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The rapid growth in the use of optogenetics for neuroscience applications is largely driven by two important
advantages: highly specific cellular targeting through genetic manipulations; and precise temporal control of
neuronal activation via temporal modulation of the optical stimulation. The difference between the most
commonly used stimulation modalities, namely diffused (i.e. synchronous) and focused (i.e. asynchronous)
stimulation has not been described. Furthermore, full realization of optogenetics’ potential is hindered by our
incomplete understanding of the cellular and network level response to photoactivation. Here we address these
gaps by examining the neuronal and cerebrovascular responses to focused and diffuse photostimulation of
channelrhodopsin in the Thy1-ChR2 mouse. We presented the responses of photoactivation via 470-nm fiber optic
illumination (diffuse) alongside 458-nm raster-scan (focused) stimulation of the barrel field. Local field potentials
(LFP) assessment of intracerebral electrophysiology and two-photon fluorescence microscopy measurements of
red blood cell (RBC) speed (vgpc) in cortical penetrating vessels revealed ~40% larger LFP responses (p = 0.05)
and twice as large cerebrovascular responses (p =0.002) under focused vs. diffuse photostimulation (focused:
1.64+0.84mV LFP amplitude and 75+ 48% increase in vgpc; diffuse: 1.14 +£0.75mV LFP amplitude and
35 + 23% increase in vgpc). Compared to diffuse photostimulation, focused photostimulation resulted in a ~65%
increase in the yield of cerebrovascular responses (73 4+ 10% for focused and 42+ 29% for diffuse photo-
stimulation) and a doubling of the signal-to-noise ratio of the cerebrovascular response (20.9 + 14.7 for focused
and 10.4 + 1.4 for diffuse photostimulation). These data reveal important advantages of focused optogenetic
photoactivation, which can be easily integrated into single- or two-photon fluorescence microscopy platforms, as
a means of assessing neuronal excitability and cerebrovascular reactivity, thus paving the way for broader
application of optogenetics in preclinical models of CNS diseases.

1. Introduction results in rapid neuronal membrane depolarization (Nagel et al., 2005),

and action potential generation for light pulses longer than 10 ms (in

Light stimulation provides two major advantages over other means of
neuronal modulation (e.g. electrical stimulation): higher spatio-temporal
control of the stimulation and the capability to target specific neuronal
subpopulations through genetic manipulation or viral transfection.
Extensive work has characterized the effects of opsins photoactivation on
individual neuronal firing or population neuronal firing in vitro and in
vivo (Arenkiel et al., 2007). Photoactivation, with 450-480 nm light, of
Channelrhodopsin-2 (ChR2), the most widely used opsin, (C. K. Kim
et al., 2017; Nagel et al., 2003; Boyden et al., 2005; Zhang et al., 2006),

transfected hippocampal neurons cell-cultures (Boyden et al., 2005)).
While temporal modulation of ChR2 photoactivation has been widely
utilized, spatial focusing of the photostimulation holds great potential
but is currently underutilized, especially in the study of the neuro-
vascular coupling and its cellular origins (Ayling et al., 2009; Scott and
Murphy, 2012; Wilson et al., 2013; Cheng et al., 2014; Iordanova et al.
2015, 2018; Anenberg et al., 2015; Richner et al., 2015; Uhlirova et al.,
2016; Rungta et al., 2017; Bauer et al., 2018; Vazquez et al., 2014), which
is now recognized as key for understanding brain (dys)function (Davis
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et al., 1998; Dirnagl et al., 1999; Attwell and Iadecola, 2002; Lauritzen,
2005; Iadecola, 2017).

Two modalities of light stimulation are used, which differ substan-
tially due to engineering (i.e. how the light is generated and delivered)
and biology (i.e. how neurons react to the different simulation). In the
first modality, light generated by an LED is delivered by an optic fibre and
is henceforth referred to as diffuse photostimulation; in the second, pulsed
laser light is focused by the microscope objective and raster-scanned over
a portion of the brain, here termed focused photostimulation. The differ-
ences underlying the two approaches have not been fully examined.
Diffuse stimulation illuminates the whole surface of brain exposed by the
craniotomy (e.g. ~2 x 2mm?) resulting in simultaneous activation of
ChR2 expressing neurons (Iordanova et al., 2015). Light pulses (of e.g.
10-millisecond duration) spaced by intervals of constant duration (e.g.
50 ms) entrain the pyramidal neurons in a periodic and synchronized
excitatory wave that overrides the physiological balance between exci-
tation and inhibition. Focused stimulation, on the other hand, relies on a
continuous wave laser which raster scans over a region of interest 2-3
orders of magnitude smaller than the one exposed by the craniotomy.
Galvanometers drive the light beam across all the pixels in a Cartesian
grid with a cycle duration driven by pixel dwell time and the size of the
photostimulation region. Blue light at the power generated by a laser
(2-4 mW/mm?) penetrates effectively (i.e. with power necessary to elicit
a response) down to hundreds of micrometers (Al-Juboori et al., 2013).
Single photon light focused at 150 pm excites, with its cone of light, the
column of tissue above the focal plane. This scanning approach results in
sequential and periodic illumination across the cone of tissue above the
photostimulation area in the focal plane, and hence synchronous
neuronal activation within a cone yet asynchronous neuronal activation
across the ROI (for this reason the term “stimulation frequency” would be
confusing and is not used). This stimulation is spatially more confined
and recruits 2-3 orders of magnitude fewer neurons than does the diffuse
stimulation.

Our current work aims to assess focused photostimulation for the
study of neurovascular coupling and provide recommendations for its
informed use. We characterized the coupling of blood flow through in-
dividual cortical penetrating vessels and pyramidal neurons’ activation
elicited by ChR2 photostimulation. We imaged a cohort of Thy1-ChR2
mice expressing ChR2 in pyramidal neurons and their non-transgenic
controls on a two-photon fluorescence microscope to quantify the
amplitude and kinetics of red blood cell velocity in cortical penetrating
vessels following focused (via 458 nm laser raster-scanning) photo-
stimulation (PS) or diffuse (via 470 nm fibre-coupled LED) PS and
characterized the evoked local field potentials via intracerebral electro-
physiological recordings. The findings reveal significant advantages of
focused photostimulation for in vivo studies of neurovascular coupling.

