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Abstract

Neurovascular coupling is a fundamental response that links activity to perfusion. Traditional paradigms of neurovascular
coupling utilize somatosensory stimulation to activate the primary sensory cortex through subcortical relays. Therefore,
examination of neurovascular coupling in disease models can be confounded if the disease process affects these multi-
synaptic pathways. Optogenetic stimulation is an alternative to directly activate neurons, bypassing the subcortical relays.
We employed minimally invasive optogenetic cortical activation through intact skull in Thyl-channelrhodopsin-2 trans-
genic mice, examined the blood flow changes using laser speckle imaging, and related these to evoked electrophysio-
logical activity. Our data show that optogenetic activation of barrel cortex triggers intensity- and frequency-dependent
hyperemia both locally within the barrel cortex (>50% CBF increase), and remotely within the ipsilateral motor cortex
(>30% CBF increase). Intriguingly, activation of the barrel cortex causes a small (~10%) but reproducible hypoperfusion
within the contralateral barrel cortex, electrophysiologically linked to transhemispheric inhibition. Cortical spreading
depression, known to cause neurovascular uncoupling, diminishes optogenetic hyperemia by more than 50% for up to an
hour despite rapid recovery of evoked electrophysiological activity, recapitulating a unique feature of physiological
neurovascular coupling. Altogether, these data establish a minimally invasive paradigm to investigate neurovascular
coupling for longitudinal characterization of cerebrovascular pathologies.
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(CBF) driven by neural activity within the same region.
Neurovascular uncoupling is believed to be detrimental
to tissue homeostasis, and may lead to or aggravate
tissue injury or degeneration in the long term.
Neurovascular uncoupling has been demonstrated in
cerebrovascular diseases such as subarachnoid hemor-
rhage, ischemic stroke, traumatic brain injury,
Alzheimer’s disease, cerebral amyloid angiopathy and
cerebral autosomal dominant arteriopathy, subcortical
infarcts and leukoencephalopathy (CADASIL).'™®
Therefore, physiological mechanisms and mediators
of neurovascular coupling have been under intense
investigation for more than a decade.’

Methods to examine neurovascular coupling often
rely upon peripheral somatosensory stimulation to
evoke cortical neural activity, recruiting subcortical
relay centers from the spinal cord to brain stem, thal-
amus and cortex. Unfortunately, numerous factors can
diminish the fidelity of this polysynaptic pathway, such
as injury during invasive preparations, systemic physi-
ology (e.g. blood chemistry, anesthesia), and the pri-
mary disease process in which neurovascular coupling
is examined (e.g. cerebral ischemia, trauma, hemor-
rhage, or transgenic models of white matter degener-
ation such as CADASIL).** Therefore, a minimally
invasive method that does not rely upon subcortical
neurotransmission to evoke physiological cortical acti-
vation and neurovascular coupling has significant
advantages.

The emergence of optogenetics has recently provided
an alternative and minimally invasive method to acti-
vate select neuronal populations using precisely con-
trolled light exposure. We have recently shown that
optogenetic cortical activation can be employed in a
minimally invasive fashion through intact skull to trig-
ger cortical spreading depression (CSD).* Optogenetic
stimulation has been used to evoke hemodynamic
responses as well,” '? suggesting that some form of neu-
rovascular coupling indeed occurs when neurons are
activated optogenetically. However, whether the neuro-
vascular coupling during optogenetic activation is
analogous to somatosensory activation and its deter-
minants are unknown. We, therefore, aimed to develop
the hyperemic response to optogenetic functional acti-
vation as a minimally invasive model system to be
implemented in injured brain (hemorrhage, ischemia,
trauma) to interrogate neurovascular coupling. As
part of this aim, we sought evidence for mechanistic
overlap with neurovascular coupling during physio-
logical (e.g. somatosensory) functional activation.
Using transgenic mice expressing the light-activated
non-selective  cation channel channelrhodopsin-2
(ChR2) under the control of the Thyl promoter,'*'
we undertook a detailed examination of the relation-
ship between optogenetic stimulus parameters and local

and remote cortical responses using full field laser
speckle imaging of CBF coupled to evoked electro-
physiological activity. Our data reveal intensity- and
frequency-dependent functional hyperemia within the
activated region, and complex hyperemic and oligemic
responses in distinctly remote cortical regions, reflect-
ing excitatory and inhibitory connectivity. Moreover,
we provide evidence that the local and remote optoge-
netic CBF responses are susceptible to neurovascular
uncoupling after CSD, just as physiological neurovas-
cular coupling is known to be.

