Cell Reports

Neurovascular dynamics of repeated cortical
spreading depolarizations after acute brain injury
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e Pan-cortical imaging of neural activity in mice reveals CSDs
after photothrombosis

e Simultaneous hemodynamic imaging reveals varying
vascular responses to each CSD

e Successive CSDs induce worsening oligemia and ischemia in
distal cortical areas

e Vascular response dependence on baseline cortical state
may exacerbate damage
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In brief

Zhao et al. use wide-field optical mapping
of neuronal and hemodynamic activity in
mice, capturing CSDs immediately
following photothrombosis. Initial CSDs
are accompanied by strong
vasoconstriction, leaving persistent
oligemia and ischemia. Region-
dependent neurovascular responses to
subsequent CSDs demonstrate a
potential vicious cycle of CSD-dependent
damage in acute brain injury.
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SUMMARY

Cortical spreading depolarizations (CSDs) are increasingly suspected to play an exacerbating role in arange
of acute brain injuries, including stroke, possibly through their interactions with cortical blood flow. We use
simultaneous wide-field imaging of neural activity and hemodynamics in Thy1-GCaMP6f mice to explore the
neurovascular dynamics of CSDs during and following Rose Bengal-mediated photothrombosis. CSDs are
observed in all mice as slow-moving waves of GCaMP fluorescence extending far beyond the photothrom-
botic area. Initial CSDs are accompanied by profound vasoconstriction and leave residual oligemia and
ischemia in their wake. Later, CSDs evoke variable responses, from constriction to biphasic to vasodilation.
However, CSD-evoked vasoconstriction is found to be more likely during rapid, high-amplitude CSDs in re-
gions with stronger oligemia and ischemia, which, in turn, worsens after each repeated CSD. This feedback
loop may explain the variable but potentially devastating effects of CSDs in the context of acute brain injury.

INTRODUCTION

Cortical spreading depolarizations (CSDs) are known to occur
across species and consist of a slow-moving wave of near-com-
plete neuronal depolarization followed by electrical silencing
(Fabricius et al., 2006; Koroleva and Bures, 1996; Leao, 1944;
Shin et al., 2006; Strong et al., 1983). CSDs have been shown
to occur during migraine with aura (Hadjikhani et al., 2001; Laur-
itzen, 1994; Lauritzen et al., 1983; Major et al., 2020; Olesen et al.,
1981; Pietrobon and Moskowitz, 2014) and appear to be relatively
benign in otherwise well-perfused, uninjured brains. However,
CSDs have also been observed following acute brain injury,
such as subarachnoid hemorrhage (Dreier et al., 1998; Hubsch-
mann and Kornhauser, 1980, 1982), traumatic brain injury, and
ischemic stroke (Dohmen et al., 2008). Under these pathological
conditions, CSDs appear to play a role in injury exacerbation and
worsening outcomes (Ayata et al., 2004; Dreier, 2011; Luckl et al.,
2009; Murphy et al., 2008; QJstergaard et al., 2015; Shin et al.,
2006; Strong et al., 2002; Yuzawa et al., 2012).

CSDs represent a massive metabolic challenge to the brain
and flood the tissue with excess neurotransmitters, neuromodu-
lators, and vasoactive substances such as potassium ions (Chu-
quet et al., 2007; Hansen and Zeuthen, 1981; Lothman et al.,
1975; Phillips and Nicholson, 1979). By themselves, these dra-
matic shifts in ionic gradients and depletion of tissue resources
could mediate CSD-related brain damage (Hashemi et al.,
2009; Nedergaard and Hansen, 1988). However, another poten-
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tial mechanism for damage is the interaction between CSDs and
the brain’s vasculature. While some CSDs are accompanied by
local vasodilation or hyperemia, which should improve delivery
of fresh oxygen and glucose to the brain, CSDs can also be
accompanied by vasoconstriction and hypoperfusion (Dreier
et al., 1998). Under pathological conditions in particular, CSDs
have been reported to induce severe initial vasoconstriction
and spreading ischemia (Dreier et al., 1998; Takano et al,
2007). In many cases, CSDs also result in prolonged (1 to 2 h) oli-
gemia, a reduction in cerebral blood volume and flow within the
territory of the CSD (Ayata et al., 2004). All of these neurovascular
effects could cause a mismatch between tissue energy demand
and supply that could both worsen the impact of, and prevent re-
covery from, the CSD’s metabolic overload (Ayata et al., 2004;
Chang et al., 2010; Somjen, 2001). The neurovascular effects
of CSDs could thus be major contributors to their cumulative
impact on the injured brain. However, the conditions dictating
why some CSDs may be more or less likely to exacerbate persis-
tent damage in the brain are not well understood.

One obstacle to understanding the complexity of CSD re-
sponses has been the availability of methods to accurately
record both the neural and vascular effects of CSDs simulta-
neously, particularly in the context of acute brain injury. For
example, CSDs are often detected using point-sampling electro-
physiology (Ayata et al., 2004; Chang et al., 2010; Fabricius et al.,
1995; Lickl et al., 2018; Murphy et al., 2008; Jstergaard et al.,
2015), where a large negative direct current (DC) potential shift
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and an absence of spiking indicates massive neuronal depolari-
zation and consequently electrical silencing. However, the lack
of spatial resolution can limit visualization of the overall shape
or propagation pattern of the neural CSD wave. The presence
of a CSD is also sometimes inferred from concomitant changes
in blood flow, assessed by methods such as speckle flow imag-
ing (Ayata et al., 2004; Chang et al., 2010; Fabricius et al., 1995;
Murphy et al., 2008; Jstergaard et al., 2015; Strong et al., 2006;
Yuzawa et al., 2012). However, to deduce the spatiotemporal
pattern of a CSD using this approach, one must have a priori
knowledge of how blood flow changes are coupled to the moving
CSD, introducing ambiguity and precluding assessment of the
true coupling relationship between cortical hemodynamics and
the underlying CSD. As a result, we still have an incomplete
view of how CSDs initiate, their spatiotemporal spread, the
vascular responses they generate, and their cumulative impact
on affected brain regions.

Here, we present the application of in vivo neurovascular im-
aging in mice to examine the occurrence and properties of
CSDs immediately following photothrombosis in a small cortical
area. We developed a customized implementation of wide-field
optical mapping (WFOM) in an intact, thinned-skull mouse model
to enable bilateral cortical imaging of both neural activities via
genetically encoded fluorescent calcium indicators expressed
in excitatory neurons (Thy1-GCaMP6f) and hemoglobin oxygen-
ation dynamics via diffuse reflectance (Ma et al., 2016a). This
approach allows for a high-speed, holistic examination of neuro-
vascular changes across the bilateral cortex in individual mice in
real time, enabling the assessment of how CSDs interact with
both the zone of primary photothrombotic damage and naive
cortex beyond the boundaries of the photothrombosis site.

In all mice, we observed a large CSD radiating from the site of
photothrombosis, which was accompanied by profound vaso-
constriction. Most mice experienced additional CSDs, which
were more variable in amplitude, temporal dynamics, and prop-
agation patterns and were accompanied by neurovascular re-
sponses ranging from constrictions to biphasic (a constriction
followed by a dilation) to pure dilations. The type of cortical neu-
rovascular response elicited was found to depend on the local
amplitude and temporal properties of the impinging CSD, as
well as on baseline levels of GCaMP and cortical oligemia, which
accumulated in the path of prior CSDs. In particular, cortical re-
gions with hypoxic baseline conditions were more likely to
exhibit a vasoconstriction response to a traversing CSD. This
pattern creates a potential negative feedback loop in which pro-
gressing cortical ischemia and oligemia have an increased likeli-
hood of driving further damage.

These interdependencies, combined with the observed vari-
ability in CSD types and trajectories, might explain why, in
some cases, the cortex can recover from CSDs without harm,
while in others the CSDs could trigger a downward spiral of
significantly worsening ischemia and metabolic stress. Impor-
tantly, many of these CSD-related effects were observed in re-
gions of the cortex that were far beyond the territory of our initial
photothrombotic insult. These results suggest that the CSDs,
and their neurovascular consequences, could be major contrib-
utors to variability and progression in the pathophysiology of
ischemic brain damage.
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RESULTS

Visualizing the neural and hemodynamic effects of
acute photothrombosis

All experiments were performed in urethane-anesthetized
or awake female Thy1-GCaMP6f C57BL/6 transgenic mice
(Labat-gest and Tomasi, 2013), who were surgically prepared
with a thinned-skull cranial window spanning the bilateral dorsal
cortex (Figure 1). These mice express the genetically encoded
fluorescent calcium indicator GCaMP in layers 2/3 and 5 excit-
atory neurons. Increases in the fluorescence of the brain of these
mice provide a spatially resolved optical readout of increases in
neuronal intracellular calcium and thus neuronal depolarization.
Changes in the diffuse reflectance of the cortex can also provide
a spatially resolved measurement of hemodynamics, with multi-
color imaging capturing the oxygen-dependent absorption prop-
erties of hemoglobin, permitting mapping of oxy, deoxy, and total
hemoglobin concentrations (HbO, HbR, and HbT, respectively).
Changes in [HbT] (= [HbO] + [HbRY]) indicate a change in the con-
centration of red blood cells present in the tissue, which can
generally only be modulated by physical dilation and constriction
of local blood vessels. Changes in [HbO] and [HbR] within vessel
compartments result from dilations, constrictions, changes in
flow, and changes in the rate of oxygen extraction.

