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Spreading depolarization is assumed to be the mechanism of migraine with aura, which is accompanied by an initial predominant

hyperaemic response followed by persistent vasoconstriction. Cerebral blood flow responses are impaired in patients and in experimental

animals after spreading depolarization. Understanding the regulation of cortical blood vessels during and after spreading depolarization

could help patients with migraine attacks, but our knowledge of these vascular mechanisms is still incomplete. Recent findings show that

control of cerebral blood flow does not only occur at the arteriole level but also at capillaries. Pericytes are vascular mural cells that can

constrict or relax around capillaries, mediating local cerebral blood flow control. They participate in the constriction observed during

brain ischaemia and might be involved the disruption of the microcirculation during spreading depolarization. To further understand the

regulation of cerebral blood flow in spreading depolarization, we examined penetrating arterioles and capillaries with respect to vascular

branching order, pericyte location and pericyte calcium responses during somatosensory stimulation and spreading depolarization. Mice

expressing a red fluorescent indicator and intravenous injections of FITC-dextran were used to visualize pericytes and vessels, respect-

ively, under two-photon microscopy. By engineering a genetically encoded calcium indicator we could record calcium changes in both

pericytes around capillaries and vascular smooth muscle cells around arterioles. We show that somatosensory stimulation evoked a

decrease in cytosolic calcium in pericytes located on dilating capillaries, up to the second order capillaries. Furthermore, we show that

prolonged vasoconstriction following spreading depolarization is strongest in first order capillaries, with a persistent increase in pericyte

calcium. We suggest that the persistence of the ‘spreading cortical oligaemia’ in migraine could be caused by this constriction of cortical

capillaries. After spreading depolarization, somatosensory stimulation no longer evoked changes in capillary diameter and pericyte

calcium. Thus, calcium changes in pericytes located on first order capillaries may be a key determinant in local blood flow control

and a novel vascular mechanism in migraine. We suggest that prevention or treatment of capillary constriction in migraine with aura,

which is an independent risk factor for stroke, may be clinically useful.
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Introduction
Spreading depolarization represents a massive failure of

brain ion homeostasis, which propagates in the cerebral

cortex with depolarization of neurons and astroglial cells

(Leao, 1944; Sugaya et al., 1975). In its mild form, spread-

ing depolarization causes the aura in migraine patients,

whereas in its severe form spreading depolarization may

induce permanent damage of brain tissue (Dreier, 2016;

Hartings et al., 2017). Cerebral blood flow is reduced

after spreading depolarization, with impaired functional

hyperaemia and reduced stimulation-induced neuronal

and glial calcium responses (Piilgaard and Lauritzen,

2009; Khennouf et al., 2016), and these disturbances

have also been observed in patients with migraine

(Lauritzen, 1994). At the very start of migraine attacks,

cerebral blood flow seems to first increase and then to de-

crease in the posterior part of the brain (Olesen et al.,

1981; Lauritzen et al., 1983; Hadjikhani et al., 2001).

Subsequently, the low flow region, called spreading oli-

gaemia, propagates into the parietal and temporal lobes

at a rate of 2 � 3 mm/min (Olesen et al., 1981; Lauritzen

et al., 1983), which corresponds to the rate of propagation

of spreading depolarization waves (Lauritzen, 1994). In the

oligaemic region of migraine patients, blood flow responses

to stimulation are also attenuated, suggesting that spread-

ing depolarization is the physiological phenomenon behind

blood flow changes (Lauritzen et al., 1983; Hadjikhani

et al., 2001). Therefore, it is important to look for new

mechanisms that may explain the persistent attenuation of

cortical blood vessels response during and after spreading

depolarization. These mechanisms are still incompletely

understood, partly because our understanding of cerebro-

vascular control is limited.

Traditionally, brain blood flow regulation was thought to

occur at the arteriole level, but it is now clear that regula-

tion of cerebral blood flow can occur at the capillary level

(Peppiatt et al., 2006; Dai et al., 2009, 2011; Fernandez-

Klett and Priller, 2015; Montagne et al., 2015; Biesecker

et al., 2016; Mishra et al., 2016; Kisler et al., 2017).

Pericytes cover capillaries and are in direct contact with

astrocyte end-feet and endothelial cells (Armulik et al.,

2011; Hartmann et al., 2015), contributing to the develop-

ment and maintenance of the blood–brain barrier (Armulik

et al., 2010; Daneman et al., 2010) and the brain’s immune

response (Yemisci et al., 2009; Kamouchi et al., 2011). The

recent development of transgenic mice that express fluores-

cent markers in pericytes (Zhu et al., 2008) has allowed

several in vivo studies to demonstrate the contractility of

pericytes and how they regulate capillary diameter and

cerebral blood flow in both a healthy state and disease

(Hall et al., 2014; Kisler et al., 2017). However, the role

of brain capillaries and pericytes in the persistent decrease

in cerebral blood flow and impaired functional hyperaemia

after spreading depolarization has not yet been explored.

In the present study, we tested the hypothesis that vascu-

lar disturbances during spreading depolarization are linked

to changes in capillary diameter and pericyte calcium re-

sponses. Using two-photon microscopy, we imaged mice

expressing a fluorescent indicator in pericytes and com-

pared the changes in vascular diameter of penetrating ar-

terioles and first to third order capillaries. During spreading

depolarization, significant changes in diameter were de-

tected not only in penetrating arterioles, but also in capil-

laries up to the third order. Using a genetically encoded

calcium indicator, we recorded intracellular calcium

changes in pericytes and vascular smooth muscle cells.

The long-lasting capillary constriction after spreading de-

polarization was coupled to a large increase in pericyte

cytosolic calcium. After spreading depolarization, we as-

sessed the somatosensory stimulation-induced vascular dila-

tion and found that it was impaired for all vessel orders.

Moreover, the calcium responses to stimulation were im-

paired after spreading depolarization, suggesting that peri-

cyte dysfunction is partly responsible for the impairment of

brain hyperaemia. In conclusion, we demonstrate an active

role of capillary pericytes in physiology and in spreading

depolarization. Our findings provide a novel pathophysio-

logical mechanism for patients with migraine with aura.