Methods
Animals

Experiments were approved by the MGH Institutional
Animal Care and Use Committee, and carried out in
accordance with the Guide for Care and Use of
Laboratory Animals (NIH Publication No. 85-23,
1996). We used 12-32-week-old (84% of mice were
16-25 weeks old) male ChR2" (1 =32, homozygous
line 18, (B6.Cg-Tg(Thyl-COP4/EYFP)18Gfng/J,
Jackson Laboratories, Bar Harbor, ME, USA),M’15
while C57BL/6 mice (n=17; Charles River
Laboratories, Wilmington, MA, USA) served as wild
type controls (ChR27).

Anesthesia and surgical preparation

Mice were anesthetized with isoflurane (2.5% induc-
tion, 1% maintenance in 70%N,/30%0,). A femoral
artery catheter was used to monitor arterial blood pres-
sure, pH, pO,, pCO, (Table 1). Periods with mean
arterial blood pressure <60mmHg were excluded
from analysis. Rectal temperature was monitored and
maintained at 37°C via a servo-controlled heating pad.
Animals were placed in a stereotaxic frame. After a
midline scalp incision and retraction, the skull surface
was covered with a thin layer of mineral oil to prevent

Table |. Systemic physiological parameters.

ChR2" ChR2™
Start End Start End
MABP 7418 68+ 11 78 +8 79+9
(mmHg)
pH 740+0.04 737+004 740+0.01 738+0.0l
pO- 133417 13820 131+ 14 122 +26
(mmHg)
pCO, 36 -4 4043 36+2 4042
(mmHg)
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drying and an optical fiber was positioned over the
medial whisker barrel cortex using a stereotaxic arm
(3mm lateral and 1 mm posterior to bregma) for opto-
genetic stimulation. After surgical preparation, mice
were injected with 300 mg/kg chloral hydrate intraper-
itoneally, and isoflurane was weaned off over 10 min.
Experiments started 10 min after isoflurane was com-
pletely off. A maintenance dose of chloral hydrate
(100 mg/kg) was given every 45min, or sooner if the
animal showed signs of awakening.

Optogenetic stimulation

We chose the whisker barrel cortex to apply optoge-
netic stimulation because this is the most frequently
studied region to examine neurovascular coupling.
The light stimulus was applied through a 400-pum diam-
eter fiber (Numerical aperture 0.39) using a 470 nm
LED light source (LED: MF470F3; LED driver:
DC2100; Thorlabs, Newton, NJ, USA) controlled by
the computer and analog-digital converter (PowerLab,
ADInstruments, Colorado Springs, CO, USA). Power
was calibrated before each experiment using a power
meter (PM16-130, Thorlabs). Optogenetic stimuli were
delivered either as 30-s train stimulation at various
intensities (1-5mW), frequencies (4-12Hz) and pulse
durations (2-10ms) to evoke a CBF response, or as
single pulses at various intensities (1-5mW) and pulse
durations (2-10ms) to evoke field potentials.
Stimulation paradigms for each dataset are shown on
the figures and detailed in figure legends.

Laser speckle flowmetry

Cortical blood flow (CBF) was imaged through intact
skull by laser speckle flowmetry (LSF) using a near-
infrared laser diode (785nm, 75mW) and a CCD
camera (CoolSnap c¢f, 1392 x 1040 pixels; Photometrics,
Tucson, AZ), as described previously.'® Raw speckle
frames were acquired at 17Hz and speckle contrast
frames averaged, to yield a CBF image every 3.5s. The
experimental setup allowed precise placement of the opto-
genetic stimulus and provided a full field view of regional
CBF changes throughout the dorsal cortex. CBF changes
were analyzed in three ipsilateral and corresponding
contralateral regions of interest (ROIs), each with a diam-
eter of approximately 1.5mm and centered around the
following coordinates relative to bregma: (1) 2 mm anter-
ior and 2mm lateral (motor cortex), (2) 1 mm posterior
and 3 mm lateral (whisker barrel cortex), and (3) 3.5 mm
posterior and 2.5mm lateral (visual cortex) according to
the Paxinos and Franklin mouse brain atlas.'” Large pial
vessels and skull opacities were avoided when defining the
ROIs. The centers of ROIs placed over motor and visual
cortices were approximately equidistant from the

optogenetic light source placed over the whisker barrel
cortex (3.01 £0.14 and 3.0540.18 mm, respectively).
We imaged CBF at baseline (30s), during optogenetic
stimulation (30s), and after the end of stimulation
(905s), and expressed it relative to baseline. Since CBF is
in part dependent on sudden systemic blood pressure
changes, we also calculated cerebrovascular resistance
(CVR) by dividing the average systemic arterial blood
pressure during the acquisition of each image by the rela-
tive CBF value calculated for that image, and expressed it
also as percentage of baseline CVR, as previously
described.’