WFOM can capture changes in both neuronal activity
and hemodynamics simultaneously by acquiring interlaced
measurements of both fluorescence and multi-spectral reflec-
tance. Raw reflectance measurements were converted to he-
modynamics, and raw fluorescence measurements were cor-
rected for hemodynamic cross-talk using methods previously
described (Ma et al., 2016a) (see Figures 1 and S1 and STAR
Methods). Imaging wavelengths and filters were selected to
permit simultaneous photothrombosis via 532-nm laser irradi-
ation of intravascular Rose Bengal. WFOM data were acquired
before, during, and up to 2.5 h after photothrombosis, target-
ing a cortical branch of the middle cerebral artery in 8 mice,
denoted as M1-8.

Photothrombosis-induced CSDs occur across all mice
Between 3.7 and 34.1 minutes (on average 18.98 + 10.2 min; n =
8 mice) after photothrombosis initiation, a wave of increased
GCaMP fluorescence was observed to spread radially outward
from the induction site in all animals, irrespective of functional
or anatomical boundaries (Figure 2A; Video S1). The GCaMP
fluorescence signal (Figure 2C) during these events exceeded
50% (n = 8 mice), rising to a peak within 1 minute, and then
decreasing back toward baseline in most regions. An additionnal
example of neural activity during an initial CSD is shown in Fig-
ures S2A-S2C.

To validate that the spatiotemporal properties of these waves
are consistent with prior descriptions of CSDs, we calculated
propagation speed for each event across mice. The geodesic dis-
tance of each pixel along the wave boundary was assessedin 10 s
intervals and averaged for each CSD (Figure 2B). The average
speed of initial CSDs was found to be 3.45 + 0.65 mm/minute,
consistent with prior observations of CSDs (Dunn et al., 2001;
Farkas et al., 2010; Lauritzen et al., 2011; Leao, 1944). The depo-
larization wave was largely confined to the ipsilateral cortex, as
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Figure 1. Experimental setup for wide-field optical mapping (WFOM) during photothrombosis

(A) Setup of WFOM imaging system. Blue, amber, and red strobed LEDs sequentially illuminate the cortex, synchronized with frames acquired by an overhead
sCMOS camera. Long-pass and notch filters remove blue excitation light as well as contamination from the green laser used for photothrombosis respectively,
while passing green GCaMP emissions and amber and red diffuse reflectance to map hemoglobin dynamics.

(B) lllustration and grayscale image of the bilaterally exposed mouse cortex. Green dot indicates the point of focus of the photothrombosis induction laser.
(C) Spectra of HbO and HbR absorption (left axis) and GCaMP fluorescence excitation and emission (right axis). Faded blue, yellow, and red sections indicate the

wavelength bands of the strobed LEDs used during imaging.

(D) Fluorescence excitation and emission spectra of Rose Bengal. Amber and red LEDs were chosen to avoid effects of Rose Bengal absorption on spectroscopic
conversion (see also Figure S1) and to allow for strategic removal of green laser contamination.

previously reported (Eikermann-Haerter et al., 2011), although in
some mice, a much smaller and delayed GCaMP response on
the contralateral side was observed (Figure S2B, inset).

Consistent with prior studies, bilaterally correlated, sponta-
neous fluctuations in neural activity were seen prior to the CSD
(Figure 2DI; R = 0.91) (Ma et al., 2016b). Local fluctuations were
abolished at the peak of the CSD, consistent with near-complete
depolarization of the labeled neuronal population (see Figure 2D;
Video S2). Fluctuations in neural activity in the contralateral cor-
tex appeared altered but continued during the ipsilateral CSD
(Figure 2DIl). Although spontaneous neuronal activity in the
CSD-affected cortex eventually returned, bilateral synchrony re-
mained disrupted up to an hour after the first CSD event
(Figure 2DIV). No CSD events or changes in neural fluctuations
were observed following laser illumination of saline-injected con-
trol mice (Figures S2D-S2F). These findings demonstrate that the
effects of the CSD on cortical neuronal activity far outlast the
event itself.

Initial CSDs are accompanied by large, spatiotemporally
coupled vasoconstrictions

The time courses in Figure 3A” show the temporal progression of
changes in both GCaMP fluorescence and cortical hemody-

namics (A[HbQO], A[HbR], and A[HbT]) beginning when the photo-
thrombosis laser is turned on at t = 0 minutes and ending after the
first CSD. A striking feature is the large decrease in cortical [HbT]
and [HbO] and the increase in [HbR] occurring concomitantly
with the large increase in GCaMP fluorescence. This effect
was observed during the initial CSD of every mouse and indi-
cates significant, acute vasoconstriction.

The increase in GCaMP fluorescence occurs 1.83 s (+x0.5s;n=
8 mice) before changes in diffuse reflectance corresponding to
vasoconstriction (Figures S3A and S3B), indicating that vaso-
constriction temporally lags the CSD wave. These results
confirm that the observed increase in fluorescence is unlikely
to be an artifact caused by changes in hemoglobin absorption.

To further confirm the presence of physical vasoconstriction,
raw camera images were used to directly measure pial vessel
diameters. Pial arteries and veins were identified based on their
direction and shape. Cross sections were then used to evaluate
their diameter changes during CSD propagation (Figures 4A
and 4B). Effects of cortical brightening due to decreased blood
flow to the surrounding parenchyma were accounted for by
normalizing the cross-section signal to its neighboring non-vessel
pixels (Figures S3C-S3E). Consistent with active vasoconstric-
tion, pial arteries in the ipsilateral cortex exhibited a statistically
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Figure 2. Spatial and temporal characterization of neural activity during an initial CSD
(A) Spatial maps show the propagation of an initial CSD in a representative mouse. Times indicate the amount of time after the laser was turned on (t = 0 minutes).

Boxes indicate the regions of interest used for the time courses in this figure.

(B) Average speed of CSD propagation for each CSD across each animal. Error bars show the standard deviation of propagation speeds along the outer edge of

each depolarization wave.

(C) Full time courses of GCaMP over more than 2 h of imaging for four regions ipsilateral to the photothrombosis induction site and one contralateral region.
Shaded areas show the specific time points along the CSD event highlighted in (D). Note that the first CSD occurs at t = 34.1 minutes and one second CSD occurs

at t = 41.2 minutes after initiation of photothrombosis.

(D) 30 s time courses of spontaneous GCaMP activity at each of the shaded time points in (C) for one region (gray) ipsilateral to the photothrombosis site, and one
(purple) region on the contralateral side. R values indicate the correlation between the ipsilateral R2 and contralateral R5 time courses. (See also Figure S2 for

additional experimental and control examples, and Video S1 for movie of CSD.)

significant decrease in diameter (Student’s ttest; **p<0.001;n=8
mice), whereas no significant changes in diameter were observed
in ipsilateral pial veins or contralateral pial vessels (Figure 4C).
The spatiotemporal evolution of neurovascular changes during
the first CSD can be seenin Figure 3B, which shows cortical maps
of GCaMP fluorescence, [HbO], [HbR], and [HbT] at the time
points indicated in the time-course in Figure 3A’: (I) onset of laser
illumination, (1) one minute prior to CSD, (l1l) during CSD onset, (IV)
at the CSD peak, and (V) after recession of CSD. Figure 3C shows
average hemodynamic values in cortical regions proximal and

4 Cell Reports 37, 109794, October 5, 2021

distal to where photo-thrombosis was induced across all mice
at equivalent time-points (I-V) relative to their first CSD.

The small effect of the photothrombosis itself can be seen at
epoch Il, indicated by magenta arrows in Figure 3B and quantified
for all mice in Figure 3C as a small, local decrease in [HbO] and
[HbT] with a small increase in [HbR]. The relatively restricted
size of the area affected by primary photothrombosis aligns with
previous studies showing the limited effect of single surface
vessel occlusion due to the brain’s extensive collateral vascular
network (Nishimura et al., 2007; Schaffer et al., 2006). In contrast,
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Figure 3. Initial CSD mediates widespread vasoconstriction relative
to photothrombosis

(A and AY) Time courses of fluorescence and hemodynamic changes, starting
from laser initiation and ending after the first CSD in one mouse, extracted from
the region labeled P in (A).