Materials and methods

Animal handling

All procedures involving animals were approved by the Danish
National Ethics Committee according to the guidelines set
forth in the European Council’s Convention for the
Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes and are in compliance with the
ARRIVE guidelines. Twenty 10 to 15-week-old male
Tg(Cspg4-DsRed.T1)1Akik (called DsRed NG2 in the text
and figures) mice purchased from the Jackson Laboratory
and bred in-house were examined in the present study.

PDGFbr GCaMP6s adeno-associated
virus

To generate adeno-associated virus 2/5 (AAV2/5) capable of
expressing the calcium indicator GCaMP6s in pericytes and
vascular smooth muscle cells, we inserted the Pdgfrb promoter
(herein PDGFbr) from mice (Mellgren et al., 2008) into a
pZac2.1 plasmid. The GCaMP6s construct was cloned into
the SalI and BamHI sites downstream of the Pdgfrb promoter
to generate plasmids called pZac2.1 PDGFbr GCaMP6s. The
fully sequenced plasmids were sent to the Penn Vector Core,
which generated AAV2/5 for each construct at a concentration
of �2 � 1013 genome copies per millilitre (gc/ml).

Surgery and in vivo microinjections

Male DsRed NG2 mice were prepared for virus microinjection
on postnatal Day 46–67 (P46–P67). All surgical procedures
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were conducted under general anaesthesia using continuous

isoflurane (induction at 5% and maintenance at 1–2.5%,
vol/vol). The depth of anaesthesia was monitored continuously
and adjusted when necessary. After inducing anaesthesia, the

mice were fitted into a stereotaxic frame, with their heads
secured by blunt ear bars and their noses placed into an an-
aesthesia and ventilation system. The mice were administered

0.05 ml of carprofen (Rimadyl�; 0.1 mg/ml; Pfizer) and 1 ml of
sterile saline subcutaneously before surgery. The surgical inci-
sion site was cleaned three times with disinfecting wipes. Skin
incisions were followed by a craniotomy 1–2 mm in diameter

next to the right somatosensory cortex using a high-speed drill.
Saline was applied to the skull to reduce heating caused by
drilling. Unilateral viral injections were performed using a

stereotaxic apparatus to guide the placement of the microsyr-
inge next to the right barrel cortex (1 mm posterior to bregma,
1 mm lateral to midline, and 300 mm from the pial surface).

A total of 1 ml of pZac2.1 PDGFbr GCaMP6s (2.4 � 1013 gc/
ml) was injected at a rate of 150 nl/min using a syringe
pump. The microsyringe was left in place for 10 min after

the injection was finished. Surgical wounds were closed
with veterinary glue. After surgery, animals were allowed to
recover overnight in cages placed partially on a heating pad.

Rimadyl� was administered twice per day for up to 2 days
after surgery.

Surgical procedures for imaging

Fourteen to 21 days after virus injection, the mice were sur-

gically prepared for imaging. Anaesthesia was induced with
bolus injections of xylazine [10 mg/kg intraperitoneally
(i.p.)] and ketamine (60 mg/kg i.p.) and maintained during

surgery with supplemental doses of ketamine (30 mg/kg/
20 min i.p.). Upon completion of all surgical procedures,
the anaesthesia was switched to a-chloralose (50 mg/kg/h

intravenously). The trachea was cannulated for mechanical
ventilation (MiniVent model 845, Harvard Apparatus).
Catheters were placed into the left femoral artery and vein
for the infusion of substances, blood pressure monitoring,

and blood gas sampling. To ensure that the animals were
kept under physiological conditions, end-expiratory CO2

and blood pressure were monitored continuously.

Blood gases were assessed in arterial blood samples (pO2,
95–110 mmHg; pCO2, 35–40 mmHg; pH, 7.35–7.45) using
an ABL 700Series Radiometer. A craniotomy with a diam-

eter of �3 mm was drilled, centred at 0.5 mm behind and
3 mm to the right of bregma over the somatosensory barrel
cortex region and overlapping the craniotomy made for

virus injection. After removal of the dura, the cortex was
covered with 0.75% agarose gel and moistened with artifi-
cial CSF (pH 7.4 at 34�C). Part of the craniotomy was

covered with a glass coverslip to allow imaging, and the
remaining part of the craniotomy permitted insertion of a
glass microelectrode. Changes in vessel diameter and cyto-

solic calcium responses from pericytes in response to whis-
ker pad stimulation or spreading depolarization were
examined using two-photon microscopy. At the end of the
experiments, mice were euthanized by intravenous injection

of pentobarbital followed by decapitation.

Spreading depolarization and whisker
pad stimulation

The mouse barrel cortex was activated by stimulation of the
contralateral ramus infraorbitalis of the trigeminal nerve using
a set of custom-made bipolar electrodes inserted percutaneously.
The stimulation pulse-width was 1 ms at 1.5 mA and in trains
of 15 s at 2.0 Hz. During whisker stimulation, we did not ob-
serve a change in blood pressure, (�0.10 � 0.13% of pre-stimu-
lation baseline, P = 0.43 with paired t-test) when comparing
baseline and stimulation period for 20 stimulations in 10 ani-
mals). Electrocorticography (ECoG) and the direct current (DC)
were monitored using a single-barrel glass microelectrode filled
with isotonic NaCl. The DC was obtained by using a differen-
tial amplifier (gain, 10� ; bandwidth, 0.1–10 000 Hz; DP-311
Warner Instruments). The spreading depolarization was moni-
tored in the sensory cortex as a depression of the spontaneous
ECoG signal and as a negative shift in DC potential. To trigger
spreading depolarization, a second craniotomy was drilled over
the lateral parietal cortex, posterior to the first (2 mm behind
bregma, 2 mm to the right of bregma). Potassium acetate (KAc,
0.5 M) was pressure injected into the cortex. The injected
volume was estimated to 1–2ml of KAc and did not cause a
lesion (bleeding or tissue damage) in the brain, but triggered
spreading depolarization. A second spreading depolarization
was elicited at least 45 min after the first one, a time period
long enough to allow the cerebral blood flow to return to base-
line (Ayata and Lauritzen, 2015; Khennouf et al., 2016). To
ensure that no spreading depolarization was triggered during
surgical preparation, our technique for making craniotomies
has previously been validated. By measuring cerebral blood
flow while drilling the craniotomy, we could show that no
spreading depolarization was elicited (Khennouf et al., 2016).
Moreover, prior to our first spreading depolarization we meas-
ure whisker responses, and mice that did not show normal
vessel diameter responses to stimulation were discarded from
the dataset, ensuring that no spreading depolarization were trig-
gered before recordings started.