Optogenetic and somatosensory evoked potentials

To record evoked field potentials, animals received the
same surgical preparation as for the CBF study, with
the exception of arterial catheterization to allow longer
experimental recordings by minimizing invasive surgery.
Single light pulses (1, 3 or SmW, and 2, 6 or 10 ms) were
applied every 5s through the optical fiber placed over the
whisker barrel cortex. Epicranial evoked potentials were
recorded consecutively over six ROIs with a ball electrode
in contact with intact skull via conducting gel at the same
coordinates as for the CBF study, using an amplifier
(Axoprobe 1A, Axon Instruments, Molecular Devices,
San Jose, CA, USA) and digitized for offline analysis
(Scope, ADInstruments, Colorado Springs, MO, USA).
For each stimulus level, 20 evoked potentials were aver-
aged. For somatosensory evoked potentials (SSEP), an
electrical stimulus (3 mA, 1 ms) was delivered to the ipsi-
lateral whisker pad via subcutaneous electrodes, and
evoked potentials were recorded over the contralateral
whisker barrel cortex as described above (12 sweeps,
0.2Hz). To test transhemispheric inhibition, contralateral
whisker pad was stimulated as above simultaneously with
optogenetic transcallosal stimulation of the contralateral
whisker barrel cortex (3mW, 6ms, 4 or 12 Hz).

CSD induction and detection

CSD was induced optogenetically through intact skull
over the ipsilateral whisker barrel cortex with a 10s con-
tinuous light stimulus with an intensity of 3mW, as
recently described.® LSF was used to both detect CSD
and record CBF changes during optogenetic activation
as described above. Optogenetic EPs were recorded
before, during and for 60 min after the CSD using two
ball electrodes placed over the ipsilateral whisker barrel
and motor cortices simultaneously (12 sweeps, 0.2 Hz).

Cortical temperature measurement

In a separate group of mice, we measured brain tem-
perature during light stimulation at the highest power,
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duration and frequency using a BAT-12/IT-23 thermo-
couple microprobe thermometer (Physitemp, Clifton,
NJ, USA) inserted through a burr hole. The tip of the
thermometer was placed below the skull surface right
under the light source.

Design and statistical analysis

Study design and reporting followed ARRIVE guide-
lines. Data are presented as mean + standard deviation.
Statistical comparisons were made using one- or two-
way repeated-measures ANOVA, Kruskal-Wallis, and
paired t-test as appropriate (Prism 6, GraphPad
Software, Inc., CA, USA), and indicated for each
data set in figure legends. Sample sizes were selected
empirically to achieve 80% power to detect 50%
effect size with an estimated coefficient of variation of
30% (2=0.05), and are indicated in the text and on the
figures where relevant. In the absence of an interven-
tion, blinding was not applicable. P value less than 0.05
was considered statistically significant.

Results
CBF responses

In wild-type mice without ChR2 expression (ChR27),
light application did not cause any CBF change (Figure
S1). In ChR2" mice, optogenetic stimulation led to dis-
tinct CBF changes within the stimulated region as well
as the ipsilateral motor and contralateral whisker barrel
cortices (n=38 mice). In the stimulated (i.e. ipsilateral)
whisker barrel cortex, hyperemia emerged within 3s
after stimulus onset, started to plateau during the
stimulation, and peaked after the end of the 30-s stimu-
lus (Figure 1). Thereafter, CBF gradually returned to
normal within 1 min, without a consistent post-hypere-
mic dip. The magnitude of hyperemia was directly
related to the intensity and the frequency of the stimu-
lus, but not pulse duration (Figures 1 and 2). At the
highest stimulus intensity or frequency, average hyper-
emia reached approximately 40% of baseline, and peak
hyperemia was more than 50% of baseline (Figure 2).
Optogenetic stimulus parameters did not significantly
affect the shape of the hyperemic response. At the mid-
range of stimuli (3mW pulse intensity, 8 Hz pulse fre-
quency, 6 ms pulse duration), hyperemic response had a
half-amplitude rise-time of ~7s, and a half-amplitude
decay-time of ~20s.

Ipsilateral motor cortex, which receives strong pro-
jections from the barrel cortex,'®'? also showed a large
and spatially distinct hyperemic response (Figure 1,
yellow arrow). Although its time course was similar
to the stimulated ipsilateral whisker barrel cortex,
hyperemia in motor cortex emerged a few seconds

later (i.e. 1 frame, 3.5s) than the whisker barrel cortex
(Figure 1(d)); limited temporal resolution did not permit
calculation of the lag between barrel and motor cortices
with higher precision. The magnitude of hyperemia was
directly related to pulse intensity and frequency, and to a
lesser extent pulse duration (Figures 1 and 2). At the
highest stimulus intensity, frequency or duration, aver-
age hyperemia in ipsilateral motor cortex was approxi-
mately 20% of baseline, while the peak hyperemia was
more than 30% (Figures 1 and 2).