(B) Maps show GCaMP fluorescence and hemodynamics at five time points: (1)
when the laser is turned on, (Il) one minute prior to CSD onset, (11l) during CSD
onset, (IV) peak of CSD, and (V) after recession of CSD when signal gradient
returns to zero. Proximal (P) and distal (D) boxes indicate the regions of interest
used for hemodynamic analysis in (C).

(C) Average hemodynamic values show a hypoxic trend in regions proximal to
the photothrombosis site prior to CSD onset but not in distal regions (epoch Il).
Once the CSD initiates (epochs Il and 1V), widespread vasoconstriction, de-
noted as a decrease in HbT and HbO, and increase in HbR, occurs consistently
across all animals. Plot values are expressed as mean + standard deviation.
Significance of hemodynamic deviation from baseline values was determined
using Student’s t test (*p < 0.05; **p < 0.01; n = 8 mice).

upon CSD onset, large decreases in [HbT] and [HbO] (and in-
creases in [HbR]) are observed across both proximal and distal
cortical regions (epochs IlI-V; Figure 3C). These changes in he-
moglobin during the CSD are tightly matched with the leading
edge of the neuronal depolarization wave (see Video S1).
Together, these results are consistent with “spreading ischemia,”

¢ CellP’ress

described previously as a spreading depolarization-induced
perfusion deficit (Dreier, 2011).

After the CSD, levels of [HbO] and [HbT] remain decreased,
while [HbR] remains elevated, characteristic of persistent olige-
mia or a reduction in local blood volume (epoch V, Figure 3C)
(Ayata and Lauritzen, 2015; Ayata et al., 2004). Together, these
findings emphasize that CSDs mediate changes in cortical func-
tion across the entire cortical hemisphere at a time point that far
precedes infarct development (Dreier et al., 2018; Lipton, 1999).
Indeed, the very ability to mount a CSD indicates that the tissue
is at this moment alive (Dreier et al., 2018). This temporal evolu-
tion is paramount as it situates CSDs at a critical time point in
which they can potentially shape whether tissue ultimately
goes on to recover or die. Furthermore, it emphasizes the
complexity of disentangling the consequences mediated by
the CSDs from the initial brain injury.

Subsequent CSDs are accompanied by variable
hemodynamic responses

While an initial CSD accompanied by vasoconstriction was uni-
formly observed across all mice, additional CSDs occurred in 6
of the 8 mice. In almost all cases, subsequent CSDs were of
lower amplitude than initial ones, as measured by percent
change in GCaMP fluorescence (Figures 5A-5D and summa-
rized across mice in Figure S4). There was also significant vari-
ability in the spatial spread and hemodynamic response to
each of these subsequent CSDs (Figures 2B and 2Di; Video S3).

As an example, Figures 5A-5D compares changes in GCaMP
fluorescence and hemodynamics during the first and second
CSDs for one mouse. Here, the second CSD propagates as an
arc whose wavefront is coincident with anincrease in [HbT] (hyper-
emia) in cortical regions more distant from the site of photothrom-
bosis (Figure 5C; Video S4). Neuronal and hemodynamic time-
courses extracted from four different regions of interest (ROls;
extending outward from the site of photothrombosis) reveal a com-
bination of vasoconstriction and vasodilation responses to the
passing CSD wave, which itself has a very different spatiotemporal
profile to the first CSD wave (Figures 5B and 5D). First and second
CSDs observed in two additional mice are shown in Figure S5.

To establish a framework for understanding these widely vary-
ing CSDs and neurovascular responses in different mice, we
extracted neural and hemodynamic signals from four regions of in-
terest, ranging in distance relative to photothrombosis sites across
all animals. To assess neuronal activity in each region, the peak
amplitude, onset speed, and duration of increased GCaMP fluo-
rescence for each CSD event were quantified. Region-specific he-
modynamic responses to each CSD were classified as either
constriction, biphasic (constriction followed by a dilation), or dila-
tion events. Results for all mice are compared in Figure S4. This
summary illustrates that a single CSD event can elicit spatially var-
ied neurovascular responses, and that the same cortical region
can respond differently over time to successive CSDs.

To compare constriction, biphasic, and dilation response
types, all neural and hemodynamic time-courses were aligned
to their respective neural CSD onset times, baseline-subtracted
relative to the beginning of each CSD, grouped by neurovascular
response type, and averaged (Figure 5E). Initial vasoconstriction
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Figure 4. Initial CSDs are accompanied by vessel constriction

(A) Time-sequence of zoomed-in grayscale maps of a pial artery and vein in the
hemisphere ipsilateral to photothrombosis site showing visible arterial
constriction (top) and little change in venous diameter (bottom).

(B) Plot shows percentage change in both arterial (A) and venous (V) diameters
relative to pre-CSD baseline as a function of time in a representative animal.
GCaMP fluorescence shown with dotted gray traces (dark gray for arterial
region A, and light gray for venous region V) emphasize that constriction oc-
curs concurrently with the CSD.

(C) Average maximum change in diameters of arteries and veins across the
cortex are plotted. Error bars denote standard deviation of the mean. Three
arteries and three veins in each hemisphere, totaling twelve vessels, per
mouse were evaluated and only ipsilateral arteries exhibit a significant
constriction (Student’s t test; **p < 0.001; n = 8 mice). See also Figure S3 and
STAR Methods for calculations.

responses (Figure 5Ei) were averaged separately from subse-
quent vasoconstrictions (Figure 5Eii), as they have distinct
response properties.

These averaged responses reveal that CSD-evoked vasocon-
strictions appear to occur in cortical regions where the neuronal
depolarization has rapid onset, high amplitude, and/or longer
duration as it passes through. All initial CSDs are characterized
by this neuronal signature and thus trigger profound vasocon-
striction across all animals (Figure 5Ei). Conversely, regions
where the CSD has a more gradual onset, reaches a smaller
peak, and recovers more quickly are more likely to exhibit
some level of vasodilation (Figure 5Eiv).

6 Cell Reports 37, 109794, October 5, 2021

Cell Reports

As a general pattern, we notice that all neurovascular
response profiles shown in Figures 5Ei-5Eiv can be explained
by the combination of an initial vasoconstriction followed by
a vasodilation that begins around the same time at which
GCaMP reaches its peak value (i.e., the time at which neural re-
covery begins, indicated by vertical dotted lines), and peaks
around when GCaMP returns to baseline. Careful examination
of these inflection points indicates that depolarization recovery
precedes the cessation of vasoconstriction by 4.15 + 1.67 s for
the first CSD constriction, 5.67 + 1.26 s for biphasic responses,
and 0.82 + 1.00 s for dilation responses. This sequence sug-
gests that neuronal recovery is not the result of restored
perfusion.

Recognizing this pattern, we see that if a smaller or slower
CSD reaches its GCaMP peak quickly, before significant vaso-
constriction has occurred, the net hemodynamic response will
be a delayed vasodilation (Figure 5Eiv). Meanwhile, both
constriction and biphasic events initiate similarly, with vasocon-
striction beginning as the GCaMP signal rises (Figures 5Eii and
5Eiii). If GCaMP fluorescence peaks quickly enough, vasodila-
tion results in a hemodynamic overshoot yielding a biphasic
response (Figure 5Eiii). However, if GCaMP signals are either
very high, as in initial CSDs, or sustained, as in subsequent
CSD-induced constrictions, the vasodilation phase does not
overcome the hypoperfusion in that region (relative to the pre-
CSD baseline level) and hyperemia above baseline is not
observed. These findings suggest that a cortical region’s net
neurovascular response to a CSD depends on how quickly that
region is able to repolarize and recover from the effects of
each successive passing CSD.

The patterns above focused on relative changes in neural and
hemodynamic signals during a CSD. However, we also noted
significant differences in pre-CSD baseline levels for the different
CSD neurovascular response types. Figure 5F compares
pre-CSD GCaMP and hemodynamic baseline levels for each
neurovascular response type in both ipsilateral and contralateral
regions. Regions exhibiting vasoconstriction in response to a
non-initial CSD show significantly lower levels of initial [HbT]
and [HbQ] and higher levels of [HbR] relative to pre-initial CSD
baseline (Figure 5Fii-5Fiv), while GCaMP fluorescence in these
regions was elevated compared to pre-initial CSD baseline (Fig-
ure 5Fi). Cortical regions exhibiting biphasic hemodynamic re-
sponses to a non-initial CSDs (Figures 5Fii-5Fiv) also showed
lower levels of initial [HbT] and [HbO] and higher levels of
[HbR], although to a lesser degree than regions that undergo
constriction and have relatively unchanged levels of baseline
GCaMP fluorescence (Figure 5Fi). Cortical regions exhibiting
pure vasodilation (Figure 5Fii-5Fiv) showed the smallest reduc-
tion in pre-CSD [HbT] and [HbO] but also had lower GCaMP fluo-
rescence levels than pre-initial CSD levels. For all CSD events,
contralateral values were relatively less affected, confirming
that the observed differences cannot be accounted for by sys-
temic effects.