Two-photon imaging

Calcium and vessel imaging was performed using a commercial
laser scanning multiphoton excitation system (FluoView
FVMPE-RS, Olympus) and a Mai Tai HP Ti:Sapphire laser
(Millennia Pro, Spectra Physics) with a 25 � 1.05 NA-water-im-
mersion objective (Olympus). The excitation wavelength was set
to 920 nm. The frame resolution was 0.275mm/pixel with a
512 � 512 pixels frame during spreading depolarization ima-
ging and 512 � 384 pixels frame during whisker stimulation
imaging. Images were taken at a speed of 1.09 frames per
second during spreading depolarization and 8.13 frames per
second during whisker stimulation. After a vessel branching
from the penetrating arteriole to a third order capillary was
found, a z-stack was recorded followed by time-lapse imaging
with somatosensory stimulation. This was repeated for three
different vessel trees per animal. Spreading depolarization was
imaged in one vessel branching from the penetrating arteriole to
a third order capillary in a single plane. If a shift in the z-plane
occurred during the spreading depolarization episode due to
tissue swelling, the recording was discarded from the analysis.
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The z-stack of this vessel tree was recorded prior to spreading
depolarization and 15 and 30 min after spreading depolariza-
tion. Two spreading depolarization episodes were imaged per
animal. Twenty minutes after spreading depolarization, the
whisker stimulation was repeated and imaged in three vessel
trees. At no time was any tissue exposed to power above 20
mW, and no signs of photo-toxicity were observed. Pericytes
were localized using DsRed fluorescence as described previously
(Hall et al., 2014). To label the blood plasma, 2% (wt/vol)
FICT-dextran was administered via the venous catheter. No
dye was injected during imaging of calcium signal to avoid con-
tamination of the GCaMP6s signal from the FITC signal. The
calcium activity was imaged in pericyte cell bodies located on
first, second, and third order capillaries and in vascular smooth
muscle cells surrounding the penetrating arterioles using
GCaMP6s fluorescence.

Calcium and vessel diameter
measurement

We selected regions of interest to extract the calcium signals
only on structures exhibiting both DsRed and GCaMP6s fluor-
escence. Regions of interest were placed on the tissue sur-
rounding penetrating arterioles or on the cell bodies of
pericytes from first to third order capillaries. At every time
point during stimulation, the evoked calcium fluorescence
signal (FS) was monitored and expressed as a percentage of
pre-stimulation baseline [F0; �F = (FS� F0) � 100 / F0]. The
calcium response was defined as the peak value or area under
the curve of the normalized fluorescence signal during whisker
stimulation and spreading depolarization. To measure vessel
diameters, lines were placed perpendicular across penetrating
arterioles and first to third order capillaries, at pericyte cell
bodies or processes, as shown in Fig. 1B. To measure vessel
diameter, we used custom software with codes available from
the libraries https://github.com/abrazhe/image-funcut/tree/de-
velop, https://github.com/drkutuzov/BioTimeLapse. In short,
shifts in the x–y plane were corrected and blood vessel bound-
aries were traced on the stabilized time lapse using a restricted
active contours approach minimizing local Chan–Vese-based
function (Chan and Vese, 2001).

Inclusion of data

During spreading depolarization, if any shift was observed in
the z-plane the spreading depolarization data were discarded.
During spreading depolarization, 20 penetrating arterioles, 20
first order capillaries at cell bodies, 18 first order capillaries at
processes, 12 second order capillaries at cell bodies, 11 second
order capillaries at processes, seven third order capillaries at
cell bodies, and seven third order capillaries at processes were
then analysed from 20 spreading depolarizations. During whis-
ker stimulation, if the penetrating arteriole was responding to
stimulation or spreading depolarization, then all other
branches were included as responders. Twenty-nine penetrat-
ing arterioles, 29 first order capillaries at cell bodies, 21 first
order capillaries at processes, 19 second order capillaries at cell
bodies, 20 second order capillaries at processes, 17 third order
capillaries at cell bodies, and 17 third order capillaries at pro-
cesses were analysed. During calcium measurement of vascular
smooth muscle cells and pericytes, the GCaMP6s signal was

extracted only when it showed a different signal than the
DsRed fluorescence signal, to ensure that no artefacts due to
an increase of vessel diameter were included. Spreading de-
polarization does not always evoke an initial vasoconstriction
(phase 1), but when it does, this phase is often associated with
strong vasomotion during a short period of time. This vaso-
motion often triggers a shift in the z-plane and hence makes
two-photon measurements difficult. Therefore, due to the low
occurrence of the initial constriction of the spreading depolar-
ization and its large z-plane movement, we did not include
calcium measurements during phase 1. The dilation and
long-lasting constriction seen during phases 2 and 3 are
longer and not as abrupt, allowing more stable measurements.
Before performing statistical tests, a ROUT test using a false
discovery rate of Q = 1% was performed to discard remaining
outliers. This test only discarded one outlier, a measurement of
a second order capillary during the dilation phase of spreading
depolarization.