In contrast, contralateral whisker barrel cortex dis-
played a small but highly reproducible oligemic
response during optogenetic stimulation. Oligemia
troughed during the stimulus, rapidly resolved after
stimulus cessation (Figure 1), and appeared to be stron-
gest at the midrange of stimuli (Figure 2). The largest
drop in CBF in contralateral whisker barrel cortex was
approximately 10% of baseline. Visual cortices did not
show consistent CBF changes during the stimulation,
although at 6 Hz stimulus frequency (3 mW, 6 ms) there
appeared to be a small oligemic response bilaterally
(Figures 1 and 2). The absence of hyperemia in visual
cortex also confirmed that the large hyperemic response
in ipsilateral motor cortex was not due to direct con-
tamination by optogenetic light applied over the barrel
cortex, because the motor and the visual cortices were
equidistant from the stimulation site over the barrel
cortex. In the contralateral motor cortex, CBF changes
did not reach statistical significance.

Last but not the least, to eliminate a potential con-
founding effect of systemic blood pressure changes on
cortical CBF, we calculated changes in CVR during
optogenetic neural activation, and reached identical
conclusions as above (Figure 2).

Evoked potentials

To test whether CBF responses to optogenetic neural
activation are linked to local electrical activity, we rec-
orded cortical evoked potentials using epicranial elec-
trodes. Optogenetic stimulation of ipsilateral whisker
barrel cortex evoked morphologically distinct and
highly reproducible transcranial field potentials in all
six regions studied (n =15 mice; Figure 3).

Over the stimulated whisker barrel cortex, light
evoked an immediate negative potential shift that dir-
ectly corresponded to the stimulus intensity (Figure 3,
black arrowheads). This immediate negative shift was
not observed in any other region, and therefore was
presumably the local field generated directly by the acti-
vation of ChR2, as recently described.® A much larger
negative field potential (N1) was superimposed on this
early response. The evoked response over the ipsilateral
motor area was biphasic with an initial positive (P1)
followed by a negative (N1) potential shift. The latency
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Figure |. Local and remote regional CBF responses to optogenetic activation of barrel cortex. (a) Experimental setup and protocol:
Upper left image shows a typical preparation for optogenetic stimulation and laser speckle CBF imaging through intact skull. The
fiberoptic and 470 nm light are shown overlying the whisker barrel cortex. Timeline shows the stimulation protocol where power-
(I-5mW, 6 ms, 8 Hz), frequency- (4-12 Hz, 3 mW, 6 ms) and duration-response (2—10ms, 3 mW, 8 Hz) trials were delivered in
alternating order in different animals to control for any time effect. Each stimulus consisted of 30-s light off (baseline), 30-s light on
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of motor N1 was twice that of whisker barrel NI.
Contralateral whisker and motor areas also showed
biphasic evoked potentials similar in morphology to
those over the ipsilateral motor region, but with smaller
peak amplitudes and longer peak latencies. Visual areas
developed much smaller evoked potentials, which were
monophasic negative over the ipsilateral visual cortex,
and predominantly positive over the contralateral
visual cortex. In most regions, the peak amplitudes of
evoked potentials increased and the peak latencies
decreased with increasing optogenectic pulse intensities
(1-5mW). In contrast, optogenetic pulse duration (2—
10 ms) influenced the peak amplitudes much less than
the pulse intensity did, and peak latencies were not
shortened by increasing pulse durations (Figure S2).
Lastly, in ChR2™ mice, optogenetic light stimulation
at the highest intensity did not evoke a potential shift
in remote connected regions, and induced a very small
(~0.1 mV) negative potential shift within the stimulated
barrel cortex (Figure S1(c), *), the nature of which is
unclear at this time.

Altogether, these data confirmed functional activa-
tion of local tissue and remote projection areas by opto-
genetic stimulation of barrel cortex, but revealed a
dissociation between the amplitude and shape of the
evoked potentials and the amplitude and polarity of
the CBF response.

