularly in tissue that appears
normal after injury tissue, and even less is known about
effects at time points greater than 72 h. In the present
study, we aimed to understand underlying mechanisms
that are associated with impaired K*-induced hyper-
emia 4 to 7days after TBI.

The capillary EC Kir2.1 channels are a central
molecular player in the mechanism of functional hyper-
emia in the brain, but their role in models of brain
injury or ischemia has not been previously studied.
Here, we present three important findings: (1) K*-
induced hyperemia at the level of the capillary micro-
circulation is impaired 4—7days after injury, even in
normal appearing brain regions remote from the pri-
mary TBI injury; (2) cEC Kir2.1 channel function is
reduced by 64%, providing a mechanism to explain
the impairment in K'-induced hyperemia; and (3)

abnormal vascular responses to K* extend to large,
pial arteries as well, further reducing CBF. Together,
these results indicate that vascular Kir2.1 channelop-
athy after brain injury contributes to the uncoupling of
the neurovascular unit and impairs a critical electrical
signal pathway directing local blood supply to active
capillary beds.

Cortical capillary structure remote from peri-injury
region is preserved after TBI

Magnetic resonance imaging assessment of human sub-
jects with chronic TBI has shown that even normal
appearing tissue suffers from significantly diminished
vascular reactivity.”® We sought to study cerebral
hemodynamics remote from the primary site of
injury, so that pathological features such as edema,
hemorrhage, and thrombosis would not complicate
measurement of local blood flow. Therefore, we
imaged the cortical hemisphere contralateral to TBI,
remote from the peri-injury region. The qualitative
appearance of the vascular bed in the injured brains
was indistinguishable from controls. We also applied
an automated 3D structural analysis to quantify capil-
lary branching points and density, showing that the
microvascular architecture of the TBI brains was not
different from controls.

Our results differ from those in a prior study in
which rats imaged 1-day post-TBI demonstrated a
marked reduction in cerebral microvascular density.?’
In a follow-up study, the same group reported that the
vascular density near the injured site returned to base-
line levels by day 14, but effects on the contralateral site
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Figure 5. Vascular reactivity is impaired in pial arteries following TBI. Representative traces of lumen diameter in PCAs from (a)
control and (b) TBI mice. Extracellular K* was raised from 3 to 10 mM (highlighted in gray). The vasodilatory response was measured
at the point of maximal dilation and normalized to maximal diameter (“passive diameter”), obtained in zero Ca®" aCSF with 100 uM
diltiazem at the end of each experiment. (c) Summary data for peak diameter elicited by 10 mM K* in PCAs from control (56 + 32%;
n=17) and TBI (26 £ 16%; n=7) mice (*p < 0.05; unpaired t test). (d) Summary data for spontaneous myogenic tone at 80 mm Hg in
PCAs from control (15=+4%; n=7) and TBI (23 &= 16%; n=7) mice (n.s.; unpaired t test). Data are expressed as mean = SD.

were not included.'' While we were unable to identify
any differences in vessel structure or density 4 to 7 days
after injury, it is possible that there was an earlier loss
of vascular features that may have recovered by day 7.
Additionally, we cannot exclude the possibility that
anatomic pathology in the vascular beds we studied
would have been revealed through other approaches.
For example, despite an overall normal angio-
architectonic distribution, microvascular casts of corti-
cal brain vessels from humans who died after severe
TBI demonstrated disarrangement of endothelial
cells, resulting in enlargement of the perivascular
space with collapsed lumens.”® Others have also
shown a diffuse microvascular thrombosis throughout
the cortical vessels of patients who died within 48 h of
injury.”* A study of teenage athletes who died after
mild closed-head injury provided evidence of microvas-
cular injury and perivascular neuroinflammation.*®
In either case, we did not observe any qualitative or

quantitative effects of TBI on vascular morphology in
the contralateral cortical hemisphere. Future studies
with multiple time points and longer duration are war-
ranted to decipher the progression and recovery cycle
associated with structural changes.