Statistical analysis

The differences between the first and second spreading depolar-
ization, and before and after spreading depolarization for whis-
ker stimulations were determined using two-way ANOVA with
the significance level set at a = 0.05. To evaluate whether a
vessel was responding during spreading depolarization or whis-
ker stimulation, we used one-way ANOVA. Data were
compared to a 60-s pre-spreading depolarization or 15-s pre-
stimulation baseline and the significance level set at a = 0.01.
When P5 0.01, the Sidak post hoc test was used to assess
which vessel type was responding. We also used one-way
ANOVA to assess the difference in diameter changes between
different vessel types during spreading depolarization or whisker
stimulation with the significance level set at a = 0.05. The Sidak
post hoc test was then used to compare the extent of the diam-
eter change in penetrating arterioles to first order capillaries at
pericyte cell bodies, or for all vessel orders to compare diameters
at pericyte cell bodies versus pericyte processes.

Results
Spreading depolarization was induced by a microinjection

of 0.5 M potassium acetate 5 mm from the recording site

(Fig. 1A). Spreading depolarization evokes changes on the

cerebral vasculature that has been described in three

phases. During phase I, vessels exhibits mild constriction

with a decrease in blood flow, followed by a large dilation

and blood flow increase during phase II. Finally, a long-

lasting constriction and blood flow decrease occurs during

phase III (Ayata and Lauritzen, 2015; Khennouf et al.,

2016). In the present study, the phases were defined be-

tween times when the penetrating arteriole diameter went

back to the pre-spreading depolarization baseline (Fig. 2).

A second spreading depolarization was induced 45 min

after the first. We did not find any significant difference

between the vessel diameter changes after the first spread-

ing depolarization compared to the second spreading de-

polarization during phase I (P = 0.33, two-way ANOVA;

Supplementary Fig. 1A), phase II (P = 0.93, two-way
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ANOVA; Supplementary Fig. 1B), or phase III (P = 0.27,

two-way ANOVA; Supplementary Fig. 1C). We performed

post hoc tests to compare each vessel type for the first and

second spreading depolarization and found no difference

(data not shown). Therefore, we decided to compile the

results from both spreading depolarizations.

Spreading depolarization evoked
vasculature changes during initial
constriction: phase I

In phase I, an initial constriction was observed in 12 of 20

spreading depolarizations in 10 animals. For these animals,

Figure 1 Experimental design. (A) Mouse head viewed from above. Spreading depolarization was elicited in the posterior part of the

somatosensory cortex by microinjecting potassium acetate (KAc). Spreading depolarization propagated through the barrel cortex and was

monitored via electrocorticography (ECoG) using a glass microelectrode. The electrode was also used to record the direct current (DC) shift in

the barrel cortex, showing the spreading depolarization. Vessel diameter, pericyte fluorescence, and calcium activity were recorded by two-

photon microscopy. (B) Two-photon microscopy image of the vasculature from a NG2 DsRed mouse cortex (top), and schematic illustration of

the pericyte and vessel order. The contour-based analysis was performed on penetrating arterioles (brown line) and at first (pink line), second

(yellow lines), and third (blue lines) order capillaries at the pericyte cell body and processes. (C) Two-photon microscopy images of brain capillary

pericytes. Mice with genetically encoded DsRed under the control of the NG2 promoter (red fluorescence, left) were injected with an adeno-

associated virus (AAV2/5) inducing the transcription of calcium indicator GCaMP6s under the control of the Pdgfrb/PDGFbr promoter (green

fluorescence, middle). Only pericytes exhibiting both DsRed and GCaMP6s fluorescence (right) were analysed for calcium signal. Arrows mark

capillary pericytes, arrowheads mark pial or penetrating arterioles, and circles indicate venous structures.
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A

B

C

D

Figure 2 Spreading depolarization evoked changes in vessel diameter. Representative examples of spreading depolarization-induced changes

in the diameter of penetrating arterioles (A), first (B), second (C), or third (D) order capillaries at the pericyte cell body (left) or processes (right).

Spreading depolarization was triggered by injection of potassium acetate (KAc, black arrow) and evoked changes in the diameters of all types of vessels.

These changes were characterized by an initial small vasoconstriction, phase I (light square), followed by a large vasodilation, phase II (dark square), and

long-lasting vasoconstriction, phase III (light square). The traces of diameter changes are normalized to a pre-spreading depolarization baseline. The

bottom images show the contour of the vessel walls using intra-vascular FITC-dextran over the recording period. SD = spreading depolarization.
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Figure 3 Spreading depolarization evoked changes in vessel diameter and pericyte calcium changes during phases I and II. (A and

B) Measurement of vessel diameter during phases I and II of the spreading depolarization for penetrating arterioles (PA, brown), first (pink), second

(yellow), and third (blue) order capillaries at pericyte cell bodies (cb) and processes (prs). All vessels constricted during phase I of the spreading

depolarization except for third order capillaries at pericyte processes. During phase II, third order capillaries did not exhibit dilation compared to the

pre-spreading depolarization baseline. Values represent the minimum (A) or maximum (B) vessel diameter as a percentage of pre-spreading

depolarization baseline for 12 and 20 spreading depolarizations waves, respectively. (C) Average fluorescence intensity of GCaMP6s expressed by

pericytes during phase II of spreading depolarization. The negative area under the curve of the fluorescence intensity was normalized to a pre-

spreading depolarization baseline for perivascular cells located on penetrating arterioles or first to third order capillaries for six animals.

(D) Representative example of spreading depolarization-evoked changes in the diameter of a first order capillary (top) and calcium fluorescence

intensity extracted from a pericyte located on the same vessel (bottom). Both traces are normalized to this pre-spreading depolarization baseline

(dashed line). (E) GCaMP6s fluorescence in capillary pericytes (red arrowheads) and vascular smooth muscle cells around the penetrating arteriole

cross section (open white arrowheads). The vascular tree is detailed on the left, and right panels show the average GCaMP6s fluorescence during

baseline period, and phases I, II and III of the spreading depolarization. Data represent the mean � standard error of the mean (SEM). *P5 0.05 using

one-way ANOVA; ###P5 0.0001, ##P5 0.001, #P5 0.01 compared to pre-spreading depolarization baseline with the post hoc Sidak test.
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the different vessel orders were analysed for diameter

changes. Penetrating arterioles, first, second, and third

order capillaries (as defined in Fig. 1B) all decreased in

diameter during phase I (Fig. 2) by an average of

8.2 � 1.8% (Fig. 3A). The magnitude of constriction was

the same in penetrating arterioles and capillaries (P = 0.06,

one-way ANOVA; Fig. 3A). To investigate the specific role

of pericytes during phase I, the capillary diameter responses

compared to baseline were analysed at sites with pericyte

cell bodies and pericyte processes. All vessels constricted

during phase I of the spreading depolarization

(P50.001) except for third order capillaries at pericyte

processes (P = 0.105 with Sidak post hoc test; Fig. 3A),

for which the decrease in diameter localized to pericyte

cell bodies but not pericyte processes. This may reflect an

overall low responsivity of third order capillaries and that

the initial brief vasoconstriction is driven by penetrating

arterioles and higher order capillaries.