Transhemispheric inhibition

The intensity-dependence of ipsilateral barrel and motor
evoked potentials and hyperemic responses was congru-
ent. However, the large evoked potentials in contralat-
eral barrel cortex, similar in shape to ipsilateral motor
area, were rather surprising given the small but highly
reproducible oligemic responses in this region. One
potential explanation was that optogenetic transcallosal
input to the contralateral barrel cortex exerted an inhibi-
tory effect on local activity. To test this, we designed an
experiment electrically stimulating the whisker pad to
generate contralateral somatosensory evoked potentials

(SSEP), and examined whether concurrent optogenetic
stimulation of the ipsilateral whisker barrel cortex affects
the whisker SSEPs (7 =4 mice; Figure 4). Stimulation of
the whisker pad (3mA, 1 ms current pulses at 0.2 Hz)
generated large amplitude SSEPs over the contralat-
eral barrel cortex. Concurrent optogenetic stimulation
of the ipsilateral barrel cortex (3 mW, 6 ms, 4 or 12 Hz)
significantly reduced the whisker pad SSEP ampli-
tudes, confirming transcallosal inhibition between the
barrel cortices, as reported previously.?>! These data
explained the oligemic responses in contralateral
barrel cortex during optogenetic stimulation.

Neurovascular uncoupling

Neurovascular coupling is a complex phenomenon with
multiple potential mediators and mechanisms.”**%
Although the hyperemic response in ipsilateral motor
cortex was presumably induced by synaptic input from
barrel cortex projections, and thus represents physio-
logical neurovascular coupling, the local hyperemic
response within the illuminated barrel cortex might be
mediated by mechanisms unrelated to physiological
neurovascular coupling. To address this, we examined
whether the hyperemic response during optogenetic
stimulation displayed features of physiological neuro-
vascular coupling. CSD is an intense but brief (<1 min)
neuronal and glial depolarization event that disrupts
neurovascular coupling for more than an hour in other-
wise normal brain tissue.”* Therefore, we induced CSD
unilaterally once again using optogenetic stimulation as
described in detail recently,® and examined optogenetic
hyperemic responses before and after CSD (n=5
mice; Figure 5).

Prior to the CSD (i.e. baseline), optogenetic stimu-
lation of the whisker barrel cortex (3mW, 8 Hz, 6 ms)
once again evoked hyperemic responses in both the ipsi-
lateral barrel (18.84+6.5%) and motor cortices
(10.0 £6.0%; Figure 5), whereas contralateral regions
developed a small oligemia (Figure S3). As expected,
CSD caused a significant reduction in resting CBF

Figure |. Continued

(train with specific parameters as indicated) and 90-s light off (recovery) periods, during which CBF was continuously imaged using
laser speckle. (b) Representative time-lapse laser speckle images showing relative CBF changes (% of baseline) during 3 mWV, 6 ms, 8 Hz
optogenetic light stimulation (blue bar). The time is shown on upper left of each frame. The outline of skull, and the approximate
regions of interest (IM, IW and IV, ipsilateral motor, whisker and visual cortices, CM, CW and CV, contralateral motor, whisker and
visual cortices, respectively) within which CBF changes were quantified are also shown. Red arrowhead shows the regional CBF
increase within the illuminated barrel cortex. Yellow arrowhead shows the regional CBF increase within the remotely activated
ipsilateral motor cortex. Black arrowhead shows the small but highly consistent CBF reduction observed in the contralateral whisker
barrel cortex. (c) Time course of CBF changes within the six regions of interest for escalating pulse power (1-5mW, 6 ms, 8 Hz; upper
row), pulse frequency (4-12Hz, 3 mW, 6 ms; middle row) and pulse duration (2-10ms, 3 mW, 8 Hz; lower row) trials. Dashed lines
indicate light on and off. Arrowheads indicate flow changes as shown in (b). Each tracing is an average of n =8 mice. Error bars were
omitted for clarity. (d) CBF changes at the onset of stimulation show that the hyperemia in stimulated whisker barrel cortex started
~5 s before ipsilateral motor cortex.
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Figure 2. Effect of pulse intensity, frequency and duration on optogenetic CBF responses. Changes in CBF (circles) and CVR
(triangles) in six regions of interest (upper left) were quantified by averaging the 30-s stimulation period (as shown in upper right).
Graphs show the relationship between power (I-5mW; 8 Hz, 6 ms), pulse frequency (4-12 Hz; 3 mW, 6 ms) or pulse duration
(2-10 ms; 3 mW, 8 Hz), and the CBF and CVR responses calculated as percent change from baseline (n = 8 mice). *p < 0.05, *p < 0.01,