2. Methods
2.1. Animals

All experimental procedures in this study followed the ARRIVE
guidelines and were approved by the Animal Care Committee of the
Sunnybrook Research Institute, which adheres to the Policies and
Guidelines of the Canadian Council on Animal Care and meets all the
requirements of the Provincial Statute of Ontario, Animals for Research
Act as well as those of the Canadian Federal Health of Animals Act.
Thirty-four adult male and female Thy1-ChR2-YFP mice (with expression
of wild-type strain of ChR2 in excitatory pyramidal neurons, strain
number 007615, line 9 (Arenkiel et al., 2007), Jackson Laboratory) were
bred in-house for these experiments (thirty for 2PFM experiments, four
for electrophysiology experiments) at the age of 3-6 months. Eleven
age-matched male and female C57BL/6 mice were used in control ex-
periments (six for 2PFM experiments, five for electrophysiology experi-
ments). Cohort sizes and attrition rates are summarized in Table 1.
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Table 1

Outline of animal usage and attrition (due to surgical complications, poor
physiological condition, etc.) by experiment, mouse line, and sex. Total numbers
assigned were based on sex availability from in-house breeding.

Experiment Mouse line Sex Total Attrition Final
2PFM Thy1-ChR2 M 18 2 16
F 12 3 9
C57BL/6 M 3 0 3
F 3 0 3
Electrophysiology Thy1-ChR2 M 4 0 4
F 2 0 2
C57BL/6 M 2 0 2
F 3 0 3

2.2. Surgical preparation

Mice were induced under 5% isoflurane and then moved to a
feedback-controlled temperature pad (CWE Inc, Ardmore, PA) where
they were maintained at 37°C under 2-2.5% isoflurane. They were then
tracheostomized for mechanical ventilation (SAR 830/P, CWE Inc.) and
the tail vein was cannulated for fluorophore injection and subsequent
alpha-chloralose delivery. Throughout the experiments, systemic physi-
ology was monitored with a pulse oximeter (MouseOx, STARR Life Sci-
ences) for recording of breath rate, heart rate, arterial oxygen saturation,
and pulse and breath distention using a Biopac amplifier (Biopac Systems
Canada).

Following tracheostomy, anesthesia level was lowered to 1-1.5%
isoflurane and mice were fixed on a stereotactic frame for immobilization
via incisor bar and ear bars. Ringer's lactate solution (130 mmol/L Na,
4mmol/L K, 1.5mmol/L Ca, 109 mmol/L Cl, 28 mmol/L lactate,
0.5-1mL volume, Hospira, Canada) and Xylocaine (10 mg/mL,
50-100 pL volume, AstraZeneca Canada, Canada) were administered
subcutaneously for hydration and local anesthesia, respectively. Cranial
window installation was performed following established procedures
(Dorr et al., 2012). A dental drill was used to create a 2-3 mm craniotomy
centered over the whisker-barrel cortex (-1 mm AP, +3.5 mm ML). The
skull cap was removed and the dura left intact. 1% agarose in
phosphate-buffered saline (PBS) (Sigma-Aldrich) was applied to the dura
shortly prior to placement of a 5 mm glass cover slip over the craniotomy.
The cover slip was then secured with cyanoacrylate glue and an im-
mersion well surrounding the cranial window created with dental cement
(Land Dental, USA). A 70 kDa Texas Red dextran (Invitrogen, USA) dis-
solved in PBS (8.33 mg/mL) was administered via the tail vein (25 mg/kg
body weight).

2.3. Two-photon fluorescence imaging (2PFM) and optogenetic stimulation

Mice were imaged on an FVMPE-RS multiphoton microscope
(Olympus, Japan) using a 25x/1.05NA objective lens (Olympus, Japan).
After positioning the mouse under the microscope, the anesthesia was
switched to intraveneous alpha-chloralose (100mg/kg induction,
40 mg/kg/hr maintenance) delivered by an infusion pump (Harvard
Apparatus, USA). An Insight Ti:Sapphire laser (SpectraPhysics, USA)
tuned to 900 nm was used to image Texas Red-labelled vasculature and
YFP-labelled ChR2-expressing pyramidal neurons. Two PMTs aligned
with barrier filters (485-540 nm and 575-630 nm) and separated by a
570nm dichroic mirror (Chroma Technology, USA) were used for
simultaneous detection of fluorophores. Raster scanned visible wave-
length lasers (458nm/552 nm) were used for focused photostimulation
(PS) with separate galvanometers for simultaneous 2PFM imaging and
visible photostimulation. Line scanning (1.1-1.3ms/line, 2ps/pixel)
along longitudinal axes of vessels was accompanied by raster scan pho-
tostimulation over a circular area of a diameter given by the average
inter-penetrating vessel distance as estimated from morphological 2PFM
data in Thyl-ChR2 mice (2-4mW/mm?, raster-scanned photo-
stimulation over 130 pm diameter circular ROI, 551 ms repetition period,
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4ps/pixel, 2-5.5s duration). To allow characterization of this photo-
stimulation paradigm in reference to conventional photostimulation, a
fiber-coupled 470 nm LED (built in-house) was used for diffuse PS
2-8 mW/mmz, 20Hz, 10 ms pulse length, 5s duration) (Fig. 1). Photo-
stimulation power was measured via power meter (Model 842-PE,
Newport, USA). Power density conversion was performed using the
area of the stimulation ROI (130 pm diameter circular ROI) for focused
PS and using an empirical model of light propagation in mammalian
brain tissue provided by the Deisseroth lab (https://web.stanford.edu/
group/dlab/cgi-bin/graph/chart.php) for diffuse PS. Laser power den-
sity was not matched between the two conditions because the power
density of fibre-delivered stimulation, when applied to focused stimula-
tion, resulted in persistent RBC speed elevations for minutes after offset
of focal stimulation. Conversely, at low power densities of the fibre-
delivered stimulus, the RBC speed changes were found irreproducible.
We ultimately used power of the fibre-delivered stimulation typical of
levels used in the literature (G.-Y. Wu et al., 2015; Jennings et al., 2013;
Lammel et al., 2012; Iordanova et al., 2015; Anenberg et al., 2015) and
optimized the focal stimulus power density to maximize response yield
within appropriate power levels and expedite the return to baseline.