Spreading depolarization evoked
vasculature changes during dilatation:
phase II

Following the initial constriction, cortical blood vessels

dilated (Figs 2 and 3B). This was observed in all animals.

Penetrating arterioles and first and second order capillaries

exhibited a significant increase in diameter compared to

pre-spreading depolarization baseline, whereas third order

capillaries did not (P = 0.037 with a Sidak post hoc test,

third order compared to baseline). The extent of dilation

was not the same for every vessel type (P = 0.0204 with

one-way ANOVA; Fig. 3A); the diameter increase was

larger in penetrating arterioles than in first order capillaries

(22.6 � 3.3% versus 16.2 � 2.0 of pre-spreading depolar-

ization baseline, P = 0.046 with Sidak post hoc test), second

order capillaries (22.6 � 3.3 versus 11.1 � 1.8% of pre-

spreading depolarization baseline, P = 0.003 with Sidak

post hoc test), or third order capillaries (22.6 � 3.3%

versus 10.7 � 0.8 of pre-spreading depolarization baseline,

P = 0.033 with Sidak post hoc test). This may suggest that

penetrating arterioles and first and second order capillaries

are more important than third order capillaries for vaso-

dilation during spreading depolarization. This result is in

line with previous studies suggesting that actin-containing

pericytes, and consequently the possibility to regulate capil-

lary diameter, decrease with capillary order (Hill et al.,

2015; Wei et al., 2016; Kisler et al., 2017). The number

of pericytes positive for actin has been reported to decrease

from 75% to 21.5% from second to third order capillaries

(Wei et al., 2016).

We measured the calcium changes in pericytes during

phase II of spreading depolarization. For this purpose, we

engineered a new adeno-associated virus encoding

GCaMP6s under the control of the Pdgfrb/PDGFbr pro-

moter in pericytes. We chose GCaMP6s as the calcium

indicator because of its high sensitivity (Chen et al., 2013)

and PDGFbr for its high specificity for pericyte-specific ex-

pression (Hartmann et al., 2015; Wei et al., 2016). To con-

firm that GCaMP6s was expressed in pericytes, we injected

the virus into mice expressing the DsRed fluorescent marker

in pericytes and vascular smooth muscle cells under the con-

trol of the NG2 promoter (Zhu et al., 2008). Only cells

demonstrating co-localization of GCaMP6s and DsRed

were analysed (Fig. 1C). GCaMP6s was expressed in peri-

vascular cells, with clear fluorescence in pericytes. GCaMP6s

was also detected in vascular smooth muscle cells around

arterioles (Fig. 1C). This gave us an opportunity to simul-

taneously analyse changes in the activity of vascular smooth

muscle cells surrounding penetrating arterioles and pericytes

on capillaries. The analysis showed that an increase in vessel

diameter (Fig. 3D) was accompanied by a decrease in cal-

cium fluorescence (Fig. 3C–E and Supplementary Video 1).

The largest decrease in calcium was observed in pericytes

located on first order capillaries (P = 0.0014 compared to

pre-spreading depolarization baseline using Sidak post hoc

test; Fig. 3C–E), followed by vascular smooth muscle cells of

penetrating arterioles (P = 0.037 compared to pre-spreading

depolarization baseline using Sidak post hoc test). Even

though pericytes located on second and third order capil-

laries exhibited a decrease in calcium, as indicated by the

area under the curve below zero during the spreading de-

polarization-evoked dilation, we found no significant differ-

ence compared to the pre-spreading depolarization calcium

baseline (P = 0.32 and 0.17, respectively, in a post hoc Sidak

test). Taken together, these results indicate that spreading

depolarization evokes changes in vascular smooth muscle

and pericyte calcium levels that are reflected in changes in

the diameters of penetrating arterioles and capillaries. The

larger calcium responses in first order capillary pericytes

compared to pericytes on second and third order capillaries

suggest a more active role of pericytes at low order capil-

laries compared to higher order capillaries.

Spreading depolarization evoked
changes in long-lasting constriction:
phase III

Under otherwise physiological conditions, the spreading de-

polarization-induced hyperaemia is followed by a long-lasting

oligaemia (Ayata and Lauritzen, 2015) (Fig. 2). In the present

study, the spreading depolarization-induced diameter changes

were analysed by extracting the minimum diameter for each

type of vessel during the first 9 min after spreading depolar-

ization. Both penetrating arterioles and capillaries responded

with constriction (P50.001 for third order capillaries at

pericyte processes and P5 0.0001 for all other vessels com-

pared to the pre-spreading depolarization baseline using a

Sidak post hoc test; Fig. 4A). We compared the response

size between vessel types and found that the maximum con-

striction was dependent on the vessel order (P = 0.0015;
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Figure 4 The long-lasting constriction of spreading depolarization is the strongest at first order capillaries. (A) Measurement of

vessel diameter during phase III of spreading depolarization for penetrating arterioles (PA, brown), first (pink), second (yellow), and third (blue)

order capillaries at pericyte cell bodies (cb) and processes (prs). All vessels constricted but the greatest reduction in diameter was for first order

capillaries at pericyte cell bodies. Values represent the minimum vessel diameter during the constriction period as a percentage of pre-spreading

depolarization baseline for 20 spreading depolarization waves. (B) The positive area under the curve (AUC) during phase III was extracted for the

fluorescence intensity and normalized to a pre-spreading depolarization baseline. The graph shows calcium fluorescence for vascular smooth

muscle cells located on penetrating arterioles (PA, brown) and pericytes on first (pink), second (yellow), or third (blue) order capillaries for six

animals. (C) The vessel diameter was measured on z-projections of the vascular tree 15 min after spreading depolarization (left) for n = 18 and