Disruption of capillary-to-arteriolar communication
and impaired hyperemic response

Although there is extensive literature reporting acutely
altered global and regional CBF after brain injury,
little is known about the regulation of blood flow at
the capillary level after TBI. Ion channels play a critical
role in the control of CBF and the uncoupling of
capillary-to-arteriole signaling in the cerebral vascula-
ture renders the brain at risk of ischemia, metabolic
deficiencies, and vascular spasm.*' Previously, we dem-
onstrated that brain cECs constitute a neuronal
activity-sensing network that is capable of initiating
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long-range electrical (hyperpolarizing) signals in
response to neuronal activity that rapidly propagate
upstream to cause dilation of upstream feeding arterio-
les to increase blood flow locally at the site of signal
initiation.” To our knowledge, the underlying mecha-
nisms associated with impaired functional hyperemia
including capillary-to-arteriolar communication have
not been previously studied after TBI.

Here, we provide novel evidence that — even in the
absence of structural changes to cortical tissue —
dynamic increases in local RBC flux and velocity
triggered by capillary exposure to K™ were absent fol-
lowing injury. Furthermore, we show that TBI resulted
in a significant impairment in arteriolar dilation in
response to capillary stimulation. Together, these
results demonstrate that the active regulation of local
CBF through capillary-to-arteriolar electrical signaling
is disrupted after TBI. These results are important,
because the microvascular control system is crucial to
local CBF allocation in response to changing metabolic
needs.*? Occlusion of even one penetrating arteriole has
been shown to result in infarction and cognitive defi-
cit.>® Although little is known about the regulation of
blood flow at the capillary level after TBI, a biophysical
model of oxygen transport in tissue after TBI
demonstrated reduced capillary transit time resulted
in reduced oxygenation, contributing to profound
changes in CBFE.° Moreover, the combination of
increased intracranial pressure, cerebral vasospasm,
and mechanical injury to intracranial vessels results
in unstable oxygen tension after TBL>* In animal
models, transient dips in tissue oxygen tension drive
capillary hyperemia through direct effects on erythro-
cyte deformability and flow velocity.>> Thus, unstable
oxygen tension after TBI may also impact the impaired
hyperemic response, independent of Kir channel
function.

Our results are novel in the context of prior human
and animal studies that report changes in global and
regional CBF after brain injury. Human studies have
shown both global and regional impairments in CBF
after TBI correlate with adverse clinical outcomes.'®”
18.26.36-39 The majority of studies were focused on the
acute response to TBI, but in one recent study, individ-
uals were studied at multiple time points (from day 1 to
day 10) showed both regional ischemia and hyper-
emia.*® Although most of the human studies involved
severe TBI, but subjects with minor head injuries also
shown to have diminished response to blood pressure
changes 48 h after injury.®

Animal models permit more invasive and longitudi-
nal imaging, but still, there are few reports describing
effects of brain injury at time points >72h. Early
models of autoregulation of CBF after injury were per-
formed in cats***' or rats*’ in the acute period after

injury. In one report, discrete areas of uncoupling of
CBF and metabolism after head injury were described
in a rat model.** However, these findings were predom-
inantly observed at the boundary zone within 1 mm of
the contusion, at a time point 2 h after injury. Another
rodent model used longitudinal imaging in a rat model
to show that CBF was globally reduced at 30 min and
1 h after injury. At 2h, only focal reduction of regional
CBF in the cerebral tissue surrounding the trauma site
was observed, resolved by 4 h after injury.* In another
rodent study, TBI altered peri-lesional cerebral blood
volume for over 4 days thereafter gradually recovering.
Other studies in rodent models focused on the changes
in regional and global CBF (not local hyperemia) and
at time points ranging from 5min to 72h.'%** We
are not aware of any other studies in rodent models
that have either reported changes in local CBF regula-
tion at later time points or measured cerebrovascular
responses to capillary K™ stimulation.