2.4. Electrophysiological recordings

In separate experiments, local field potentials (LFPs) were recorded in
response to optogenetic and whisker stimuli. Mice were prepared as for
the imaging experiments, but the coverslip was not installed. Brain sur-
face was kept moist with PBS-soaked Surgifoam (Ferrosan Medical De-
vices, Denmark). A pulled pipette microelectrode was prepared and the
tip placed just under the pial surface of the exposed brain over the
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whisker-barrel cortex (-1 mm AP, +3.5 mm ML). LFP signal was recorded
using an EPC-10 Heka amplifier (HEKA, Germany). LFP recordings were
made in response to diffuse (8 mW/mm?, 20Hz, 10 ms pulse length, 5s
duration) and focused (2-4 mW/mmz, 130 pm stimulus ROI diameter,
551 ms repetition rate, 4us/pixel, 2-5.5s duration) PS as well as a
whisker puff stimulus (50-ms air puffs at 10Hz, for 5s) via Picospritzer
(Parker Hannifin, Hollis, NH).

2.5. RBC speed estimation

Linescan analysis was adapted from previous work by (T. N. Kim
et al., 2012). Briefly, line-scanning particle image velocimetry (LS-PIV)
allows for recording of noisy data on fast moving red blood cells (RBCs)
such as those in cortical penetrating vessels. This method applies a
cross-correlation to sequential linescans to capture RBC speed (Vrpc)
information from more cells when compared to conventional method-
ology (Kleinfeld et al., 1998), providing more accurate RBC speed esti-
mation in higher-flow vessels. Linescan data were collected via 2PFM
imaging with 900 nm excitation of Texas Red-containing plasma in
penetrating vessels at their diving point, as shown in Fig. 1c. 2D X-T
images were generated from repeated linescans (Fig. 1d). 2D linescan
images were corrected for DC offset during image acquisition and 1D Fast
Fourier transform (FFT) of each line computed for cross-correlation cal-
culations. 1D FFTs were multiplied by adjacent lines and the inverse FFTs
of the product taken to compute the cross-correlation. Gaussian
peak-fitting was performed on the cross-correlations to determine the
spatial shift of RBCs between adjacent lines and the time for acquisition
of a single linescan used in conjunction with the spatial shifts to calculate
VRBC (Fig. le).

Fig. 1. Experimental setup. A. Schematic diagram of
beam-combining optics for simultaneous 2PFM and
optogenetic photostimulation (PS) and pipette
microelectrode for electrophysiology experiments.
B.Maximum-intensity projection of 2PFM image ac-
quired in the barrel cortex of Thyl-ChR2-YFP mice.
Yellow: pyramidal neurons expressing ChR2-YFP.
Red: Texas Red-labeled plasma of cerebral vascula-
ture. C. 2P XY image displaying a diving point of a
penetrating cerebral vessel. Gray: ROI of raster-scan
optogenetic stimulation at 458 nm, centered over
penetrating vessel. Black arrow: linescan trajectory.
White points: representative pattern of pixelwise
raster-scan photostimulation. D. Example raw linescan
data recording fluorescence of Texas Red-labeled
plasma at 900 nm. Black streaks are created by RBC
passage. E. RBC speed estimates vs. time before
(black) and after (cyan) median filtering. Blue box
indicates stimulus period. Dotted lines indicate
aparametrically estimated onset time (t,,), peak time
(tpear) and offset time (typ).
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2.6. Calculation of vgpc and LFP kinetic parameters

Scripts for evaluation of vgpc and LFP response kinetics were written
in MATLAB (Mathworks, Natick, MA). To minimize the effects of respi-
ratory and pulmonary fluctuations as well as random noise on vgp, traces
were median filtered in time and a 10-point moving average was applied.
To establish presence of a vgpc or LFP response to stimulation, a variance
ratio test was performed on the ratio between the vgp¢ or LFP variance
during the 5s pre-stimulus baseline vs. those during the 30s following
stimulus onset. Only traces showing statistically significant increase
(p 0.05) in the variance post-vs. pre-stimulus were analyzed further.
Next, post-stimulus recordings were z-scored (zy) using the mean and
standard deviation of the 5s pre-stimulus baseline recording. Post-
stimulus LFP or vgpc recordings that did not contain a continuous
period of zy > 2 longer than the stimulus duration (LFP) or 5s (Vgpc) were
excluded from the analysis. (Five second interval was selected as the
minimum cerebrovascular response period based on our stimulus pa-
rameters and the responses seen with comparable stimuli in published
reports of rodent cortical vascular responses (Kleinfeld et al., 1998;
Uhlirova et al., 2016; Anenberg et al., 2015; Hill et al., 2015; Rungta
et al., 2017; Iordanova et al., 2015, 2018; Cheng et al., 2014) Responses
that met these criteria were further parametrized. Onset time (t,pser) Was
defined as the first point in time post-stimulus at which zy > 2 (i.e. where
vrac or LFP is 2 SDs above the pre-stimulus baseline). Similarly, off time
(to) denoted the time at which the continuous period of zy > 2 ended.
We considered response duration to be the time between tonse: and tog.
Within the response duration, we computed multiple absolute and rela-
tive (to pre-stimulus baseline) parameters: absolute and relative peak
response amplitude (AVrac peak for vrac responses, peak LFP amplitude for
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LFP responses), absolute and relative average response amplitude (Avgpc
avg VRBC Tesponses only), time-to-peak (tyeqx, time from stimulus onset to
VRBC peak), and absolute and relative acceleration (vgpc responses only)
defined as

a Avgpe peak
RBC —
tpenk = Lonser

2.7. Statistical methods

Parameter estimates were analyzed in R software (The R Foundation).
As these data were not normally distributed on Shapiro-wilk test, the
Wilcoxon rank sum test was used in their statistical analysis. Standard
deviation (SD) was used to report uncertainty.