These findings indicate that there is heterogeneity in the base-
line GCaMP and perfusion levels of the cortex after the initial
CSD and that this baseline state is a determining factor in a re-
gion’s ability to respond to subsequent CSDs with dilatory,
biphasic, or constriction responses.
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Figure 5. Heterogeneity in vascular responses to successive CSDs

(A and B) Cortical maps (A) and time courses (B) of GCaMP fluorescence (top) and total hemoglobin (bottom) for an initial CSD in one mouse. GCaMP maps
highlight the uniform circular pattern of the initial CSD. Total hemoglobin maps and time courses show that all regions across the hemisphere predominantly
exhibit intense vasoconstriction in response to an initial CSD.

(C and D) Cortical maps (C) and time courses (D) of GCaMP fluorescence (top) and total hemoglobin (bottom) for a second CSD in the same mouse. In this
example, the second CSD propagated outward as a moving arc. Hemoglobin maps and traces show a biphasic hemodynamic response to this CSD. See Video
S4 for video of both CSD events and Figure S5 for additional examples.

(E) CSD event-aligned averages of AGCaMP, A[HbT], A[HbO], and A[HbR] for all CSDs across all animals. Each trace was subtracted by its respective baseline
prior to averaging (see STAR Methods). Traces were categorized into (i) responses to initial CSDs, (i) subsequent constrictions, (jii) biphasic, and (iv) dilation
responses. Shaded area indicates standard error across eight animals (N value indicates the numbers of traces included in each average). Horizontal dotted lines
show the peak GCaMP value, while vertical dotted lines show the time of vasodilation onset. On average, the GCaMP peak slightly preceded the onset of
vasodilation by 4.15 + 1.67 s* for the first CSD constriction, 5.67 + 1.26 s** for biphasic responses, and 0.82 + 1.00 s for dilation responses (values shown as mean
+ SD. Paired t test; *p < 0.05; **p < 0.01).

(legend continued on next page)
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Spatially heterogeneous sustained effects of
subsequent CSDs

The apparent dependence of neurovascular responses to CSDs
on baseline cortical conditions prompts the question of how
these baseline conditions progress and change with repeated
CSD events. WFOM enables spatial mapping of the cumulative
effects of CSDs on both neuronal intracellular calcium and
cortical hemoglobin levels, thus allowing us to explore this
progression.

Figure 6B shows neuronal and hemodynamic time-courses
extracted from three regions of interest (indicated in Figure 6A)
in a mouse that had 7 CSDs. Figure 6Di depicts the spatiotem-
poral spread of each successive CSD, while Figure 6Dii-6Dv
show the post-CSD levels of GCaMP, [HbT], [HbO], and [HbR]
relative to baseline levels before the first CSD. To confirm that
these cumulative effects were not due, in part, to prolonged
anesthesia or physiological decline, an additional control exper-
iment was performed in an awake mouse, with equivalent anal-
ysis shown in Figure S6.

One striking cumulative effect seen across mice was a cen-
tral region of sustained GCaMP fluorescence, which gradually
increased in area with each additional CSD (Figures 6C, 6Dii,
and S6Cii; Video S3). This sustained level of high GCaMP fluo-
rescence likely indicates an inability of the neuronal tissue to
restore its prior transmembrane ion gradients and membrane
potential. The stepwise growth of the sustained GCaMP fluo-
rescence area mirrors that observed in the growing central re-
gion of decreased [HbT] and thus oligemia (Figures 6Diii and
S6Ciii). While gradually increasing ischemia might be expected
as a result of photothrombosis, this distinct spatial pattern of
decreased [HbT] suggests that regions of sustained depolari-
zation may also be experiencing microvascular vasospasm.
During subsequent CSDs, these regions typically showed min-
imal changes in both GCaMP fluorescence and hemoglobin
concentration and thus were not included in the analysis
shown in Figures 5E and 5F (and are denoted as X in
Figure S4).

Beyond these core changes, cumulative changes were also
observed in more distant cortical regions. As noted already in
Figure 3C’, we see clear evidence of progressive post-CSD oli-
gemia, which is a well-documented effect of CSDs (Ayata,
2013; Ayata et al., 2004). The post-CSD [HbT] maps after the
initial CSD show that the shape of this area of oligemia and hyp-
oxia closely matches the domain of the first CSD (Figures 6Diii
and S6Ciii). With each successive CSD, these areas around the
photothrombotic core show gradually decreasing [HbO] and
increasing [HbR] consistent with worsening ischemia, with the
different spatial pattern of each CSD (Figure 6Di) introducing
more regional heterogeneity (Figure 6Div-6Dv). Of note, the
reduction in both HbT and HbO and the increase in HbR due
to photothrombosis (epoch II; Figure 3C) is relatively mild
compared to the post-CSD oligemia (Figure 6D; CSD7). These
data suggest that CSDs drive expanding ischemia in the acutely
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injured brain at an early time-point that precedes neuronal
death.

Post-CSD decreases in baseline GCaMP fluorescence are
also observed in more distant regions (also visible in Figures
5A, 5C, and S5) and overlap with regions of oligemia and cortical
ischemia. This decrease may represent a change in baseline
neural activity in response to decreased energy availability. Anal-
ysis in Figure 5F suggests that these regions might be expected
to better tolerate subsequent CSDs via vasodilatory responses.
Notably, with additional CSDs, these darker regions become
less prominent as the central bright core region spreads, tending
toward the high baseline GCaMP condition prone to CSD-
induced vasoconstriction (Figure 5F) and thus exacerbation of
metabolic tissue damage.

We note also that the propagation trajectories of successive
CSDs vary in shape and spread non-uniformly (Figure 5DI; Video
S3). This additional heterogeneity could be influenced by the
ability of cortical tissue at the wavefront to generate neuronal de-
polarization or may reflect the inability of the wave to travel uni-
formly through tissue that is heterogeneously accumulating
damage (Ayata and Lauritzen, 2015).

The time-courses in Figure 6B underscore how all of these
heterogeneous factors impact the regional dependence of the
cortical response to each CSD. Although the strong initial
CSD induces uniform vasoconstriction, subsequent CSDs are
accompanied by a range of vascular responses that ultimately
progress back to pure vasoconstriction, oligemia, ischemia,
and elevated GCaMP. The same sequence was observed in
an awake mouse, confirming that this progression is not the
result of the type, duration, or level of anesthesia. The type of
neurovascular response generated clearly depends heavily on
the pre-CSD baseline and the temporal shape of each CSD,
which in turn depends on the trajectory of damage of a given
cortical region based on the spatial pattern and amplitude of
prior CSDs.

DISCUSSION

CSDs have emerged as common pathophysiological events in
a number of diseases, including ischemic stroke, traumatic
brain injury, and subarachnoid hemorrhage (Dohmen et al.,
2008; Dreier et al., 1998; Hadjikhani et al., 2001; Hubschmann
and Kornhauser, 1980, 1982; Lauritzen, 1994; Pietrobon and
Moskowitz, 2014). This phenomenon, which was first thought
to be an experimental oddity (Leao, 1944), is now recognized
as a potentially major contributor to the progression of tissue
damage in human brain injury (Dohmen et al., 2008; Dreier
et al., 2006; Hartings et al., 2009). Although CSDs associated
with migraine with aura are often considered benign, we also
note that migraine with aura has been identified as an indepen-
dent risk factor for ischemic stroke (Etminan et al., 2005). While
extensive studies using in vivo imaging and electrophysiolog-
ical tools have significantly increased our understanding of

(F) Bar plots show the averaged non-zeroed starting values for each trace used in (B). Error bars indicate standard error across traces. Saturated colors
correspond to ROIs taken from the ipsilateral hemisphere, while faded colors correspond to ROIs taken from the contralateral hemisphere. Paired t tests were
used to quantify differences in pre-CSD values of GCaMP AF/F, [HbT], [HbO], and [HbR] across first CSDs, constrictive, biphasic, and dilatory vascular responses

(Paired t test; *p < 0.05; **p < 0.01).
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Figure 6. Characterization of the cumulative effects of successive CSDs

(A) Grayscale cortical image shows the ROlIs used for the time courses in (B) and their relative locations to the laser focus.