Pressure injection of K¥ could affect other brain
cell types to release vasoactive mediators contributing
to hyperemic response. Our previous work rules out
indirect effects of pressure ejection of K* through
depolarization of neurons as a mechanism for hyper-
emic responses because blockade of neuronal action
potentials with tetrodotoxin did not prevent these
responses.” Furthermore, barium could have a direct
effect on neural activity, but we and others have
shown that barium at concentrations of 100uM or
more does not affect cortical neuronal activity in
vivo.”>> While our current results convincingly demon-
strate altered capillary-to-arteriolar communication,
we have not excluded other potential mechanisms
that might contribute to impaired vasodilatory
responses, such as cerebral edema,’® upregulation of
aquaporins or disruption of glymphatic networks,>’->
effects on pericytes,” ¢ perivascular inflammation,
astrocytosis, and tau protein pathology.’® We also
acknowledge that imaging in awake mice differs from
those under anesthesia. Specifically, compared to
awake mice, cardiovascular responses and neurovascu-
lar coupling are slightly blunted in mice when they are
anesthetized, resulting in a decrease in CBF and
increased oxygen partial pressure.®®

While it is theoretically possible that the anesthesia
and surgical procedure, and not the fluid percussion
injury, impacted the Kir response, we would contend
that the significant mechanical neurotrauma is far more
likely to be the culprit. We acknowledge that laser
doppler scanning studies have shown that in mice,
isoflurane increases regional blood flow in a dose-
dependent manner, these effects occur while the ani-
mals are under anesthesia, and not subsequently.®’-*®
The pulmonary washout of isoflurane occurs within
minutes, and metabolism is negligible,”” and in mice,
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levels are undetectable in the brain 24h after treat-
ment.”® The half-life of buprenorphine in mice is only
about 3h, and by 12h, the analgesic properties of
buprenorphine have already dissipated.”’ Cutaneous
incisions in mice heal quickly when closed with sutures
under tension, achieving tensile strength with 5—
7days.”* The healing scalp wound should not impact
local regulation of CBF. Thus, taken together, it is
unlikely that either the anesthesia or the surgical pro-
cedure would produce any confounding effects by the
time at which we studied animals, 3—7 days after sur-
gery. Our observations that K*-induced hyperemia is
comparable in naive and sham control mice
(Supplementary Figure 1) further support our premise
that the effects are due to neurotrauma and not the
surgical procedure.

Although we did not specifically evaluate the role of
Kir2.1 in the observed in vivo response after TBI, we
previously confirmed that cEC Kir2.1 channels are crit-
ical to K*-mediated, capillary-based communication
mechanisms as in vivo local hyperemic responses
resulted selectively blocked by BaCl, (100 uM) or
absent in EC Kir2.17/~ mice.” We would not expect
further reduction in KT responses after TBI by
adding BaCl, or in a Kir2.1 ablation model.
Therefore, patch clamp electrophysiology was
employed to establish the role of Kir2.1 channel dys-
function in the disruption of capillary-to-arteriolar
electrical signaling after TBI.

TBI resulted in a ~60% reduction in cEC Kir
channel function

Given our recent insights into the critical role of cECs
in electro-chemical signaling during functional hyper-
emia,” we hypothesized that abnormal K'-induced
hyperemic response after TBI is due to a reduction in
cEC Kir2.1 channel function. Indeed, we saw a signif-
icant reduction in Kir2.1 channel density in freshly iso-
lated cECs isolated from TBI mice. Although the role
of cEC Kir channels has not previously been investi-
gated in models of ischemia or brain injury, these find-
ings align with our previous results showing an
attenuation of penetrating arterioles smooth muscle
Kir channel function after transient global ischemia
that caused a reduction in K*-induced vasodilation
of pial arteries.”

Capillary EC Kir2.1 channels are dynamically
regulated by membrane phospholipids such as phos-
phatidylinositol ~ 4,5-bisphosphate  (PIP,)’*  and
G4PCR activity.”” Trauma and shock result in pro-
nounced alterations in lipid metabolism.”®’® Thus,
reduced cEC Kir2.1 channel function may be attribut-
ed to changes in lipid metabolism resulting in reduced
PIP; levels. Interestingly, gain-of-function of mutation

in the Gog protein, encoded by GNAQ in the patients
with Sturge-Weber syndrome is associated with
reduced cerebral perfusion suggesting possible associa-
tion of reduced CBF after TBI with PIP,.”"* Because
global alterations in vascular PIP, would be expected
to impact Kir2.1 function not only in capillaries, but
also in larger vessels, we next sought to establish the
extent to which isolated cerebral arteries responded to
K™ exposure.