3. Results
3.1. Cerebrovascular response to focused photostimulation

The experimental set-up along with a sample maximum intensity
projection 2PFM image in a Texas Red dextran-injected thyl-ChR2
mouse is shown in Fig. 1. In light of recent reports on commonly-used
optogenetic stimulation inducing a cerebrovascular response in the
absence of optogenetic actuators (Christie et al., 2013; Rungta et al.,
2017), we performed a series of control experiments. Fig. 2a compares
the average cerebrovascular responses to focused PS in a Thyl-ChR2
(TG) mouse to those in a non-transgenic littermate (nTG) mouse. The
TG mouse shows a prominent cerebrovascular response to stimulation
whereas no fluorescence changes in response to focused PS were

Fig. 2. Neuronal and cerebrovascu-
lar responses specificity to blue
light optogenetic photostimulation.
A. Comparison of local field potential
(LFP) recordings in thyl-ChR2 and
C57BL/6 mice in response to 458 nm
local focused photostimulation (PS)
@3 mW/mmz, 130 um stimulus ROI
diameter, 551 ms repetition rate, 4us/
pixel). Gray depicts individual traces,
black and blue traces indicate average
response to repeated stimuli. Black bar
indicates duration of stimulus delivery.
B. Comparison of local field potential
(LFP) recordings in thyl-ChR2 mice in
response to power-matched 458 nm
(blue) and 552nm (green) local
focused photostimulation (PS) (3 mW/
mm?, 130 pm stimulus ROI diameter,
551 ms repetition rate, 4ps/pixel).
Gray depicts individual traces and
blue/green traces indicate average
response to repeated stimuli. Black bar
indicates duration of stimulus delivery.
C. Comparison between arteriolar
average Vrpc responses to 458 nm local
focused PS (3 mW/mrnz, 130 pm stim-
ulus ROI diameter, 551 ms repetition
rate, 4ps/pixel) in thyl-ChR2 and
C57BL/6 mice. Dark gray box depicts
stimulus duration, light gray indicates
95% CI of LSPIV vgpc estimate. D.
Comparison between venular average
Vrec responses to power-matched
458 nm (blue) and 552nm (green)
local focused photostimulation (PS)
(3mW/mm?, 130 pm stimulus ROI
diameter, 551 ms repetition rate, 4us/
pixel).
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observed in the nTG animal. Across repeated focused PS in 48 different
vessels in 6 nTG mice, no cerebrovascular response was observed. This
finding was corroborated by LFP recordings made in 5 nTG mice where
responses to focused PS were similarly absent (Fig. 2a).

Next, we wanted to test whether the focused PS response was driven
by blue light and thus ChR2 stimulation, so we contrasted LFP responses
to focused 458 nm PS vs. focused 552 nm PS (Fig. 2b). Responses to
458 nm stimulation were 289 + 23% larger than that to 552 nm, but the
response to 552 nm stimulation was detectable (mean LFP 0.5 + 0.1 mV).
The latter is likely due to the nonzero ChR2 excitation cross section at
552nm (Zhang et al., 2006; Klapoetke et al., 2014), allowing small
photocurrents to be induced even at this off-peak wavelength. Addi-
tionally, we compared cerebrovascular responses of a single vessel in a
TG mouse (Fig. 2d) to 458 nm vs. 552 nm focused PS. While a small signal
deflection in response to 552 nm stimulation can be visually observed, it
is within the range of baseline fluctuations in RBC speed. These results
support the notion that the source of cerebrovascular response to 458 nm
in TG animals was neuronal excitation via blue light photoactivation of
ChR2.

3.2. Kinetics of cerebrovascular responses in penetrating arterioles and
venules

Because penetrating arterioles and venules are integral parts of the
cortical microvascular network but serve distinct functions, we explored
differences in cortical penetrating arteriolar and venular responses to
focused PS (3 mW/mm?, 130 pm stimulus ROI diameter, 551 ms repeti-
tion rate, 4ps/pixel, 2.2s duration, Npjce =06, Nyessels=20). While
response duration in arterioles and venules was found indistinguishable
(p=0.13, durationg:=19+7s, durationy, =26+ 12s, Fig. 3e), the
average absolute Avgpc (AVRpc avg in mm/s, Fig. 3c) was significantly
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higher in arterioles (p=2.4x1 0> AVRBG,art = 0.41 = 0.07 mm/s,
AVRBC,ven = 0.16 £ 0.06 mm/s) while the relative RBC speed change over
baseline (AVrpc avg in %, Fig. 3d) was higher in venules than in arterioles
(p=8.0x10"", AVRpC art = 20 £ 3%, AVRBC,ven =48 = 19%). This is likely
due to the half an order of magnitude lower baseline vgp¢ in venules
compared to arterioles (Fig. 3b, p=1.2x1 0> VRBC,art = 2.0 = 0.7 mm/s,
VRBG,ven = 0.4 = 0.2 mm/s). Furthermore, we compared the absolute and
relative accelerations of penetrating arterioles and venules (Fig. 3f and g)
and found that arterioles also had higher absolute acceleration (mm/sz,
p=0.001, dage=0.06+0.02mm/s%, ayen=0.03+0.01 mm/s?) while
venules had higher relative acceleration (%/s, p=5.4x1 0’4,
Agre=3.1+0.6%/s, ayen =8 + 3%/s). Of note, the pyramidal soma den-
sity in the arteriolar vs. venular focused PS region was indistinguishable,
as evaluated by segmentation of the green channel of the stack of 2PFM
images acquired in each animal over the superficial 300 pm of the
cortical surface (p=0.61, Psoma,art = 11+£6x1 0°mm 3,
Psoma,ven = 11+5x10°mm™2), as displayed in Supplementary Fig. 1.