*p < 0.001, ¥ p < 0.0001 vs. baseline. One-way ANOVA for repeated measures followed by Dunn’s multiple comparisons.
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Figure 3. Optogenetic epicranial evoked potentials. (a) Timeline shows the stimulation protocol where escalating power (I, 3,
5mW, 6 ms, 8 Hz) and duration (2, 6, 10 ms, 3 mVW, 8 Hz) trials were delivered in alternating order in different animals to control for
time effect. Each trial consisted of single light pulses of indicated intensity and duration delivered at 0.2 Hz for 2 min (n=24), and
evoked field potentials were averaged. (b) Epicranial evoked field potentials in response to I, 3 or 5mW light intensity (6 ms fixed
duration) are shown for each of the six regions of interest (IM, IW and IV, ipsilateral motor, whisker and visual cortices, CM, CW and
CV, contralateral motor, whisker and visual cortices, respectively). On the left of each panel for each region, representative tracings at

each intensity level from one animal are shown superimposed. On the right of each panel for each region, averaged response

amplitudes for positive and negative peaks (Pl and NI, respectively) are shown as indicated (n =5 mice), along with standard for both
the amplitude (mV) and the latency (ms) of the peaks (time O indicates optogenetic stimulus onset). Blue arrowhead shows the light
stimulus onset. Black arrowheads indicate the direct negative potential shift associated with local light exposure in ipsilateral whisker

barrel cortex (IW). The pulse duration—response relationship is shown in Supplemental Figure 2.
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12 Hz, 6 ms; arrowheads) was delivered in alternating order with controls (i.e. no optogenetic light) coincident with electrical
stimulation of whisker pad (3 mA, | ms, 0.2 Hz; arrows) for | min. C: non-illuminated control. (b) Experimental design is shown on the
left. Representative contralateral whisker barrel cortex somatosensory evoked potentials (SSEP) are shown on the right, averaged
over | min without (Control) or with 4 Hz or 12 Hz optogenetic stimulation of the barrel cortex. Bar graph shows peak-to-peak SSEP
amplitudes. Multiple trials within each animal were averaged for a single data point per animal (n=4 mice). *p < 0.05 vs. Control;
one-way ANOVA for repeated measures followed by Holm-Sidak’s multiple comparisons.
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Figure 5. Effect of cortical spreading depression on optogenetic neurovascular coupling. (a) Timeline shows the stimulation protocol
where optogenetic stimulation of whisker barrel cortex (3 mW, 8 Hz, 6 ms; blue arrowheads) was delivered every 15 min to evoke a
CBF response in ipsilateral whisker, motor and visual cortices (IW, IM, IV, respectively) imaged during baseline (30 s light off),
stimulation (30 sec light on), and recovery (90 s light off) using laser speckle flowmetry. A single cortical spreading depression (CSD)
was induced using strong optogenetic activation (see Methods) immediately after the first stimulation. (b) Left panel shows the CBF
response to optogenetic stimulation in the three regions of interest before (b) and 15-60 min after a CSD. Right panel shows resting
CBF changes quantified using laser speckle imaging. The characteristic post-CSD oligemia lasted more than an hour in all three regions
of interest. p < 0.05-0.0001 vs. baseline for whisker (¥), motor (f), visual cortex (# n=>5 mice). One-way ANOVA for repeated

measures followed by Dunnett’s multiple comparisons.

throughout the ipsilateral cortex (i.e. post-CSD oli-
gemia) that slowly recovered over 60min.>*
Interestingly, contralateral cortex also showed lasting
CBF changes after CSD; while the whisker barrel
cortex became progressively hyperemic, motor cortex
developed mild oligemia that did not reach statistical
significance (Figure S3). Induction of CSD diminished
the optogenetic hyperemic responses by ~50%, not
only in the illuminated cortex locally, but also in the
ipsilateral motor cortex (Figure 5). Contralateral oli-
gemic responses were also diminished (Figure S3).
Despite the recovery of post-CSD oligemia at 60 min,
neurovascular coupling during optogenetic activation
remained disrupted (Figure 5).

More importantly, neural activation was only briefly
disrupted by CSD (n =5 mice; Figure 6). As expected,
CSD immediately abolished all evoked activity.
However, evoked potentials recovered within 2—4 min
after CSD in both whisker barrel and motor cortices,
and were indeed potentiated for at least 30 min, at a
time when optogenetic functional hyperemia was still
severely depressed in both regions. These data alto-
gether confirmed that neurovascular coupling during
optogenetic neural activation is disrupted by CSD,

recapitulating a cardinal feature of neurovascular cou-
pling during physiological neural activation.

Examination of potential confounders

We examined the possibility of inadvertent activation of
ChR2 by ambient light. Room light did not significantly
affect CBF in either the ChR2™ or the ChR2" mice
(Figure S4). In contrast, turning on the stereomicroscope
light source (6.2+0.8 mW, white light) increased CBF
by 7% and 11%, in ChR2™ and ChR2" mice, respect-
ively (p <0.05 vs. dark; p>0.05 ChR2™ vs. ChR2").
Hence, all our experiments were carried out with room
light on and surgical microscope light off. Lastly, opto-
genetic stimulation can raise tissue temperature.®*?> We,
therefore, measured temperature changes in the tissue
underlying the fiberoptic light source and did not
detect a significant change with the highest stimulation
parameters used in this study (Figure S5).