30 min after spreading depolarization (right) for n = 14. Values are normalized to the measurement made on the pre-spreading depolarization

z-projection. (D) Magnification of two-photon microscopy images of the z-projection of the vascular tree, with pericytes expressing DsRed
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##P5 0.001, #P5 0.01 compared to pre-spreading depolarization baseline with post hoc Sidak test.
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Fig. 4A). Specifically, first order capillaries at pericyte cell

bodies constricted more than penetrating arterioles

(�15.8 � 1.8% versus �11.7 � 0.75 of pre-spreading de-

polarization baseline, P = 0.0232 using Sidak’s post hoc

test). First order capillaries also constricted more than

second and third order capillaries at pericyte cell bodies

(�15.8 � 1.8% versus �8.5 � 1.0% or �9.4 � 2.0%, re-

spectively, of pre-spreading depolarization baseline,

P = 0.0003 and P = 0.031 using Sidak’s post hoc test).

Taken together, these results suggest a key role of pericytes

on first order capillaries in the long-lasting oligaemia follow-

ing spreading depolarization. To investigate the role of first

order capillary pericytes further, we examined whether capil-

lary constriction is congruent with the localization of pericyte

cell bodies or processes (Fig. 4A). The data suggest that the

diameter of first order capillaries decreased more at pericyte

cell bodies than pericyte processes (�15.8 � 1.5% versus

�11.3 � 1.5%, P = 0.0164 using Sidak’s post hoc test).

The vasoconstriction was accompanied by an increase in

perivascular calcium fluorescence, with the largest increase

in intracellular calcium occurring in pericytes on first order

capillaries (P5 0.0001 compared to the pre-spreading de-

polarization fluorescence). Although the fluorescence inten-

sity increased in pericytes located on other vessels, the total

calcium signal (calculated as area under the curve) was not

significantly different from pre-spreading depolarization

fluorescence (P = 0.20 at penetrating arterioles, P = 0.32 at

second order capillaries, and P = 0.27 at third order capil-

laries using a Sidak post hoc test; Fig. 4B).

Finally, to assess the full period of constriction, we ana-

lysed z-stacks of the vasculature before spreading depolariza-

tion and 15 min and 30 min after spreading depolarization.

We compared the size of the vessels for the same location

(Fig. 4D). Fifteen minutes after spreading depolarization, all

vessels were constricted compared to before spreading de-

polarization except for third order capillaries at pericyte pro-

cesses, which is similar to the pre-spreading depolarization

baseline diameter (P = 0.122; Fig. 4C, left panel). The

extent of constriction differed for different vessel types

(P = 0.037 with one-way ANOVA); first order capillaries at

pericyte cell bodies had the strongest constriction, but the

Sidak post hoc test did not reveal any difference from pene-

trating arterioles (�18.04 � 1.3% versus �11.9 � 2.0% of

pre-spreading depolarization baseline, P = 0.095). Thirty mi-

nutes after spreading depolarization, the diameters of third

order capillaries at pericyte cell bodies were not different

from pre-spreading depolarization values. We found no over-

all difference in the extent of constriction between vessel

types (P = 0.45 with one-way ANOVA). Taken together,

these results suggest a predominant role of first order capil-

laries and their pericytes in blood flow regulation during

phase III; not only do these capillaries constrict more, but

the capillary constriction lasted longer. Moreover, pericytes

located on first order capillaries exhibited a persistent in-

crease in calcium during vasoconstriction.

Somatosensory stimulation

We also evaluated the role of capillaries and pericytes in

the impairment of brain hyperaemia after spreading de-

polarization. First, we assessed stimulation-induced changes

in vessel diameter for penetrating arterioles, first, second,

and third order capillaries at pericyte cell bodies or pro-

cesses before and 20 min after spreading depolarization.

Infraorbital (whisker) stimulations at 2 Hz were performed

for a duration of 15 s. In line with previous studies (Hall

et al., 2014; Kisler et al., 2017), both penetrating arterioles

and capillaries dilated during whisker stimulation (Fig. 5).

We found an overall difference in the extent of dilation

during stimulation for the different vessels (P = 0.001

with a one-way ANOVA; Fig. 5A), but the Sidak post

hoc test did not reveal any significant difference between

the dilation of first order capillaries at pericyte cell bodies

and penetrating arterioles (10.9 � 1.4% versus 9.9 � 0.8%

of pre-stimulation baseline, P = 0.9; Fig. 5B and C). Third

order capillaries dilated less during stimulation than pene-

trating arterioles (6.0 � 1.0% versus 9.9 � 0.8%, P = 0.03;

Fig. 5B and E) or first order capillaries (6.0 � 1.0% versus

10.9 � 1.4%, P = 0.009; Fig. 5C and E). This result could

reflect the level of actin found in pericytes according to the

order of capillaries (Hill et al., 2015; Wei et al., 2016).

Finally, we examined the GCaMP6s calcium signal in peri-

cytes on capillaries and vascular smooth muscle cells

around penetrating arterioles during stimulation (Fig. 6).

The signal was quantified to determine the peak values

during the 15-s stimulation (Fig. 6A) and the area under

the curve for the stimulation and 60 s after (Supplementary

Fig. 2). Before spreading depolarization, the stimulation-

induced calcium signal decreased significantly in pericytes

and vascular smooth muscle cells compared to the pre-

stimulation baseline (Fig. 6A and B–E, left panels), and

this decrease was more pronounced in pericytes located

on first order capillaries than in vascular smooth muscle

cells around penetrating arterioles (�7.8 � 1.1% of pre-

stimulation baseline for first order pericytes versus

�4.2 � 0.8% for penetrating arterioles, P = 0.03 with

Sidak’s post hoc test, Fig. 6A). The area under the curve,

which represents the total calcium response evoked by

whisker stimulation, showed that the somatosensory stimu-

lation significantly decreased calcium fluorescence in all

orders of vessels (Supplementary Fig. 2). Taken together,

these results show an active role for both vascular smooth

muscle cells around penetrating arterioles and capillary

pericytes in blood flow regulation during whisker stimula-

tion via the modulation of intracellular calcium activities.