3.3. Cerebrovascular responses to focused and diffuse photostimulation

Because fiber-delivered diffuse PS is currently the most commonly-
employed method of opsin photoactivation (C. K. Kim et al., 2017;
Zhang et al., 2010), we investigated the difference in cerebrovascular
responses to focused PS (3 mW/mm?, 130 pm stimulus ROI diameter,
551 ms repetition rate, 4ps/pixel, 5s duration) vs. diffuse PS
(8 rnW/rnmz, 20Hz, 10 ms pulse length, 5s duration) (Fig. 4, N =5 mice).
While the differences (with respect to the inherent spatiotemporal
properties) in these stimulation modalities make a direct comparison
difficult, for ease of reference the responses to focal stimulation are re-
ported alongside those to conventional diffuse photostimulation. The
parameters of each modality were optimized independently of one
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Fig. 3. Arteriolar vs. venular responses to focused optogenetic photostimulation. A. Comparison of arteriolar and venular vgpc response to 458 nm local focused
PS (3 mW/mm?, 130 pm stimulus ROI diameter, 551 ms repetition rate, 4ys/pixel, 2.2s duration). Gray area indicates stimulus duration. B-G. Calculated parameters of
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A 1 v Fig. 4. Cerebrovascular responses to focused vs.
Diffuse diffuse optogenetic photostimulation. A. Represen-

—— Focused tative traces of average vgpc response to 458 nm local

08} — 4 focused PS (3mW/mm? 130 pym stimulus ROI diam-
eter, 551 ms repetition rate, 4ps/pixel) and 470 nm

fiber-delivered diffuse PS (8 mW/mm?, 20Hz, 10 ms

06} ) \) 1 pulse length) in a single penetrating venule. Dark gray

box indicates stimulus duration, light gray shading in-
1 dicates 95% CI of LSPIV vgpc estimate, coloured traces
b indicate average Vgpc response of 5 stimulus deliveries.
| B-D. Calculated parameters of individual responses in
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all penetrating vessels. Average parameters of repeated
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2 5 stimulus deliveries in a single recording are plotted (i.e.
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response yield at low light power levels and minimal duration of the unfoc = 0.17 = 0.08 mm/s), larger peak relative vgpc changes (Fig. 4c,

return to baseline). Even with comparable power of diffuse PS, focused p=0.0001, Avrpcfoc= 75+ 48%, AVrBCunfoc =35+23%), and longer
PS elicited larger peak absolute vgpc changes across both vessel types peak times (Fig. 4d, p = 0.024, tyeak, fo = 23+8, tpeak,unfoc = 18 & 10s). Of
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Fig. 5. Cerebrovascular response dependence on focused optogenetic photostimulation region location. A. 2PFM XY image of Texas Red-labeled superficial
penetrating vessels near the cortical surface (red) and ChR2-YFP-expressing pyramidal neurons (yellow). Light gray and dark gray circles represent local and distal
focused PS stimulation ROIs respectively (2 mW,/mm?, 130 pm stimulus ROI diameter, 551 ms repetition rate, 4us/pixel, 2.2s duration). B. Comparison of average
absolute Avgpc in arterioles and venules when using local focused PS (over vessel) and distal focused PS (300 pm away from vessel). Average parameters of repeated
stimulus deliveries in a single recording are plotted (i.e. 5 stimulus deliveries in a single vessel, average parameters of 5 individual responses are plotted). Wilcoxon
rank sum test was used to determine if statistically-significant differences exist ( p < 0.001, **: p < 0.01, *: p < 0.05) and means are reported =+ standard deviation
(SD). Nmice = 10, Nyegsels = 45. B. Part=0.21 (Avrac avgartlocal = 0.5+0.3m/s, Avgrpc avgartdistal = 0.7 £0.3m/s), Pven = 0.017 (Avrac avg,ven,local = 0.2+£0.1m/s, Avgpc
avg,ven,distal = 0.13 £0.09m/s).
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note, these responses to the diffuse PS are also consistent with previous
work (Uhlirova et al., 2016; Chen et al., 2012; Iordanova et al., 2015).
Moreover, the response yields were higher for focused PS: 73 +10%
(291/395 stimulus presentations across 12 mice) for focused PS and
42 4+ 29% (57/137 stimulus presentations across 5 mice) for diffuse PS,
p =0.03. Supplementary Fig. 2 shows the dependence of cerebrovascular
response magnitude on intensity of focused PS vs. diffuse PS. No
intensity-dependence is seen for focused PS (likely due to a saturation
effect), whereas roughly linear dependence is seen with diffuse PS.

3.4. Effects of ROI location on cerebrovascular responses to focused
photostimulation

We also examined the effect of the location of PS region on the cere-
brovascular responses, thus contrasting over-vessel (local) versus away-
from-vessel (distal) focused PS (Fig. 5, Nyice = 10, Nyessels =45, 2mW/
mm?, 130 pm stimulus ROI diameter, 551 ms repetition rate, 4ys/pixel,
2.2s duration). We found that Avgpcqy in venules was significantly
reduced by distal vs. local focused PS (p=0.017,
AVRBC,avglocal = 0.2 £ 0.1 mm/s, AVRBC,avg distal = 0.13 = 0.09 m/s) whereas
arteriolar Avgpcpeak Was not statistically affected by stimulus location
(=0.21, Avrpcpeaklocal=0.5 £ 0.3m/s, AVrpCpeak distal=0.7 + 0.3m/
s), indicating a difference in the arteriolar and venular territories. This
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result was further supported by the aforementioned lack of difference in
the soma density in the arteriolar vs. venular PS ROIs.

