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Caplllary Pericytes to Arterioles During Neurovascular Coupling
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Introduction

The brain has evolved mechanisms to dynamically modify local blood flow, thus enabling the timely delivery of energy
substrates and the rapid clearance of byproducts in response to the highly fluctuating metabolic demands of cognition
and behavior. Several such neurovascular coupling mechanisms have been identified, but vascular signal transduction
and transmission mechanisms that enable acute dilation of penetrating arterioles remote from sites of increased neuronal
activity are unclear. Given the exponential relationship between vessel diameter and blood flow, tight control of arteriole
membrane potential and diameter is a crucial aspect of neurovascular coupling. However, the relatively sparse spatial
arrangement of arterioles contrasts with the vast plexus of capillaries, and recent evidence suggests that capillaries play
a major role in sensing neural activity and transmitting signals to modify the contractile state of mural cells on
upstream vessels. Thin-strand pericyte processes cover around 90% of the capillary bed but their specific contributions
to blood flow control are not understood. We hypothesized that thin-strand pericytes could play a role in sensing and
transmitting blood flow control signals from neurons back to the electromechanical controller of blood flow , upstream PA
and contractile pericytes. We first wondered whether we could probe for the existence of a functional vascular relay
between pericytes and arterioles using focal optogenetics. To do this we developed a mouse line expressing ArchT-EGFP
optically driven proton pump in mural cells (shown below). We targted pericytes in this mouse with focal 561 nm laser to
excite ArchT while monitoring the feeding PA for dynamics. After observing evidence for a functional electrical network
coupling pericyte-ArchT activation to PA dilation we moved on to determine if this system operated in a physiological
scenario. We assayed neurovascular coupling in several mouse models, including awake mice receiving whisker
stimulus and anesthetized Thy1l-ChR2-EYFP mice where we excited the cortex with 488 nm point-scanning. We found
using a conditional expressed dominant negative KATP channel in mural cells (pericytes and smooth muscle cells) that
theinitial phase of the bi-phasic response to sensory stimulation was diminished. Next we physically disrupted pericytes
via laser ablation, which reduced the PA dilation associated with an optogenetic impulse in neural activity. The effect of
laser ablation was lost with the inclusion of glibenclamide in the agar, implicating the pericyte KATP channel specifically

In mediating a component of neurovascular coupling in mouse cortex.

DQG 7KRPDV $2/RQJGHQ

UNIVERSITY of MARYLAND
BALTIMORE

1Department of Physiology, University of Maryland School of Medicine, Baltimore, MD, USA

IDERUDWRU\ RI

Maryland School of Medicine, Baltimore, MD, USA
3Program in Neuroscience, University of Maryland School of Medicine, Baltimore, MD, USA

I1HXURYDVFXODU QWHUDFWLRQV &HQWHU

IRU % LF

A
IN Vivo point-scanning
Imaging and

descan PMT

Ti:-sapph laser
(900 nm)

561 nm
laser

xy-galvo
2PLSM

561 nm

interleaved
optogenetic scanning
Imaging scanning

\ PDGFR ArchT-EGFP

transgenic mouse

B

mural cell optogenetics (PDGFR -cre X Ai40D)

|72PLSI\/I (PA)

capillary path

G

D
PDGFR ArchT-EGFP ArchT-EGEP
Texas Red Dextran (i.v. dye) Texas Red Dextran (i.v. dye)
Maximum Intensity Projection single plane
Pericyte ArchT activation =
$10+ S 10- -
% 8 — ArChTPericyte E
Q 6- ArchTg¢ham S O =
Q \ S
4 - / S O P
IS T N O < 5 -
0
< *%\ AN Q
O -2 v c -10+ n
= -4 | | | | S every every sham
0O 10 20 30 40 S -15-—7T7T7T 7T T T T T T T T T T T T T 171
Time (s) Q@'\/‘L‘bb‘%fo’\% Q&\/’L‘bb‘%b’\%

,»6

N"o

Max PA dilation (%)

P

-~y

---

upstream PA

=
o1
|

T

ol
|

o

0.0038

:

ArchT-EGFP activated in capillary thin-strand pericytes dilate the feeding PA. (A) 3'*)5 $UFK7 (*)3 PLFH ZHUH VWXGLHG XVLQJ D SRLQW VF
confocal microscope fitted with a femtosecond pulsed laser allowing for spatially precise single photon optical activation interleaved with mutiphoton imaging of blood
flow and vessel diameters. This strategy allowed us to study the effects of selectively activating ArchT-EGFP in distinct subtypes of mural cells identified by vascular
zonation and morphology. (B) In-vivo image of an arteriole in mouse cortex. Caplillary branches are labeled. (C) Single plane image from (B) which contains a
thin-strand pericyte and the arteriole where the capillary bed sprouted from. (D) With both the pericyte and arteriole in the focal plane, we utilized the photobleach
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(E) The capillary pericyte targeted in (C) dilated the arteriole over the time-course, whereas the sham vasomotion was comparatively minimal.(F) Mean PA diameter
change associated with each ArchT-EGFP activation period. (G) Summary data for the maximum PA diameter that occured during the ArchT-EGFP activation sequence
(paired t-test, t=3.65, df=11, p = 0.0038, pericyte - sham = +4.4% dilation).
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All animal use was approved by the University of Maryland Baltimore Institutional Animal Care and Use Committee. Animals were housed on a 12 hr light:dark S I = |
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Acute craniotomies: Mice were anesthetized with isoflurane (5% induction, 2% maintenance). After surgical-plane anesthesia was achieved, mice were injected ;’j, © .
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exposed, and a stainless-steel head plate was attached over the right hemisphere using a mixture of dental cement and superglue. The head plate was secured g 00177
in a custom frame that could be mounted under the microscope objective, and a small (2 mm diameter) circular cranial window was drilled in the skull above the - _T(T‘Qéoé\
somatosensory cortex. The dura mater was removed to allow penetration of drugs if drugs were used. We placed a small drop of agar on the craniotomy and s
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vasculature and blood flow. Body temperature was maintained at 37°C throughout the surgery and experiment using a rectal probe feedback-regulated heating % physically disrupting pericytes via laser ablation
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mM glucose) bubbled with biological gas mixture (20% 02, 5% CO2 75% N2) was continuously circulated over the exposed brain during imaging if the brain was D2 = 204 ~ 207
. ; ; ; . . c- . . _ 855 nm, 50 mW O~ S
left exposed for pharmacology treatments. Pharmacological agents used were dissolved into this aCSF. PAs were identified using morphology (branching pat- = __ ablative 30-45 s line scan =~ 5. = 154
terns, vessel anastomosis) and by the direction of RBCs flowing into (arterioles) or out of (venules) connected capillaries. In some instances, expression of mural 9 C_— 0O ——| £ S Lo-
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configurations with the addition of a Chameleon Vision Il Kerr lens mode-locking Ti:Sapphire laser coupled to the excitation path. A long-pass mirror directing "0 5 10 15 20 0
short (<690 nm) wavelengths directed fluorescent emissions to a set of 2 external photomultiplier tubes (PMTs). Because our optogenetic manipulations were Time (s) time (s)
practically restricted to the upper ~100 um of the cortex, we opted to use the internal (i.e., pinhole aperture) detectors on this system to use the adjustable (grating

based) detectors. The pinhole aperture diameter was maximized (~650 airy units) to take advantage of the focal excitation effect inherent to 2-photon microscopy.
These detectors utilize a diffraction grating in the detection light path allowing for 4 tunable bandpass filters with their individual detection channels to be utilized.
PMT tube gain was 700 V-900 V the depending on the fluorophore combinations. All in vivo imaging was performed with a 20 x water dipping 0.8 NA objective
lens (Zeiss).