(B) GCaMP AF/F, [HbT], [HbQ], and [HbR] traces extracted from two ipsilateral regions, R1 and 2, and one contralateral region, R3, indicated by boxed ROIs in the
raw cortical image in (A).

(C) Plot shows percentage increase in area of the region with sustained GCaMP fluorescence (relative to post-CSD1) following successive CSDs in each mouse.
See STAR Methods for details on how percentage growth was calculated.

(D) (i) Cortical maps color-coded by time, showing the propagation dynamics of each CSD for an animal that experienced 7 CSDs (denoted as CSD1-CSD7, see
STAR METHODS). See also Video S3 for full movies of these events. (ji-v) Cortical maps showing post-CSD levels of GCaMP AF/F, [HbT], [HbO], and [HbR]
respectively 5 s after the completion of each CSD event. The spatial maps highlight the growing areas of elevated GCaMP fluorescence and accompanying
hypoperfusion after each successive CSD.

CSDs (Ayata et al., 2004; Balbi et al., 2021; Bauer et al., 2014;
Ostergaard et al., 2015; Strong et al., 2006), they have thus far
failed to capture a comprehensive, bilateral view of both neural

activity and hemodynamics, and the spatiotemporal evolution
of CSDs at the moment of and after the onset of acute brain
injury. Reliance on hemodynamic-only imaging, invasive
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techniques, and inconsistent experimental paradigms have re-
sulted in conflicting findings across different studies that have
been challenging to reconcile (Ayata and Lauritzen, 2015).

Understanding variability in neurovascular responses to
CsD

A wide range of different neurovascular responses to CSDs have
been reported across species and disease states. Many studies
have observed a primarily hyperemic or vasodilatory response in
rats but a vasoconstriction response in mice (Ayata et al., 2004;
Shin et al., 2006). However, under pathological conditions, CSDs
can be accompanied by varying levels of vasoconstriction in
both rodents and humans (Ayata, 2013). The widely varying he-
modynamic responses to CSDs observed across rodent studies
and patient cohorts has been difficult to explain, leading many to
question whether and how CSDs ultimately influence clinical out-
comes (Ayata and Lauritzen, 2015).

In this study, we observed a high-amplitude CSD in every
mouse following onset of photothrombosis. Each initial CSD
was accompanied by a spatially matched but temporally lagged
strong vasoconstriction whose amplitude and range far outstrip-
ped the small and localized hemodynamic changes caused by
the photothrombosis itself. Subsequent CSDs occurred in
most mice and were much more variable in amplitude, spatial
spread, and duration. These subsequent CSDs were accompa-
nied by more widely varying hemodynamic responses, from con-
strictions to biphasic and dilatory responses.

By analyzing these responses, we recognized that in cases
where we observed vasodilation in mice, the CSD was small,
had a slow onset, or baseline perfusion levels were relatively
high and baseline GCaMP levels were reduced. Biphasic
vascular responses were observed under conditions in which
the CSD was relatively larger and more rapid, but the depolariza-
tion was not sustained. CSDs of higher amplitude, rapid onset,
sustained depolarization, and those occurring in cortex with
decreased [HbT], elevated [HbR] and high baseline GCaMP
levels drove vasoconstriction with no hyperemia. Our analysis
confirmed that the same CSD could cause different hemody-
namic responses in different regions of the cortex, while the
same area of cortex can show different hemodynamic responses
to different CSDs. These findings lead us to conclude that the
temporal shape of the hemodynamic response to a given CSD
is resource- and rate-dependent, and that the distinction be-
tween whether a net CSD response is vasoconstrictive or vaso-
dilatory is dependent on the dynamic properties of the CSD
relative to the underlying metabolic landscape. This tissue-state
dependence may provide a more unified explanation for the
widely varying hemodynamic responses to CSD seen in prior an-
imal and clinical studies. For example, this model is consistent
with clinical observations of CSD-induced vasoconstriction in
aneurysmal subarachnoid hemorrhages (aSAHSs) being corre-
lated with CSDs of a longer duration and greater frequency. In
addition, while vasoconstriction responses to CSDs have been
seen in malignant cerebral infarction (MCI), cortical regions
further from the infarct core are more likely to show CSD-induced
hyperemia (Dreier et al., 2006, 2009).

The combination of neurovascular mechanisms responsible
for the constriction and dilation components of the CSD hemo-
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dynamic response and how they might be modulated by cortical
state remain uncertain (Ayata and Lauritzen, 2015). However, we
note that other major neuronal events such as interictal dis-
charges and seizures elicit relatively normal hyperemia re-
sponses (Montgomery et al., 2020), suggesting the involvement
of potentially CSD-specific mechanisms in driving vasoconstric-
tions. As such, CSD-evoked vasoconstriction may not represent
a simple “inversion” of normal neurovascular coupling but rather
demonstrate the net dominance of a vasoconstrictory mecha-
nism for a given CSD and cortical condition (Hartings et al.,
2017; Hinzman et al., 2014).

Our results may also help to explain the wide variability in CSD
responses observed in studies that have used open cranial win-
dows or the insertion of invasive electrodes or probes. Since
CSDs can be induced in the cortex with a simple pin prick,
they are thus likely to be evoked during surgical preparation or
electrode insertion. Our WFOM method captured both neuronal
GCaMP and hemodynamics through a thinned-skull preparation
and enabled continuous imaging before, during, and after initia-
tion of photothrombosis. With this minimally invasive approach,
we observed marked differences between hemodynamic re-
sponses to the first CSD and subsequent CSDs, as well as
persistent changes in neural activity and baseline [HbT] following
the first CSD. Therefore, as previously proposed (Chang et al.,
2010; Tomida et al., 1989), studies using invasive preparations
may have been unable to capture the full evolution of CSDs
and cumulative tissue damage starting from naive tissue, making
the diversity of vascular responses observed across different
experimental paradigms more challenging to reconcile.

A further potential contributor to varying neurovascular re-
sponses seen in prior CSD studies may have been the use of
KCI for non-pathological CSD induction (Ayata et al., 2004;
Chen et al., 2006). While high levels of potassium ions can induce
CSDs, potentially modeling high potassium levels caused by
ischemia (Dreier and Reiffurth, 2015), potassium levels can
also independently and differentially modulate the cortical
vasculature in a concentration dependent manner (Longden
et al., 2017; Chang et al., 2010). Excessive application of KClI
to the pial surface could thus contribute to or alter the neurovas-
cular response to CSDs generated in this way (Chang et al.,
2010). Species-dependent effects could reflect the differential
sensitivity of cerebral vessels in rat and mouse to elevated extra-
cellular potassium concentrations (Ayata et al., 2004).

Cumulative and spatially heterogeneous effects of

CSDs

Consistent with prior studies, we observed persistent cortical oli-
gemia and ischemia as well as alterations in baseline neural
activity for over an hour after passage of a CSD. With each addi-
tional CSD, we observed worsening oligemia and ischemia
across an area that far outreached the relatively small territory
of the photothrombosis. These CSD-evoked, cumulative
changes provide a mechanism for the heterogeneous shifts in
baseline perfusion, ischemia, and GCaMP levels that we
observed to shape the cortical hemodynamic response to sub-
sequent CSDs. Thus, if the neurovascular response to a given
CSD depends on the baseline hemodynamic and metabolic
state of the cortex through which it is passing, the persistent
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impact of prior CSDs has the potential to create a vicious circle of
accumulating damage, where oligemia and ischemia worsen
further with repeated waves of vasoconstriction (Ayata, 2013;
Dreier and Reiffurth, 2015).

Recording from the onset of photothrombosis onward also al-
lowed us to observe a distinct core region of persistently high
GCaMP fluorescence remaining after the first CSD. This core re-
gion appeared to serve as the starting point for subsequent
CSDs and increased stepwise in area with successive CSDs, ex-
tending beyond the territory of the initial photothrombotic area.
This “bright” region may represent irreversible CSD-evoked
damage wherein neurons exhibiting sustained, elevated levels
of GCaMP are unable to recover because of inadequate meta-
bolic capacity, and which if left unresolved may lead to cell death
(Hartings et al., 2003; Shin et al., 2006). These regions with sus-
tained GCaMP levels also co-localized with strong decreases in
local [HbT] and reduced vascular reactivity, suggestive of vaso-
spasm, which might further exacerbate metabolic stress and
could plausibly play a role in obstacles to clinical stroke manage-
ment, such as impaired drug delivery and reperfusion failure after
clot removal.