3.5. Neuronal responses to optogenetic and physiological stimulations

We next tested whether focused PS evokes cerebrovascular responses
via local neuronal activation, as opposed to other effects that may
circumvent normal neurovascular signaling (Rungta et al., 2017). Local
field potential (LFP) recordings were obtained in a separate group of
animals (Np;ce = 6) to examine the neuronal response to focused PS and
compare it with diffuse PS as well as sensory (whisker) stimulation.
Fig. 6a and b displays representative LFP recordings of responses to
focused PS (3 mW/mm?, 130 pm stimulus ROI diameter, 551 ms repeti-
tion rate, 4ps/pixel) compared to diffuse PS (8 mW/mm?2, 20Hz, 10 ms
pulse length) and whisker stimulation (air puff). LFP responses to
whisker stimulation were indistinguishable from those to focused PS
(Fig. 6¢), (p = 0.62, ALFPpc = 1.6 + 0.8 mV, ALFP, ;= 2.9 + 2.7 mV), but
the variability of the whisker responses across subjects was much larger
than that to focused PS large (SDy;s = 2.7 mV vs. SDf,c = 0.8 mV, Fig. 6¢).
LFP responses to focused PS were also larger than the LFP responses to PS
(p=0.05, ALFPfp; = 1.6 £ 0.8 mV, ALFPyufo. = 1.1 + 0.7 mV), which is in
line with the respective cerebrovascular response magnitudes. The
timing parameters (Fig. 6d and e) for the optogenetic stimulation

Fig. 6. Neuronal responses to opto-
genetic photostimulation vs. whisker
puff stimulation. A. Representative
traces of local field potential (LFP) re-
cordings in Thy1-ChR2 mice in response
to 458nm local focused photo-
stimulation (PS) (3 mW/mmz, 130 pm
| stimulus ROI diameter, 551 ms repeti-
tion rate, 4ps/pixel), 470nm fiber-
delivered diffuse PS (8 mW/mm?,
20Hz, 10 ms pulse length), and whisker
puff stimulation (10Hz). Gray indicates
individual traces, coloured traces depict

Focusad PS Dfluse PS Whiskar

average response to stimulation, black
bar indicates stimulus duration. B.
Expanded temporal axis of representa-
tive traces showing evoked potentials
post stimulus onset. C-E. Calculated pa-
rameters of individual LFP responses.
Average parameters of repeated stim-
ulus deliveries in a single recording are
plotted (i.e. 5 stimulus deliveries,
average parameters of 5 individual re-
sponses are plotted). Wilcoxon rank sum
test was used to determine if

statistically-significant differences exist
¢**: p < 0.001, **: p < 0.01, *:
p < 0.05 and means are
- reported + standard deviation (SD).
Nmice =6, Focused PS N =15, Diffuse
PS=13, Whisker=6. B. Peak LFP
amplitude. PFocused PS/Whisker = 0.62
(ALFPg,. = 1.6 £ 0.8 mV,

ALFPypis = 2.9 £ 2.7 mV), PFocused PS/
piffuse ps = 0.05 (ALFPg, = 1.6 + 0.8 mV,
ALFPnfoc = 1.1 0.7 mV). C. tonser Pro-

Focused PS  Diffuse PS  Whisker

- cused PS/Whisker = 3.7 X 10_5 (ton.set,-
foc = 0.01 £0.01s, tonset -
I whis =1.2+£0.45),  Procused  PS/Diffuse

ps =0.25 (meang,. = 0.01 £ 0.01s,
meanypsoc = 0.1 £ 0.25). D. tyeak- Procused
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PS/Whisker — 3.6 x 10_5 (tpeak,—
foc =22+ 175, tooakwhis = 7.7 + 1.35),
PFocused PS/Diffuse PS = 1 (tpeak,-

foc = 2.2 1.75, thoak unfoc = 2.3 £ 1.75).
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modalities were not significantly different (pronser=0.25: tonser,
foc=0.01=£0.01s, tonsegunfoc = 0.1 & 0.2s; Dipeak = 0.997: tpeak,
foc = 2.2 % 1.75, tpeak unfoc = 2.3 & 1.75), but whisker stimulation responses
were significantly longer than those of either PS modalities (pson-
set=3.7x107%: tonset foc = 0.01 + 0.01s, tonserwhis = 1.2 + 0.4s;
Dipeak = 3. 6x10~°: tpeak,foc = 2.2+ 1.75, tpeakwhis = 7.7 £ 1.3s). Cerebro-
vascular responses to whisker stimulation are summarized in Supple-
mentary Fig. 3.

4. Discussion

While a range of modalities have been used to explore neurovascular
coupling in pathophysiological contexts, 2PFM in combination with
optogenetics grants the unique opportunity to map brain activation at
high spatio-temporal resolution and in a neuronal subpopulation specific
manner. While ChR2 activation induced neurovascular coupling was
investigated in several studies (Scott and Murphy, 2012; lordanova et al.,
2015, 2018; Uhlirova et al., 2016; Cheng et al., 2014; Anenberg et al.,
2015; Rungta et al., 2017; Richner et al., 2015; Bauer et al., 2018; Vaz-
quez et al., 2014), the extent of the advantages afforded by spatiotem-
poral manipulation of stimulation light has not been fully characterized.
ChR2 photoactivation in Thyl-ChR2 mice has been shown to elicit
transient increases in glucose metabolism (Richner et al., 2015). Recent
work underscored the role of interneurons in neurovascular coupling:
photoactivation of ChR2 expressing interneurons in VGAT-ChR2 mice
increased cerebral blood flow despite the overall decrease in local
neuronal activity; a response shown unaffected by blockage of ionotropic
glutamatergic or GABAergic synaptic transmission (Anenberg et al.,
2015). Further cellular specificity of the neurovascular coupling was
shown by demonstrating Neuropeptide Y dependent constriction with
photoactivation of ChR2 in interneurons in the VGAT-ChR2 mice
(Uhlirova et al., 2016). Half an order of magnitude larger and twice as
rapid ChR2 photoactivation-induced dilations in pial arteries vs. veins in
Thy1-ChR2 mice have been reported (Richner et al., 2015). Additionally,
neurovascular coupling elicited by photoactivation of ChR2 in the
cortical forelimb area was found largely conformant to that elicited in the
same area by electrical stimulation of the forelimb (Iordanova et al.,
2015). Despite differences in the ChR2 expression mechanism as well as
anesthesia protocol, we presently observed comparable diffuse
PS-elicited cerebrovascular responses to those reported earlier (Iorda-
nova et al., 2015) (~50% CBF increase via LDF recording vs. 35 + 23% in
single vessels in this work). Our diffuse PS-elicited LFP magnitudes are
also in agreement with prior reports (lordanova et al., 2015; Zhang et al.,
2010; Patterson et al., 2013).