After spreading depolarization, the barrel cortex was sti-

mulated again. Twenty minutes after spreading depolariza-

tion, the stimulation-induced blood vessel dilation was

significantly smaller than before spreading depolarization

(P5 0.0001 with two-way ANOVA; Fig. 5A). The increase

in diameter was no longer different from pre-stimulation

baseline, and the diameter changes were similar between
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Figure 5 Stimulation-induced dilation is impaired in all vessels after spreading depolarization. (A) Measurement of vessel diameter

during 15-s, 2-Hz whisker stimulation for penetrating arterioles (PA, brown), first (pink), second (yellow), and third (blue) order capillaries at

pericyte cell bodies (cb) and processes (prs) before and 20 min after spreading depolarization. Values represent the maximum vessel diameter

during the stimulation period as a percentage of a 15-s pre-stimulation baseline for 12 animals. The dilation was strongest in first order capillaries

and penetrating arterioles, but all vessels responded during stimulation compared to the pre-stimulation baseline. After spreading depolarization,

none of the vessel types responded. (B–E) Representative examples of vessel diameter changes during whisker stimulation for penetrating

arterioles (B), first (C), second (D), and third (E) order capillaries at pericyte cell bodies before (left) and 20 min after spreading depolarization

(right). Raw traces of vessel diameters are shown as a percentage of a 15-s pre-stimulation baseline. The pink square outlines the stimulation

period, and the bottom image of the vessel shows the contour of the vessel wall over 90 s. Data represent the mean � SEM. ****P5 0.0001,

**P5 0.001 with two-way ANOVA; ###P5 0.0001, #P5 0.01 compared to pre-stimulation baseline with post hoc Sidak test. SD = spreading

depolarization.
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vessel types (P = 0.68 for one-way ANOVA; Fig. 5B–E,

right panels). This suggests impairment of vessel dilation

after spreading depolarization. Finally, we measured cal-

cium fluorescence in pericytes and vascular smooth

muscle cells after spreading depolarization. At that point

the calcium signal showed a return to pre-spreading de-

polarization baseline (�0.8 � 0.6% for smooth muscle

cells around penetrating arterioles and 2.6 � 1.1% for peri-

cytes at first order capillaries, data not shown), suggesting

that these cells were at their resting [Ca2 + ] level. We found

a smaller decrease in calcium during stimulation compared

to before spreading depolarization (P = 0.018 with two-way

ANOVA; Fig. 6A and B–E, right panels); the calcium fluor-

escence signals from pericytes and vascular smooth muscle

cells were no longer different from pre-stimulation baseline

(Fig. 6A). These results show for the first time the role of

pericytes in impaired brain hyperaemia after spreading de-

polarization. Although previous studies have shown that a

small increase in blood flow during stimulation remains

after spreading depolarization (Khennouf et al., 2016), we

show here that the increase in vessel diameter is impaired

for at least 20 min after spreading depolarization.

Furthermore, we show that this impairment is not only

related to a disruption of neuronal and astrocyte calcium

signals after spreading depolarization (Khennouf et al.,

2016), but could also be related to a dysregulation of peri-

cyte calcium responses (i.e. capillary dysfunction).

Discussion
The present study characterizes the interplay between the

microcirculation and brain pericytes during functional hyper-

aemia and spreading depolarization, the mechanism of the

migraine aura. Somatosensory stimulation evoked dilation in

all vessel types, accompanied by a decrease in vascular

smooth muscle and pericyte calcium levels. In comparison,

spreading depolarization-induced vascular changes were

characterized by an initial fast and small constriction

(phase I), followed by large vasodilation (phase II) and

long-lasting vasoconstriction (phase III). Heterogeneity in

the haemodynamic responses has been reported among

spreading depolarization studies, with different frameworks

of haemodynamic components (Ayata and Lauritzen, 2015).

A potential source of this heterogeneity is the difference in

the resting vessel diameter caused by difference in
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anaesthesia (Ayata and Lauritzen, 2015). In the present

study, we cannot exclude a possible effect of a-chloralose

on the haemodynamic responses we observed during spread-

ing depolarization. Changes in vascular diameter were

observed in penetrating arterioles and capillaries up to the

third order during all three phases. Penetrating arterioles

dilated more than capillaries during phase II, whereas first

order capillaries constricted more than penetrating arterioles

during phase III, suggesting a time and phase dependence in

the involvement of cortical vessels during spreading depolar-

ization. During vasodilation, spreading depolarization

evoked an overall decrease in calcium, whereas the increase

in calcium signal during the long-lasting vasoconstriction

occurred mainly in pericytes located on first order capillaries.

After spreading depolarization, brain hyperaemia was

equally impaired for all types of vessels and accompanied

by smaller decreases in vascular calcium than before spread-

ing depolarization. Taken together, the data suggest an

active role of capillary pericytes during the phase of vaso-

constriction after spreading depolarization and for the post-

spreading depolarization impairment of functional hyper-

aemia. The stimulus-driven alterations in pericyte calcium,

which accompanied changes in capillary diameter, support

a relationship between pericyte calcium activity and the vas-

cular reaction.