In addition to ischemic effects, cytotoxic edema associated
with CSDs can also lead to blood-brain barrier disruption and
vasogenic edema, which can further contribute to disturbed tis-
sue perfusion in these boundary regions, exacerbating tissue ex-
citotoxicity, inflammation, and neuronal injury (Dreier et al., 2018;
Gursoy-Ozdemir et al., 2004; Simard et al., 2007). In clinical
stroke, the ischemic penumbra is characterized by hypoper-
fused, electrophysiologically silent tissue surrounding the
ischemic core that is viable but at risk of infarction (Astrup
et al., 1977) and has thus has been the focus of clinical research
and stroke therapeutic development (Lo, 2008; Ramos-Cabrer
et al., 2011). Our results strongly support that CSDs could be a
major catalyst in penumbral expansion, propagating electrical
and biological damage beyond the primary region of impaired
perfusion caused by the primary ischemic injury (Lauritzen
etal., 2011).

Imaging both neuronal and hemodynamic activity is
crucial for understanding CSD variability

Data presented here were acquired with a customized imple-
mentation of WFOM, which simultaneously captured intracel-
lular calcium dynamics in excitatory neurons (via GCaMP
fluorescence) and cortical hemodynamics across the entire dor-
sal cortex during acute photothrombosis. A marked benefit of
GCaMP imaging over point electrophysiology is the ability to
non-invasively analyze both the amplitude and spatiotemporal
trajectories of each individual CSD across almost the entire cor-
tex. This feature permitted us to observe the widely varying,
spatially dependent amplitudes, speeds, and spatial spreads
of successive CSDs that appear to influence the tissue’s result-
ing neurovascular response. Although visualization of CSDs us-
ing GCaMP fluorescence has been previously performed (Balbi
et al.,, 2017, 2021), our simultaneous visualization of hemody-
namics permitted spatiotemporally precise comparisons of
neurovascular responses to multiple spontaneously occurring
CSDs. WFOM also enabled quantification of progressive
changes in baseline oligemia and cortical ischemia, which pro-
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vided a more comprehensive depiction of interdependencies
between the CSD-induced vascular response and heterogene-
ity in the underlying cortical hemodynamic state. Our GCaMP
observations also underscore the potential ambiguity of differ-
entiating the effects of photothrombotic occlusion and CSDs
from measurements of cortical blood flow alone. With only he-
modynamic readouts, temporal delays and spatially dependent
differences in neurovascular responses to CSDs will obscure
the true amplitude, propagation pattern, and residual effect of
the neuronal CSD wave.

Limitations of the study

Limitations of wide-field neuronal GCaMP imaging include the
range of different cellular factors that can alter intracellular cal-
cium levels. Under normal physiological conditions, increases
in GCaMP fluorescence correlate with action potentials (Chen
et al.,, 2013), but subthreshold activity and subtle changes in
voltage gating will not be represented. However, GCaMP fluo-
rescence can also report changes in the calcium homeostasis
of neurons, which could be influenced by other drivers of calcium
influx such as neuronal cell death. The large negative DC poten-
tial shift observed during CSDs is known to correlate with a
decrease in extracellular calcium (Dreier, 2011; Hansen and
Zeuthen, 1981; Windmuller et al., 2005), which in turn correlates
with an increase in neuronal intracellular calcium (Gniel and Mar-
tin, 2010). It is thus likely that a component of the elevated
GCaMP fluorescence observed during CSDs corresponds to
this effect. Further studies are thus needed to fully interpret the
neuronal GCaMP signals observed in this study, particularly
the residual increases and decreases in baseline GCaMP fluo-
rescence observed after each CSD, which could represent a
combination of changes in neuronal firing and pathological in-
creases or decreases in neuronal calcium homeostasis.

CSDs are a complex phenomenon involving interactions be-
tween various cell types at different stages of cortical injury
(Dreier and Reiffurth, 2015). Additional studies could thus include
expressing GCaMP (or contrasting genetically encoded calcium
indicators) in other cell types, including other sub-populations of
excitatory neurons, interneurons, astrocytes, and microglial
cells, in addition to dye-based assessment of blood-brain barrier
integrity; all of which could reveal many additional components
of the effects of CSDs on the pathophysiology of brain injury. A
further valuable addition would be the comparison between
WFOM observations during the acute phases of photothrombo-
sis and contrast observable in diffusion and perfusion magnetic
resonance imaging (MRI). Such a comparison could potentially
reveal clinical biomarkers for CSD-related damage that could
better guide clinical decision making (Motta et al., 2015. While
the size of our cohort was limited, the fact that CSDs were
observed in every single mouse suggests that CSDs are far
more common in patients with acute brain injury than currently
appreciated.

The aim of the present study was to investigate the spatiotem-
poral neurovascular dynamics of CSDs in the acute period after a
photothrombosis insult. Further studies are needed to explore
the longitudinal consequences of the cumulative impact of mul-
tiple CSDs during recovery. Although the majority of mice in this
study were imaged under urethane anesthesia, our results in
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awake, freely behaving mice emphasize the potential to use
WFOM to investigate how changes in the acute period after brain
injury influence or predict longitudinal changes in tissue viability,
neuronal activity, and hemodynamic response. Of particular in-
terest is whether regions of persistently increased GCaMP fluo-
rescence represent cortical tissue that is susceptible to cellular
death if timely therapeutic intervention is not provided.

Finally, we note that our study only included female mice to
reduce sex-dependent variability. Female mice are generally un-
derrepresented in stroke research, and there exist many sex dif-
ferences in the occurrence and outcomes of stroke in humans
(Dotson and Offner, 2017). Further studies are thus needed to
confirm whether there are sex differences in the properties of
CSDs identified here, and how such differences might play a
role in stroke outcomes and potential therapeutic targets.

Summary

This study leveraged in vivo WFOM in transgenic mice to provide
important insights into the neurovascular properties of CSDs in
the injured cortex. Our results demonstrated that the amplitude,
timing, and spatiotemporal patterns of CSDs, and their neuro-
vascular responses, can be highly variable. Importantly, succes-
sive CSDs were observed to drive heterogeneous tissue damage
far beyond the region of initial insult, altering the baseline perfu-
sion and metabolic state, which in turn shaped the hemody-
namic response to subsequent CSDs. The tendency of cortical
regions with lower baseline perfusion to elicit vasoconstrictive
hemodynamic responses to subsequent CSDs supports a
potentially vicious cycle that could significantly exacerbate
cortical damage. These results suggest that in the setting of
ischemic stroke, CSDs could be a significant contributor to the
progression of metabolic stress and tissue damage even after
the restoration of blood flow. The highly variable and cumulative
effects of CSDs that we observed may also explain why minor
brain insults, regardless of size or location, can result in signifi-
cant deficits and poor outcomes in certain patients, while leading
to minimal damage in others.

These results strongly support the idea that CSDs could be a
major contributor to secondary progression of tissue damage
during and after acute brain injury, emphasizing CSDs as a po-
tential therapeutic target. More rigorous clinical evaluation of
CSD occurrence and properties could provide an improved
foundation for personalized treatment strategies to inhibit sec-
ondary progression in acute brain injury.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Rose Bengal Millipore-Sigma 330000

Experimental models: Organisms/strains

Mouse: C57BL/6J-Tg(Thy1-GCaMP#6f) Jackson Laboratory 025393
GP5.17Dkim/J

Software and algorithms

MATLAB 2016a - 2019b MathWorks https://www.mathworks.com/products/
matlab.html

FlJI/Imaged NIH https://imagej.net/Fiji

Modified Beer-Lambert Conversion Ma et al., 2016a https://www.ncbi.nlm.nih.gov/pmc/

Excitation-Emission Hemodynamic articles/PMC5003860/

Correction

Temporal-Color Code Imaged Plugin GitHub https://github.com/fiji/fiji/blob/master/

plugins/Scripts/Image/Hyperstacks/
Temporal-Color_Code.ijm

RESOURCE AVAILABILITY

Lead contact
Further information and requests and for reagents and resources should be directed to the Lead Contact, Elizabeth Hillman (eh2245@
columbia.edu).

Materials availability
No new or unique reagents were generated in this study.

Data and code availability

® The data shown in this study will be shared by the lead contact upon reasonable request.

® Analysis code used for this study are available from the lead contact upon reasonable request.

o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reason-
able request. Please direct all requests to Elizabeth Hillman (eh2245@columbia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal procedures were reviewed and approved by the Columbia University Institutional Animal Care and Use Committee
(IACUC). Adult female Thy1-GCaMP6f mice (Jackson Labs; C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J) were weaned at postnatal
day 21 and housed with littermates in temperature and humidity controlled facilities with 12-hour light/dark cycles and ad libitum food
and water.