Chronic cranial window surgeries in Kir6.1AAA mice: For awake neurovascular coupling experiments, we constructed windows by gluing a 3 mm #0 thickness
coverslip to a 5 mm #0 thickness glass coverslip using UV-curing optically transparent glue (Norland Optical Adhesive), forming a shallow plug to discourage
bone regrowth. The window surface was cleaned and sterilized prior to use. 2 weeks prior to implanting windows we treated NG2creER-EGFP-Kir6.1AAA mice
with either vehicle (i.p. corn oil) or 4-OHT (i.p. 10 mg/kg) for 5 days. After allowing the mice to recover for 1 week after the last injection we installed windows.
Briefly, mice were pretreated with carprofen (5 mg/kg) and dexamethasone (2 mg/kg) and anesthetized using 5% isoflurane in O2 and the surgical site was
shaved. Following this the mice were fixed to a stereotaxic frame and the isoflurane concentration was reduced to 2%. After sterilizing the scalp with povidone-io-
dine scrub and locally anesthetizing with bupivacaine (0.25% in saline) we removed most of the scalp and then removed the periosteum with a scalpel blade and
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placed autoclaved screws in the left parietal bone which provided structural reinforcement. We covered the entire surface, except the craniotomy site, in dental
acrylic and allowed it to harden. The craniotomy was then carefully drilled out, rinsed profusely with saline, and covered by the glass window placed and glued
to the skull while being held by a stereotaxic arm. The entire site (including the edges of window) was carefully covered in a second layer dental acrylic. Mice re-
covered for 5 days receiving carprofen and dexamethasone daily, in addition to wet chow to aid recovery. After 5 days of post operative care animals began habit-
uation to handling, head fixation and whisker stimulation. To acclimate to head fixation, mice were fixed to a custom aluminum frame on an optical breadboard
for 5 days on the following schedule: day 1 - 10 min, day 2 - 20 min, day 3 - 30 min, day 4 - 40 min, day 5 - 60 min. Whisker stimulation was delivered every 5 min-
utes from pressured atmosphere gated by a microfluidic solenoid (10-12 psi, 1 Hz, 50% duty cycle for ~10s seconds, repeated 3 x every 5 min). Mice were
imaged 1-2 days after the last day of habituation. For awake NVC experiments 4 mice received vehicle injection and cranial windows, 5 mice received 4-OHT in-
jections and cranial windows, and 2 mice which did not express NG2creER received 4-OHT injections and cranial windows to provisionally inspect whether
4-OHT itself disturbed the NVC response to sensory stimulation.
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Capillary pericyte KATP channels are recruited for neurovascular coupling. (A) Hypothesis cartoon illustrating how the percyte KATP channel could drive
observable features of NVC, like PA dilation. (B) pericyte KATP channels dilate arterioles. upper panel: A pipette (~1-2 m tip) containing the KATP opener pinacidil (10
M) is navigated next to a pericyte. lower panel: Monitoring the smooth muscle actin GCamP8.1 fluoresencent signal and diameter of the upstream PA. When pinacidil
IS pressure ejected (100 ms, 3-5 psi) onto a pericyte a reduction in the fluoresence intensity of GCaMP8.1 is observed at the PA, whereas no change was seen when
using only DMSO (C). &RQGLWLRQDO GRPLQDQW QHJDWLY HMXATP(chaBnél uader tie[®ntrolbf creER under the NG2 promoter (a marker for
pericytes, smooth muscle cells, and glial cells). (C1) When exposed to 5 days of 4-OHT NG2cre™ had intact pericyte EGFP (KATP) density. (C2) Animals which were
NG2cre™*" appeared to lose pericyte EGFP (KATP). (C3) By administering 4-OHT or vehicle for 5 days pericyte soma, measured by EGFP density, decreased after treat-
ment with 4-OHT (Welch’s t-test, t=3.40, df=7.7, p = 0.0158). Pericyte EGFP density in vehicle treated animals agreed well with our measurments for PDGFR -tdTomato
pericyte soma density (a gold standard model in the field). (C4) In awake head restrained animals we applied whisker stimulus to mice by air puff at 1 Hz for 8.5 s. We
observed hemodynamics through a cranial window installed over barrel cortex in NG2creER-Kir6.1AAA mice that receieved 5 days of 10mg/kg 4-OHT or vehicle. Trial
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mouse resulted in a reduction of the PA dilation in response to an optogenetic (ChR2) impulse in neural activity. (D4) In a different mouse including 20 uM glibenclamide
In the agar of the cranial window dampened the typical response seen to ChR2, and remarkably, laser ablation of 4 pericytes seemed to have no additional effect.
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