Recent work by (Rungta et al., 2017) suggested that diffuse blue light
delivered with an optical fiber may exert direct, light energy-dependent
effects on cerebrovasculature of wild-type animals, in contrast to the lack
of such effects in wild-type animals in other work (Uhlirova et al., 2016)
and in the current study. The present study used alpha-chloralose (vs.
ketamine-xylazine or isoflurane) anesthesia and 10ms, 20Hz,
8 mW,/mm?, 2-5s (vs. 20 ms, 20 Hz, 5 mW, 2s) diffuse PS, although itis at
present unclear how these methodological differences would account for
the discrepant findings. While we observed no responses in our control
experiments, the work done by (Rungta et al., 2017) reinforces the ne-
cessity for appropriate controls in optogenetic studies.

The diffuse PS results in simultaneous illumination of the entire
exposed area of the cortex (~4 mm?) down to a depth of 200 pm, hence
recruiting thousands of cell bodies. In contrast, the focused PS excites
~1/100th the volume of tissue (~0.002 mm?® with 200 pm depth of
penetration) containing ~2 orders of magnitude fewer neurons; further,
raster scanning over this region results in sequential illumination of
cortical columns and thus asynchronous activation of neurons. The
smaller number of neurons and the asynchronous activation may lead to
a more physiologically-pertinent pattern of neuronal activity and hence
larger cerebrovascular responses to focused PS when compared to those
of diffuse PS. The higher variability of diffuse PS is likely due to the
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pathophysiological synchrony imposed thereby on a large number of
pyramidal neurons across an extensive area of the cortex (Houben et al.,
2017). Given that LFP receptive fields are around 250 pm? in the cortex
(Xing et al., 2009), only a limited portion of tissue excited by diffuse PS
will participate in the LFP signal, resulting in local LFP recorded re-
sponses being comparable in magnitude. Notably, whisker stimulation
also leads to “asynchronous” neuronal response. With the exception of a
few prior studies with in-plane spatial restriction of 100-200 pm of the
photostimulation ROI via beam collimation (Wilson et al., 2013; Anen-
berg et al., 2015; Uhlirova et al., 2016; Scott and Murphy, 2012), the
majority of studies to date used whole-field stimulation (~mm? range) of
the brain cortex. The optimization of the photostimulation paradigm to
the application has not been systematically done hitherto.

In the current work, we measured the neurovascular effects of PS
through RBC speed changes. We explored the option of performing a
“cross” trajectory (Shih et al., 2012) to assess both RBC speed and vessel
diameter, but found that the decreased sampling frequency compromised
RBC speed estimation in faster flow arterioles. Also, we have previously
found point measurements of vessel diameter of limited use for predict-
ing vessel volume changes, likely resulting from highly heterogeneous
distribution of the contractile elements along the length of non-arteriolar
vessels (Lindvere et al., 2013).

We demonstrated that focused PS affords important advantages over
fiber-delivered diffuse PS when studying either neuronal excitability or
cerebrovascular reactivity. At comparable light intensities, evoked po-
tentials (measured on intracerebral LFP) were found to be of similar
duration but ~40% higher magnitude than those measured in response
to conventionally used diffuse PS. These neuronal responses were stable
in magnitude on stimulus repetition, suggesting a lack of thermal effects.
Cerebrovascular responses (assayed by changes in RBC speed in indi-
vidual cortical penetrating vessels) to focused PS were twice the ampli-
tude and ~30% longer than those seen in response to diffuse PS. We
speculate that this difference is due to the attenuation of the electrical
conduction along the endothelium (Tran et al., 2012) that is present with
whisker stimulation and with diffuse photostimulation - as these stimuli
engage multiple vessels - in contrast to the focused photostimulation
where an endothelium of only one vessel is directly affected. The
matching LDF responses recorded by the 480 pm diameter LDF probe are
the result of the LDF signal reflecting net RBC flow changes across a set of
neighbouring penetrating vessels (arteries and venules); i.e. the modu-
latory effect of the cortical vascular network as a whole is again at play,
temporally restricting the response. Indeed, we have previously reported
using 2PFM in wild type rodents (rats) that the individual vessel re-
sponses (Lindvere et al., 2013) are much more heterogeneous than what's
predicted by the averaged, regional vascular response; and other groups
have, using 2PFM, also reported on long lasting responses in individual
vessels to prolonged stimulation (Hill et al., 2015). Moreover, cerebro-
vascular responses to repeated focused PS showed less inter-trial varia-
tion than did the responses to conventional diffuse PS. The higher SNR of
focused vs. diffuse PS confers a significant advantage in the study of
disease models, particularly those exhibiting spatially specific alterations
in neurovascular coupling such as ischemia and traumatic brain injury. In
these cases, focused PS enables investigation of injury as a function of
distance from the lesion core.