Pericytes expressing the fluorescent protein DsRed under

the control of the NG2 promoter are recognized by their

round cell bodies and long processes and can be located at

junctions, where capillaries divide. There is an ongoing

debate concerning the identity of pericytes and their sub-

types (Hill et al., 2015; Attwell et al., 2016). We have

chosen to identify pericytes as cells that are wrapped

around capillaries, starting from the first order capillaries

(also called pre-capillary arterioles), which have ovoid cell

bodies, large processes along the vessels, and appear to be

in direct contact with the endothelial cells (Hartmann et al.,

2015). Vascular smooth muscle cells around arterioles and

oligodendrocytes in the parenchyma also exhibit red fluor-

escence in NG2-dsRed mice, but vascular smooth muscle

cells can be differentiated by their typical ring shape and

are unrelated to capillaries. Pericytes cover �99% of the

capillary bed (Hartmann et al., 2015); therefore, in this

study, the trunk of capillaries without pericyte cell bodies

was defined as capillaries with pericyte processes. Both vas-

cular smooth muscle cells on penetrating arterioles and

pericytes were transfected using our viral construct, which

introduced the same genetically encoded calcium indicator

into both cell types. This allowed us to examine the

interaction between vascular smooth muscle cells and

pericytes during physiological stimulation and spreading

depolarization.

Capillary dilation responses have been shown to co-local-

ize with pericytes in young adult mice during somatosen-

sory stimulation in vivo (Hall et al., 2014) and in vitro

(Mishra et al., 2016). Furthermore, there is evidence that

capillary pericytes contract in response to ATP in brain

slices (Peppiatt et al., 2006), and that they can constrict

during cerebral ischaemia (Yemisci et al., 2009; Hall

et al., 2014). Our findings are consistent with these reports

and the suggestion that fluctuations in the intracellular cal-

cium activity of pericytes regulate their contractility and,

thus, capillary diameter.

On the other hand, a recent report using NG2-cre trans-

genic mice expressing channelrhodopsin-2 indicated that

optogenetic stimulation led to the constriction of vascular

smooth muscle cell-covered arterioles, but not pericyte-cov-

ered capillaries (Hill et al., 2015). However, because the

authors considered all cells on the capillaries containing

actin as vascular smooth muscle cells, it is difficult to dir-

ectly compare the findings. Vascular smooth muscle cells

and pericytes are known to express different types and

amounts of contractile proteins (Hill et al., 2015; Wei

et al., 2016) and calcium channels (Winkler et al., 2011),

and they have been suggested to have different thresholds

for stimulation (Kisler et al., 2017). This may explain the

different responses to optogenetic stimulation. As we did

not use optogenetic stimulation, but rather indirect activa-

tion of vascular smooth muscle cells and pericytes via som-

atosensory stimulation, we did not evaluate the threshold

of activation in our study.

Capillary red blood cell slowing, flow arrest, and even

transient disappearance of red blood cells from capillary

segments have been observed in the first few minutes of

spreading depolarization (Chuquet et al., 2007; Ayata,

2009; Unekawa et al., 2015). These findings are consistent

with our observation of a brief constriction of penetrating

arterioles and first to third order capillaries during phase I

of spreading depolarization. This initial constriction is not

altered by tetrodotoxin, but is sensitive to the blockade of

astroglial calcium waves (Chuquet et al., 2007), suggesting

that astrocytes mediate signalling to both capillaries (Lind

et al., 2013; Mishra et al., 2016) and arterioles (Gordon

et al., 2011) during phase I.

The subsequent increase in cerebral blood flow may be

related to the dilation of pial arteries or arterioles close to

the brain surface rather than deep penetrating arterioles

(Chuquet et al., 2007; Unekawa et al., 2017), or diameter

changes in microvessels covered with vascular smooth

muscle during the first minutes of spreading depolarization

(Hill et al., 2015). In the hyperaemic phase (phase II) of

spreading depolarization, we observed the largest dilation

in penetrating arterioles and an overall decrease in intracel-

lular calcium fluorescence in vascular smooth muscle cells

and pericytes located on first to third order capillaries,

which is consistent with previous studies (Chuquet et al.,

2007; Unekawa et al., 2017). Although the calcium signal

in pericyte of first order capillaries decreased during phase

II, the dilation was maximal at penetrating arterioles and

decreased with the capillary order. Therefore, we cannot

exclude a partial passive dilation from downstream blood

pressure in the capillary diameter response during phase II

of spreading depolarization.

During the last phase of spreading depolarization, the

long-lasting oligaemia (phase III), first order capillaries
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demonstrated the greatest constriction and their pericytes

the greatest increase in intracellular calcium fluorescence.

This suggests an active role of first order capillary pericytes

during phase III and is in accordance with a previous study

demonstrating that, in situ, the intrinsic properties of first

order capillary pericytes may exhibit strong and long-

lasting constriction due to long-lasting calcium transients

(Borysova et al., 2013). Vasoconstrictors can have different

effects on vascular smooth muscle cells and pericytes, pos-

sibly due to the calcium release via intracellular calcium

stores in vascular smooth muscle cells or non-specific

cation channels in pericytes (Sakagami et al., 1999). This

mechanism could be involved in phase III of spreading de-

polarization. Our results provide a mechanistic link be-

tween vascular changes during spreading depolarization

and calcium changes in capillary pericytes or vascular

smooth muscle cells.

The present study provides evidence that impaired func-

tional hyperaemia in the wake of spreading depolarization

may be the result of reduced calcium responses of vascular

smooth muscle cells and pericytes, ultimately leading to a

limited oxygen supply (Piilgaard and Lauritzen, 2009;

Khennouf et al., 2016). The disruption in vascular

smooth muscle and pericyte calcium responses could reflect

impaired vasodilator release, which is consistent with our

recent finding of reduced stimulation-induced calcium re-

sponses in astrocytes and neurons after spreading depolar-

ization (Khennouf et al., 2016).

In summary, we characterized the effect of physiological

stimulation and spreading depolarization on cortical pene-

trating arterioles and capillaries. Our findings of fluctu-

ations in vascular smooth muscle and pericyte calcium

during physiological stimulation and spreading depolariza-

tion support a direct link between vascular smooth muscle/

pericyte contractility and arteriolar/capillary dilation and

constriction. Impaired brain hyperaemia after spreading de-

polarization contributes to prolonged cortical dysfunction

in patients with migraine with aura. Prevention of pericyte

constriction may reduce the long-lasting decrease in blood

flow after spreading depolarization and mitigate cortical

dysfunction.
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