METHOD DETAILS

Animal preparation and photothrombosis model

Thy1-GCaMP6f C57BL/6 transgenic mice express the genetically-encoded intracellular calcium indicator GCaMP throughout excit-
atory neurons of layers 2/3 and 5 (Chen et al., 2012). Increases in intracellular calcium cause an increase in the intensity of fluores-
cence that can be measured as an indicator of neural activity. Here, adult female Thy1-GCaMP6f C57BL/6 mice (4 months to 1 year
old) were anesthetized with 1.5 mg/kg urethane and placed in a mouse stereotax (Kopf) on an electrical heating pad, where the rectal
temperature was maintained at 36.5 + 0.5°C. The skin and connective tissue over the surface of the brain were removed, and the
entire bilateral dorsal surface of the skull was thinned to translucency and covered with a layer of cyanoacrylate glue (Figure 1B).
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A custom laser-cut headplate was then glued to the skull in order to fix the mouse into the imaging rig. Female mice were used to
reduce the impact of sex-dependent variability, although the limited research has thus far shown no sex differences with respect
to vascular responses to CSDs (Yuzawa et al., 2012).

A photothrombotic model was used following initial baseline imaging (Labat-gest and Tomasi, 2013). Rose Bengal (Sigma), a light-
activated photothrombotic agent was administered via intraperitoneal injection (10 uL/g at 15 mg/mL). A green (532 nm, 3-5 mW at
the skull) laser was then focused onto a branch of the middle cerebral artery (MCA) supplying the somatosensory cortex. Functional
imaging began before laser induction and continued for 2.5 hours after laser induction. Imaging continued during Rose Bengal admin-
istration and throughout laser-activated photolysis lasting 20 minutes, after which the laser was turned off and imaging continued.

Wide-field optical mapping (WFOM)
Neuronal activity and hemodynamics were captured using WFOM of GCaMP fluorescence and hemoglobin absorption (Bouchard
et al., 2009; Ma et al., 2016a) (Figure 1A). The cortex was illuminated with consecutively strobed blue (Thorlabs, M490L4), amber
(Thorlabs, M595L3) and red (Thorlabs, M625L3) LEDs, with bandpass filters (Thorlabs MF460/60, Semrock FF02-586/15-25, and
Semrock FF01-623/24-25 respectively). A Semrock FF01-496/LP-25 long-pass filter and Thorlabs NF533-17 notch filter were
used to block blue excitation light in order to image green GCaMP fluorescence, and to remove contamination from the green laser,
respectively (Figure 1C). These filters were placed between the imaging lens (Nikon Micro-Nikkor 60 mm F/2.8) and an Andor Zyla
sCMOS camera. LEDs were strobed in sequence, synchronized using the frame exposure signal from the camera to collect inter-
leaved images of the cortex at each wavelength in turn. In some experiments, an Andor iXon 897 EMCCD camera was used,
achieving equivalent results to the Zyla.

lllumination wavelengths were carefully chosen to enable efficient excitation of GCaMP, in addition to illumination with focused
532 nm laser light for photothrombosis, and imaging of oxy- and deoxy-hemoglobin (HbO and HbR) concentrations without contam-
ination from the absorption cross-section of Rose Bengal (Figure 1D). Baseline resting state activity was collected in sequential 60 s
trials. Imaging data was acquired for one hour prior to photothrombosis and 2.5 hours thereafter.

QUANTIFICATION AND STATISTICAL ANALYSIS

Conversion and correction of WFOM data

As shown in Figure 1C, cortical images acquired under amber illumination are targeting an isosbestic point in the hemoglobin spec-
trum, yielding sensitivity primarily to oxygenation-independent changes (i.e., total hemoglobin, HbT). Red illumination provides im-
ages that are primarily sensitive to changes in deoxy-hemoglobin. Combining these two measurements permits estimation of
changes in the concentrations of HbO, HbR, and HbT, where HbT is the sum of HbO and HbR. Spectral conversion was performed
as described previously using the modified Beer-Lambert law with Monte Carlo-derived wavelength-dependent pathlength factors
(Bouchard et al., 2009; Hillman, 2007; Ma et al., 2016a). Fluorescence measurements acquired during blue light illumination of the
cortex correspond to GCaMP fluorescence, but are multiplied by a spatiotemporal factor corresponding to changes in both oxy-
and deoxy-hemoglobin absorption that affect both the 488 nm excitation and 530 nm emission of GCaMP (Figure 1C). A correction
for this hemodynamic contamination was derived from the hemodynamic reflectance measurements and applied to the fluorescence
signal to yield a corrected AF/F as described in (Ma et al., 2016a). Validation described in the following section and presented in Fig-
ure S1 demonstrates that spectral conversion, the presence of Rose Bengal, and the hemodynamic correction of GCaMP fluores-
cence did not affect our observations or conclusions. For Video S2, spontaneous fluctuations in neural activity during the CSD was
obtained by further removing the large CSD signal. After converting raw signals to GCaMP fluorescence, as described above, the
data was then temporally smoothed with a 5 s sliding window and subtracted from the original signal on a pixel-by-pixel basis.

Verifying minimal effect of Rose Bengal on GCaMP signal correction

As shown in Figure 1, the absorption of Rose Bengal overlaps with the absorption of HbO and HbR, and therefore could contribute to
absorption crosstalk on GCaMP fluorescence. Standard correction methods for hemodynamic absorption crosstalk have been pre-
viously described (Ma et al., 2016a). For imaging trials acquired following Rose Bengal injection, we examined the effect of the dye on
GCaMP fluorescence calculations. This was done by modifying the absorption coefficient used for hemodynamic cross-talk correc-
tions by introducing a Rose Bengal concentration-dependent term:

Apas (1) = Enooa A[HDO](1) + Enora A[HDR] (1) + Ers 2 A[RB (1),

where 1,5 is the absorption coefficient, and &, and [X] are the wavelength-dependent extinction coefficient and concentration for
each absorber, respectively. While we cannot measure the exact concentration of Rose Bengal, we assume that it will affect the over-
all amber reflectance and therefore the calculated [HbT] by a factor, RB = 0.17. This factor was estimated based on the injected
amount of dye and the assumption that an average mouse has a blood volume that is about 7% of its body weight (McClure,
1999). Thus, the equation above can be rewritten as follows:

A],La,)\ (t) = EHbO,)\A[HbO] (t) + EHbR_')\A[HbR] (t) + ERB,XA(RB * [HbT])(t)
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where [HbT] = [HbOJ+[HbR]. A comparison of the GCaMP signal with and without correction for Rose Bengal is shown in Figure S1.
For the purposes of this comparison, we assumed no dye clearance in order to determine the maximum effect Rose Bengal could
have on fluorescence data over time. Even under this assumption, Rose Bengal is seen to have minimal effect on fluorescence.

Data analysis

In order to determine the speed of propagation of the CSD, we calculated the geodesic distance of each pixel along the leading edge
of the wave relative to the centroid point of CSD onset. Distances were assessed at 10 s intervals and averaged for each interval.
Standard deviation of the propagation speed shows the variability in speed around the CSD. To ensure that the increase in fluores-
cence signal was not due to hemodynamic cross-talk, we determined the time lag between onset times of reflectance and fluores-
cence channels (Figure S3A-B’). Onset time was calculated as the time at which the first derivative of a signal is at a maximum. The
time lag between channels was calculated as the difference in time between when the first derivative of the reflectance channels and
fluorescence channel each reach their respective maxima.

To determine changes in hemodynamics due to photothrombosis versus CSD, two regions were selected, one immediately around
the site of the laser focus (labeled P) and one more distal region (labeled D) that lay in the path of the initial CSD propagation (Fig-
ure 3B). Specific epochs of interest were chosen as follows: [I] after the induction laser is turned on, [II] one minute prior to CSD onset,
[IN] during CSD onset, [IV] peak of CSD, and [V] after recession of CSD as indicated by when the gradient of the GCaMP signal returns
to zero. At each time point, neural and hemodynamic values were obtained by averaging all pixels within each ROI (P and D) over
500 msec (Figure 3C). Student’s t tests were used to evaluate whether signal changes at each time point differed significantly
from baseline in all 8 mice.

To confirm physical constriction, we evaluated vessel diameter by plotting pixel intensities of vessel cross sections from the raw
signal and calculating the full width half max (Figure S3C-E”). Vessel diameter values were calculated per frame over the course of a
CSD. Changes in intensity were normalized to pixels in the surrounding parenchyma for each vessel in order to control for any wide-
spread changes in tissue reflectance, and to ensure that changes in signal were truly due to diameter changes. To determine whether
the change in vessel diameter was significant (Figure 4C), Student’s t tests were used where zero mean indicated no diameter
change.