Discussion

Here, we present a minimally invasive investigation of
the functional hemodynamic response to direct cortical
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Figure 6. Effect of cortical spreading depression on optogenetic evoked potentials. (a) Timeline shows the stimulation protocol

where optogenetic stimulation of whisker barrel cortex (3 mW, 0.2 Hz, 6 ms; blue arrowheads) was delivered at indicated time points
to evoke field potentials in ipsilateral whisker and motor cortices. (b) Representative optogenetic evoked potentials in ipsilateral

whisker and motor cortices before (b, baseline) and 1-60 min after CSD as indicated on each tracing. (c) Time course of optogenetic
evoked potential amplitudes in ipsilateral whisker and motor cortices before (b, baseline) and after CSD (p < 0.0001, time factor; n =5
mice; one-way ANOVA for repeated measures followed by Dunnett’s multiple comparisons). Time 0 is CSD onset. Positive (PI) and
negative (N 1) peaks are measured and shown separately for motor cortex. Vertical dashed line indicates the time ipsilateral whisker
evoked potentials recovered to baseline.

pyramidal neuron stimulation using optogenetics in
ChR2 transgenic mice. We took a systematic approach
to determine the spatiotemporal and dose-response
characteristics of the CBF response. We stimulated

the barrel cortex and imaged local and remote CBF
responses over the entire dorsal cortex using LSF
through intact skull, under full systemic physiological
monitoring and maintenance. We observed robust focal
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hyperemia within the stimulated whisker barrel cortex
and within ipsilateral motor cortex, both of which were
coupled to large amplitude epicranial evoked poten-
tials. The responses were both pulse amplitude- and
frequency- but not duration-dependent. The magnitude
and time course of optogenectic hyperemia both in the
whisker barrel cortex and in the remotely activated ipsi-
lateral motor cortex closely resembled functional
hyperemia in response to somatosensory activation.?®>’
Moreover, we detected a small but highly reproducible
oligemia in contralateral hemisphere likely mediated by
transcortical inhibition. Further supporting an overlap
with physiological functional neurovascular coupling,
neurovascular coupling during optogenetic activation
was also suppressed by CSD. Altogether, the model
provided a minimally invasive approach to examine
both local and remote neurovascular coupling in
response to excitatory and inhibitory inputs that can
be employed to interrogate cerebrovascular function
in disease models.

Previous studies employed optogenetic activation to
evoke hemodynamic responses recorded by BOLD
fMRI**?° or intrinsic optical signal (IOS) ima-
ging.'"'** However, neither BOLD nor 10S, which
are effectively measures of blood volume, reflects the
true CBF response. Two studies combined 10S with
laser Doppler flowmetry,*>*! which does not provide
spatial information. Others have combined 10S with
LSF,* but these studies used craniotomies, and thus
were invasive, which can confound cerebrovascular
physiology. Most studies did not monitor arterial
blood pressure and pCO,, or inadvertent CSD occur-
rence during experimental preparation, which are crit-
ical confounders of CBF response during functional
activation. Therefore, our approach has distinct advan-
tages over previous studies, including measurement of
relative CBF rather than its surrogates, spatial infor-
mation, and minimally invasive methodology with full
systemic physiological monitoring.

The hyperemic responses in both whisker barrel and
motor cortices were intensity-dependent. The power
density range we employed (1-5SmW applied via
400 um diameter fiber, ~8-40mW/mm?) was likely
attenuated to some degree by the skull, meninges and
subarachnoid space before reaching the cortical sur-
face.®33 Thereafter, tissue scattering, absorption and
conical spread (numerical aperture 0.39) lead to rapid
attenuation at increasing depths (~1% of original
power density within a ~0.5mm radius from the
source) based on prior work.* Consistent with these,
the lowest power level we employed (1 mW, ~8mW/
mm? at skull surface) did not trigger significant hyper-
emia, whereas higher power levels likely reached ChR2
activation threshold in the tissue. We do not know with
any degree of precision how far in the cortex the

stimulus light reached at each power level, in vivo.
However, layer I (i.e. molecular layer), where ChR2 is
strongly expressed in this transgenic line,'*'> was more
likely to be activated at lower intensities, and cortical
tissues deeper than 500 um (i.e. layers V/VI) were less
likely to be directly activated even at our highest inten-
sity (~99% attenuation), despite the high expression of
ChR?2 in layer V pyramidal cells. Therefore, we believe
our transcranial stimulation paradigm primarily depo-
larized layer I apical dendrites at lower intensities, and
layer IV barrels at higher intensities.>”