Focused PS generated less variable relative responses when posi-
tioned over the arterioles than over the venules, supporting the notion of
stimulation-induced arteriolar dilation being proportional to their resting
tone (Drew et al., 2011). Furthermore, cerebrovascular response ampli-
tude was not affected by photostimulation ROI movement of 300 pm
(Fig. 5) as both fall within the arterioles vascular territory (350 pm
radially in the mouse neocortex (Nishimura et al., 2007)). In contrast,
venules’ average responses were attenuated during distal vs. proximal
photostimulation as the former falls outside the vascular territory of a
given cortical penetrating venule. Stimulating the parenchymal territory
specific to the vessel under examination enables neurovascular coupling
interrogation by functional unit, reducing variability and allowing spatial



J.R. Mester et al.

mapping of the pathological disturbance. This method is also applicable
to custom fluorescence microscopy configurations in that the main
components required are a diode laser, XY-galvanometers, and the
appropriate beam-combining optics (Fig. 1).

The ability of the raster scan photostimulation to isolate the pene-
trating vessel's territories suggests that unlike diffuse PS, focused PS may
resolve cortical vascular functional units, while still engaging on the
order of 50 neurons (as estimated from the structural scan shown in
Supplementary Fig. 1). For the photostimulation-driven response to be
restricted to single units, the photostimulation needs to involve the two-
photon fluorescence excitation process. However, preliminary experi-
ments using the second Ti:Sapphire laser on our microscopy platform
(data not shown) revealed serious limitations of the concurrent two-
photon photoexcitation and imaging. In particular, two-photon fluores-
cence photoexcitation (limited in power to avoid damage to the cell) was
found to elicit very small neuronal currents, whose detection required
cell-attached recordings. Few such recordings could be done in an animal
due to the invasive nature of the recording. Although calcium reporters
present a potentially non-invasive route of imaging single unit responses,
their use is confounded by the strong artifacts generated by photo-
stimulation in the detectors and their slow kinetics being challenged to
resolve neuronal firing. Moreover, as spatial gradients of pathological
changes in the neurovascular signaling elicited by injury (e.g. ischemia)
may be of much lower spatial frequency, the cerebrovascular response
may be a better assay for their assessment than are the (sparse) mea-
surements of changes in excitability of individual neurons.

As with most 2PFM studies, the primary limitation of this work is in
the extent of the cortical depth perturbed and interrogated. The cere-
brovascular measurements in deeper layers are of particular interest
given the relative density of cortical layers and the layer-wise processing
pattern of physiological stimulation (Li et al., 2011; J. Wu et al., 2016).
However, light illumination from the top of the brain surface elicits
initial perturbation in the superficial neuronal processes, thus inverting
the physiological processing cascade (here seen in the opposite polarity
of LFP to whisker stimulation vs. either focused PS or diffuse PS).
Notwithstanding the advantages of focused PS in the current work,
diffuse PS is clearly better suited to chronic applications in freely
behaving animals.

Of note, we did not observe RBC speed changes in response to whisker
stimulation despite the increases in RBC flow measured with Laser
Doppler Flowmetry (LDF) (Supplementary Fig. 3) and LFP recorded on
electrophysiology (Fig. 6). We suspect this failure arose due to the dif-
ferences in spatial flow redistribution at the microscopic scale in response
to whisker puff vs. photostimulation. In addition, hardware limitations in
our setup precluded us from matching the wavelengths used for focused
vs. diffuse PS. For this reason along with the aforementioned spatio-
temporal differences inherent to the two PS modalities, a direct com-
parison between focused and diffuse PS is not possible here. In order to
have a more thorough understanding of the underlying differences be-
tween the two photostimulation modalities, comprehensive variations on
the parameters of each modality should be performed and with that more
concrete conclusions could be made. Nonetheless, the data presented
here would be a good starting point for such studies further exploring the
applications of focused PS. However, earlier studies performed on the
variant of ChR2 used in this study (Lin et al., 2009; Nagel et al., 2003;
Bamann et al., 2008; Prigge et al., 2012) indicate that over the wave-
length range of 458-470 nm, the excitation cross-spectrum shows very
little variation (2-3%): the distinctions we see in the respective responses
are thus likely not due to the difference in the PS wavelengths but a result
of the different spatiotemporal properties of the two PS modalities.
Notwithstanding, careful reporting of the photostimulation parameters
(frequency, pulse duration, duty cycle, and light intensity at brain sur-
face) is key, along with characterization of responses’ dependence on
input power, which likely depends on the anesthesia protocol (Masamoto
et al., 2007; Rungta et al., 2017; Paasonen et al., 2018). Notably in the
current study, we did not observe a dependence of the cerebrovascular
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response magnitude on focused PS power (Supplementary Fig. 2): we
speculate that the powers examined induced increases in metabolic de-
mand at the point of saturation within the excitation volume. This point
likely also contributes to the fact that the responses to focused PS pre-
sented in this study are dissimilar in terms of magnitude and duration to
some physiological responses as well as optogenetically-evoked vascular
responses in other studies where the responses to PS and physiological
stimuli are more aligned (Vazquez et al., 2014; Bauer et al., 2018; Ior-
danova et al. 2015, 2018; Scott and Murphy, 2012). On a final meth-
odological note, we observed a difference between arterioles and venules
with respect to absolute vs. relative vgpc changes in response to stimuli.
Consequently, studies using a relative measure of the cerebrovascular
reactivity will be venule weighted and so should take into account the
differences in the relative density of penetrating venules and arterioles
among cortical regions (Lee et al., 2001).

In summary, the present work introduced focused photostimulation
of the channelrhodopsin-expressing pyramidal neurons in barrel cortex
of Thy1-ChR2 mice as a means to interrogate neurovascular coupling.
Our stimulation paradigm is shown to elicit longer cerebrovascular re-
sponses of twice the magnitude of those seen in response to diffuse
photostimulation with comparable evoked local field potentials. Addi-
tionally, focused photostimulation provided ~65% higher yield of ce-
rebrovascular responses in this experiment as well as a doubling of
signal-to-noise ratio. While these stimulation modalities have inher-
ently different spatiotemporal properties, our data reveal important ad-
vantages of focused optogenetic photoactivation for examination of
spatially specific brain pathologies affecting cortical microcirculation.
Focused photostimulation can be easily integrated into fluorescence
microscopy platforms as a means of assessing neuronal excitability and
cerebrovascular reactivity in health and disease.
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