For analysis of subsequent CSDs, four regions were chosen ranging in distance from the photothrombotic core (R1-4 in Figures 5,
S4, and S5). Time courses were extracted by averaging over each region and smoothed using a moving average with a window size of
1 s. Amplitude was calculated as the peak fluorescence in that region over the course of each CSD. Duration was calculated as the
amount of time in which GCaMP fluorescence exceeded 50% of peak amplitude. Onset time was determined to be when the GCaMP
signal exceeded 10% of the peak amplitude and onset speed was calculated as the average rate of fluorescence increase from onset
time until the GCaMP signal reached 80% of its peak amplitude. These metrics are summarized in Figure S4. To extract baseline
values prior to each CSD, the entire imaging sequence was concatenated and average values for GCaMP, HbT, HbO, and HbR
over the 500ms prior to each CSD onset were calculated (Figure 5F). To obtain the event-triggered response traces in Figure 5E,
the GCaMP and HbT signals from each CSD were aligned to their onset times. Each trace was then subtracted by its respective base-
line value, as calculated in Figure 5F. Finally, all traces were grouped and averaged according to their response categories. Paired t
tests were used to compare all category pairings.

To determine growth of the persistently depolarized core after each CSD, grayscale maps of GCaMP fluorescence were obtained
after each CSD and thresholded for all pixels greater than 10% AF/F (Figure 6C). Maps were binarized so that only pixels above
threshold were given a value of 1. Any single pixels or clusters of less than 5 pixels in the binarized image were excluded. Percent
change in area was then calculated as the increase in the number of pixels with suprathreshold GCaMP fluorescence relative to
post-CSD1. To show the CSD dynamics encoded by time in Figure 6D(i), we first isolated the propagation of only the leading
edge of the CSD wave by subtracting each frame of the event from one 20 frames prior. We then applied an existing Temporal-Col-
or_Code plugin in ImagedJ (Schindelin et al., 2012; Schindelin et al., 2015) to the 3D matrix to color-code each event in time.

Cell Reports 37, 109794, October 5, 2021 €3




Cell Reports, Volume 37

Supplemental information

Neurovascular dynamics
of repeated cortical spreading depolarizations

after acute brain injury

Hanzhi T. Zhao, Mary Claire Tuohy, Daniel Chow, Mariel G. Kozberg, Sharon H.
Kim, Mohammed A. Shaik, and Elizabeth M.C. Hillman



SUPPLEMENTAL FIGURES

Figure S1. Comparison of corrected GCaMP signal with and without Rose Bengal factor in
a representative animal.

Figure S2. Neural activity after photothrombosis in a second representative mouse and a
saline-injected control.

Figure S3. Validation of vasoconstriction calculations.

Figure S4. Summary table of all metrics used for analysis of vascular response variability to
CSDs.

Figure S5. Additional examples of heterogeneous vascular responses to subsequent CSDs.

Figure S6. Characterization of the cumulative effects of successive CSDs in an awake,
behaving mouse to control for effects of anesthesia.
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Figure S1. Comparison of corrected GCaMP signal with and without Rose Bengal factor in a representative
animal. Regions both proximal and distal to the site of photothrombosis were selected as well as regions from the
contralateral hemisphere. No major differences were observed in corrected GCaMP signal with or without the Rose
Bengal factor across any cortical regions. Rose Bengal correction factor also did not affect any quantified
measurements shown in Results, such as vessel diameters, CSD speed and residual core growth, hemodynamic
response to CSDs, or post-CSD oligemia. See STAR Methods for calculations. Related to Figure 1.
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Figure S2. Neural activity after photothrombosis in a second representative mouse and a saline-injected control.
(A) Spatial maps show the propagation of an initial CSD. Boxes indicate ROIs used for the traces in B. (B) Full time
courses of GCaMP over 2+ hours of imaging for four ipsilateral regions and one contralateral region. Shaded areas
show the specific time points highlighted in C. Note that in this mouse, and in two others (M5 and M6), a small
positive GCaMP response and hyperemic HbT response were observed in the contralateral cortex (inset). The
contralateral change shown was spatially diffuse and temporally delayed by 18 seconds with respect to the peak of the
ipsilateral CSD. In some cases, a small representation of this delayed event was also visible in the ipsilateral GCaMP
signal. (C) 30-second traces of spontaneous GCaMP activity at each time point indicated in (B) for an ipsilateral (gray)
and contralateral (purple) region. (D-F) Neural activity during 532 nm laser illumination in a saline-injected control
mouse. (D) Grayscale image of the exposed cortical area. Boxes show the ROIs used for the traces in E. (E) GCaMP
traces for three ROIs over 60 minutes after saline-injection and turning on of the laser. Shaded areas indicate the
specific time points shown in F. (F) 30-second time courses of spontaneous GCaMP activity at each of the time points
indicated in (E) for one ipsilateral (black) and one contralateral (purple) region. Related to Figure 2.
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Figure S3. Validation of vasoconstriction calculations. (A) Grayscale image shows the region of interest used to
compare the timings of raw fluorescence and reflectance signals. (B”) Representative GCaMP fluorescence, amber,
and red reflectance traces show that increases in fluorescence precede changes in hemodynamics. (B’’) Onset time of
the signal rise was calculated as the time at which the first derivative of the signal is maximized. The time lag between
the rise of GCaMP fluorescence and amber/red reflectance averaged 1.83 sec (£ 0.5 sec, n=8) across all animals.
Shaded regions represent standard deviation. (C) Because there was overall brightening of the brain during a CSD, it
was necessary to ensure that the observed vasoconstriction was not an optical artifact. Grayscale image of the field of
view over which vessels were selected for analysis. Dark blue box highlights an example artery and cyan box
highlights an example vein. Cross-sections of arteries (D’) and veins (D’’) were selected and each time point was
plotted as a separate curve — low intensities corresponded to the vessels, while high intensities corresponded to the
brighter parenchymal pixels. The color transition of the curves from blue to red represents time from 0 to 60 seconds.
(E’) Each curve in D was normalized to the signal from the nearby parenchymal pixels to account for global tissue
intensity changes. This allowed for disambiguation of intensity changes due to constriction and global tissue
brightening. The full width half max was then calculated for each curve. A reduction in the full width half max
suggested a narrowing of the vessel, as shown in Figure 3A and B. (E’’) Identical analysis was done for veins, where
there was virtually no change in calculated diameter. Related to Figure 3 and 4.
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Figure S4. Summary table of all metrics used for analysis of vascular response variability to CSDs. Bar plots
show onset speed (teal), duration (grey), and amplitude (pink) for every CSD in every mouse. See STAR Methods for
details on how the plotted metrics were calculated. Icons indicate the type of hemodynamic response that occurred for
a given event. X’s indicate ROIs that were excluded from the averages in Figure 5B and C. Solid X’s represent regions
where persistent depolarization resulted in a lack of increased fluorescence during the CSD; Dashed X’s represent
regions that were not impacted by a given CSD. Time stamps (t = # min) indicate when each CSD occurred relative
to when the photothrombosis laser was turned on. The grayscale map shows the locations for each ROI relative to the
laser induction site in a representative mouse. Related to Figure 5 and 6.
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Figure SS5. Additional examples of heterogeneous vascular responses to subsequent CSDs. (A) Cortical maps and
(B) time courses show GCaMP (top) and [HbT] (bottom) during the initial CSD of an example mouse. (C) Cortical
maps and (D) time courses of GCaMP and [HbT] during the second CSD in the same mouse. (E-H) Cortical maps and
time courses for both the initial CSD and a second CSD in another example mouse. GCaMP maps in both additional
examples reaffirm that initial CSDs spread uniformly and radially. Total hemoglobin maps and time courses confirm
that hemodynamic responses to initial CSDs are vasoconstrictive. In these examples, the second CSDs showed varying
propagation patterns with M7 beginning radially and eventually forming a ring, and M2 spreading mostly into anterior
territories and leaving posterior ones unaffected. Hemoglobin maps and traces show that different regions within the
same event can exhibit different hemodynamic responses. Plot of total hemoglobin for M2 - CSD2 (H, bottom) shows
one vasoconstrictive region and three biphasic regions. Related to Figure 5, see also STAR Methods.
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Figure S6. Characterization of the cumulative effects of successive CSDs in an awake, behaving mouse to
control for effects of anesthesia. (A) Grayscale cortical map shows imaging field of view and the ROIs used for the
time courses in B relative to the laser focus, indicated by the green dot. (B) GCaMP AF/F, [HbT], [HbO], and [HbR]
traces extracted from the regions indicated in A. Saturated time courses were extracted from two ipsilateral regions
and faded time courses were extracted from the contralateral region. (C) (i) Cortical maps color-coded by time,
showing post-CSD levels of GCaMP AF/F (ii) and [HbT] (iii) 5 seconds after the completion of each CSD event. The
spatial maps highlight the growing areas of elevated GCaMP fluorescence and accompanying oligemia after each
successive CSD. These results recapitulate those described in Figure 6, suggesting that the cumulative impacts
observed were not due to urethane anesthesia. Related to Figure 6.
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