Because spike probability does not drop significantly
at optogenetic stimulation frequencies lower than
30 Hz,'**° we did not see a ceiling effect across the 4—
12 Hz range, consistent with previous data.'"*' In con-
trast to previous work,>**! however, pulse duration did
not significantly modulate the local hyperemic
responses in the barrel cortex, where 2-ms pulses
appeared almost as effective as 10ms (3mW, 8Hz,
30-s train). Based on the response kinetics of ChR2,
pulse duration of 2ms is less likely to trigger neuronal
spiking,'**¢ suggesting that depolarizations below the
spike threshold may still be sufficient to evoke a local
blood flow response. Lastly, given that the hyperemic
response has already started to plateau by the end of
our 30-s stimulus train, longer train durations would
have been unlikely to yield larger hyperemic responses.
We avoided further increasing the pulse intensity, fre-
quency and duration, and stimulus train duration, in
order to avoid depolarization block®’ or inadvertent
CSD induction.®

There has been conflicting data on whether ionotro-
pic glutamate receptor blockade inhibits local hyper-
emia to optogenetic stimulation®'*%; the discrepancy
may stem from the invasive nature of such studies or
the optogenetic light directly affecting the laser Doppler
flow signal. We did not attempt to pharmacologically
dissect the mediators of optogenetic hyperemia mainly
to avoid a craniectomy for drug applications and pre-
serve the physiological state of the tissue. Instead, we
tested whether CSD, known to disrupt physiological
neurovascular coupling for more than an hour,** also
inhibits optogenetic functional hyperemia. Indeed,
CSD caused neurovascular uncoupling both in the
optogenetically activated barrel cortex, and in the
remote, synaptically activated motor cortex to a similar
extent for at least an hour, suggesting that neurovascu-
lar coupling mechanisms during optogenetic cortical
activation overlap to some extent with those during
physiological somatosensory activation.

Our findings also reflect known functional connect-
ivity among various cortical regions. We observed ipsi-
lateral motor cortex hyperemia in response to whisker
barrel cortex stimulation which was presumably evoked
by well-known excitatory projections between the two
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regions.>® As such, the CBF response in the ipsilateral
motor cortex represented a synaptically induced func-
tional hyperemia. In contrast, contralateral barrel and
motor cortices developed small but reproducible oli-
gemic responses despite showing evoked potentials
similar to the ipsilateral motor cortex. The contralateral
barrel cortex evoked potentials were likely due to acti-
vation of transcallosal projections of layer II/III pyr-
amidal neurons®® that are known to mediate
interhemispheric inhibition of layer V pyramidal neu-
rons.>"*%*! Therefore, the oligemic response was con-
sistent with transcallosal inhibition, which we also
demonstrated electrophysiologically using paired soma-
tosensory-optogenetic stimulation. To our knowledge,
such a decrease in CBF in the contralateral homotopic
cortex after optogenetic stimulation has not been
reported, although a subtle decrease in cerebral blood
volume may have been detected when examined using
I0S in a recent study.'' More work is needed to deter-
mine whether contralateral oligemia is simply a neuro-
vascular coupling response to reduced neuronal activity
or directly induced by transcallosal projections and
their targets.

Last but not the least, we carried out control experi-
ments to eliminate potential confounders. While room
light did not cause ChR2 activation, surgical micro-
scope light induced a small CBF increase and, there-
fore, was kept off for all recordings. Wild type (ChR27)
mice did not respond to optogenetic stimulation, con-
firming specificity of responses in ChR2". Optogenetic
stimulation used in this study did not significantly
change tissue temperature. We also monitored for inad-
vertent CSD induction that can occur during optoge-
netic stimulation,® which profoundly alters resting
CBF, impairs neurovascular coupling,”* and induces
lasting changes in evoked electrophysiological activity
as we have demonstrated in this study.

The optogenetic approach, of course, has several dis-
advantages: (a) The precise mechanisms of neurovascu-
lar coupling during optogenetic stimulation may differ
from coupling during physiological activation (e.g.
upon somatosensory stimulation); (b) the non-invasive
approach requires transgenic mice; (c) transgene
expression shows regional heterogeneity®; therefore,
identical regions must be studied in different animals
and cohorts for comparisons; (d) excess stimulation
can lead to silencing of neurons due to depolarization
block,’” and, at its extreme, cause heat- and light-
induced injury®; and (e) the non-invasive method is
limited to interrogation of the dorsal cortex.

In conclusion, our data suggest that optogenetic
functional hyperemia, as a model for neurovascular
coupling, displays overlap with physiological (e.g.
somatosensory-induced) functional hyperemia, and
can be employed in combination with optical imaging

to examine CBF dynamics. We envision that the opto-
genetic approach can be modified for longitudinal stu-
dies in the same animal over time to examine, for
example, the impact of brain injury, neurodegeneration
or cerebrovascular dysfunction on neurovascular
coupling.
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