Diminished K" -induced vasodilation extends to
isolated cerebral arteries

We hypothesized that cerebral arteries isolated after TBI
would also show functional impairment in vasodilatory
responses to K. Here, we show that TBI impairs the
response to extracellular K™ (10 mM) in cerebral arteries
despite a normal response to pressure-induced constric-
tion (myogenic tone) at 80 mm Hg. To our knowledge,
this is the first report of K" -induced dilation in isolated
blood vessels after TBI.

Our finding of a preserved myogenic response to
pressure (80 mm Hg) in cerebral arteries from TBI
mice stands in contrast with other studies of myogenic
tone in isolated vessels at earlier time points after TBI.
For example, two prior reports demonstrated reduced
middle cerebral artery dilation 2-h post-TBL,***! and a
third report showed abnormal middle cerebral artery
responses at 24 h but not 2h or 120 h after injury.® We
have previously demonstrated that in a rat model of
TBI, 24 h after injury, cerebral arteries develop a pro-
found gain-of-function in nitric oxide generation, due
to upregulation of inducible nitric oxide synthase, caus-
ing a loss of the myogenic response in both ipsilateral
and contralateral pial arteries.*> However, any nitric
oxide elevation and accompanying reduction in myo-
genic tone present at 2-24 h may have resolved by the
time points we used for our study, 4-7 days after injury.

Our results also suggest that endothelial Kir dys-
function after trauma is not limited to capillaries and
extends to pial arteries. The diminished response to
extracellular K* observed in isolated cerebral arterial
preparations likely involves both endothelial Kir chan-
nels as well as those expressed in vascular smooth
muscle cells. Smooth muscle Kir channels play a
major role in the regulation of vascular tone of cerebral
arteries, and impaired penetrating arteriolar smooth
muscle Kir channel function was previously reported
in a model of global cerebral ischemia.”*** Although
not previously studied in TBI, altered cerebral artery
responses to K™ in hemorrhagic stroke,®%¢ stress,’
hypoxia,® and in other vascular ion channels, such as
large conductance Ca®"-activated K channels have
previously been described.’” Altered pial vessel
responses to K™ after TBI would be expected to
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Figure 6. Proposed mechanism showing impairment of electrical signaling after TBI. Left panel represents healthy brain where neural
activity driven increase in extracellular Kt causes activation of capillary endothelial cell Kir2.l channels to initiate propagating
hyperpolarization (electrical signal) towards upstream penetrating arterioles. At the arteriolar level, these hyperpolarizing signals

inhibit voltage gated Ca®"

channels (VDCCs) to relax smooth muscle cells causing dilation of the penetrating arterioles to increase

CBF. Right panel represents pathophysiology of TBI on the brain resulting in disruption of capillary-to-arteriolar electrical signaling and

impaired K*-driven hyperemic response.

contribute to impaired K'-induced hyperemia and
reduced local CBF, in addition to the disrupted
capillary-to-arteriole signaling.

Conclusions

Collectively, our study addresses a critical knowledge
gap in TBI that not only increases our mechanistic
understanding of local CBF regulation after injury,
but also, may lead to new strategies for treating long-
term disabilities after TBI. We have shown for the first
time that survivable TBI has long-term effects on cere-
bral capillary function and the dynamic regulation of
local CBF responses during neurovascular coupling
(Figure 6). Our demonstration of Kir2.1 dysfunction
as a mechanism which underlies impaired capillary-
to-arteriolar signaling after TBI provides a rationale
for therapeutic approaches to rescue Kir2.1 channel
function through membrane PIP,. Such manipulations
might be expected to restore local CBF regulation and
improve the quality of life for athletes, military service-
men and women, and other survivors of head injuries.
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