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Abstract

Cortical spreading depression is a slowly propagating wave of near-complete depolarization of brain cells followed by temporary
suppression of neuronal activity. Accumulating evidence indicates that cortical spreading depression underlies the migraine
aura and that similar waves promote tissue damage in stroke, trauma, and hemorrhage. Cortical spreading depression is
characterized by neuronal swelling, profound elevation of extracellular potassium and glutamate, multiphasic blood flow
changes, and drop in tissue oxygen tension. The slow speed of the cortical spreading depression wave implies that it is mediated
by diffusion of a chemical substance, yet the identity of this substance and the pathway it follows are unknown. Intercellular
spread between gap junction-coupled neurons or glial cells and interstitial diffusion of K* or glutamate have been proposed.
Here we use extracellular direct current potential recordings, K*-sensitive microelectrodes, and 2-photon imaging with
ultrasensitive Ca®* and glutamate fluorescent probes to elucidate the spatiotemporal dynamics of ionic shifts associated with
the propagation of cortical spreading depression in the visual cortex of adult living mice. Our data argue against intercellular
spread of Ca®* carrying the cortical spreading depression wavefront and are in favor of interstitial K* diffusion, rather than
glutamate diffusion, as the leading event in cortical spreading depression.
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neurotransmitter homeostatic machinery (Somjen 2001; Sykova

Introduction and Nicholson 2008; Pietrobon and Moskowitz 2014). Accumulat-
Cortical spreading depression (CSD), discovered by Aristides Leao ing evidence indicates that the phenomenon is associated with
in 1944 (Ledo 1944), and hypoxic CSD-like depolarization re- migraine headache, stroke, traumatic brain injury, and subarach-
present a catastrophic failure of the brain’s ion, volume, and noid hemorrhage (Takano and Nedergaard 2009; Dreier 2011,
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Charles and Baca 2013). Decades of research have revealed the ex-
citotoxic nature of the condition, and implicated Ca?* (Leibowitz
1992; Herreras et al. 1994; Nedergaard 1994), K* (Grafstein 1956;
Vyskocil et al. 1972), and glutamate waves (Van Harreveld 1959;
Fabricius et al. 1993). However, microscopic investigation of the
precise localization and timing of such events, critical for under-
standing the molecular basis of CSD, have been hampered by the
lack of specific, sensitive, high-resolution and fast methods to de-
tect these transients in living animals. We took advantage of re-
cently developed, genetically encoded fluorescent indicators for
Ca?* (Chen et al. 2013) and glutamate (Marvin et al. 2013) for
high-speed, micrometer spatial resolution, 2-photon imaging in
combination with electrophysiology to identify the precise
order of ionic shift dynamics at the CSD wavefront.

Materials and Methods

Animals

Male C57BL/6N mice of at least 10 weeks of age (Charles River)
were used for the experiments. The mice were housed on a 12-h
light:12-h dark cycle (lights on at 8 AM), 1-4 mice per cage. All ex-
perimental groups contain at least 4 animals, which is in line
with sample sizes in the literature. Adequate measures were
taken to minimize pain and discomfort. Experiments were
carried out in accordance with the guidelines published in the
European Communities Council Directive of 24. November 1986
(86/609/EEC). All procedures were approved by the Animal Use
and Care Committee of the Institute of Basic Medical Sciences,
The Faculty of Medicine, University of Oslo.

Plasmid Constructs

The genetically encoded fluorescent Ca®* indicator GCaMP6f
(Chen et al. 2013) DNA sequence was amplified by PCR from
pGP-CMV-GCaMP6f (Addgene) with BamHI and HindllII at the 5’
and 3’ ends, respectively, and sub-cloned into the recombinant
adeno-associated virus (rAAV) vector pAAV-6P-SEWB (Shevtsova
et al. 2005), with the human synapsin-1 (SYN) promoter to gener-
ate the construct pAAV-SYN-GCaMP6f. The human glial fibrillary
acidic protein (GFAP) promoter (Hirrlinger et al. 2009) was in-
serted with Mlul and BamHI into pAAV-SYN-GCaMP6f, resulting
in the pAAV-GFAP-GCaMP6f construct. Virus from pAAV-SYN-
iGluSnFR (Marvin et al. 2013) was used to express the genetically
encoded fluorescent glutamate indicator iGluSnFR in neurons.

Virus Transduction

rAAVs serotype 1 and 2 were generated as described (Tang et al.
2009), and purified by AVB Sepharose affinity chromatography
(Smith et al. 2009). For each virus preparation, the genomic titer
was determined by Real-Time PCR (1.0-6.0 x 10*? viral genomes
(vg)/ml, TagMan Assay, Applied Biosystems). For adult infections,
the mice were deeply anesthetized with a mixture of zolazepam
(188 mg/kg body weight), tiletamine (188 mg/kg body weight),
xylazine (4.5 mg/kg body weight) and fentanyl (26 pg/kg body
weight) before viruses were stereotactically injected (Shevtsova
et al. 2005). For injections in visual cortex, stereotactic coordi-
nates relative to Bregma were: anteroposterior —3.0 mm, lateral
+2.5 mm, and depth 0.4 mm. During each injection, 0.3 pl of puri-
fied rAAVs was delivered.

Immunohistochemistry and Confocal Imaging

Mice were anesthetized with ~4% isoflurane and intracardially
perfused with phosphate buffered saline (PBS; 137 mM NacCl,

2.7 mM KCl, 4.3 mM Na,HPO4/2H,0, 1.4 mM KH,PO,, pH 7.4, all
from Sigma-Aldrich) and 4% paraformaldehyde (PFA, Merck)
prior to decapitation. Brains were removed and fixed in ice-cold
4% PFA/PBS for 2 h and sliced on a vibratome (Leica) into 70 um
sections. Immunostaining was performed with polyclonal rabbit
anti-GFP (1:3000, Abcam, #ab6556), chicken anti-GFAP (1:1000,
Covance, #PCK-591P), and FITC-coupled anti-rabbit and Cy3-
coupled anti-chicken secondary antibodies (1:200, Jackson
Immuno Research, #711095152 and #703165155, respectively).
Confocal images were acquired on a Zeiss LSM5 PASCAL confocal
laser scanning microscope with 10x/0.45NA and 63x/1.4NA oil-
immersion objective, equipped with an Argon laser (457, 476,
488, 514 nm) and a Helium Neon laser (543 nm, Carl Zeiss).
Image analysis was done with ImageJ (v10.2, NIH).

Surgical Procedures and Induction of CSD

Anesthesia was induced in a chamber containing 4% isoflurane in
room air enriched with 20% pure oxygen, and subsequently
maintained by nose cone flowing 2% isoflurane. Body tempera-
ture was monitored with a rectal probe and kept at 37°C by a tem-
perature-controlled heating pad. Buprenorphine 0.15 mg/kg was
injected intraperitoneally and the mice were left for 10 min be-
fore surgery started. We then performed a tracheotomy and arti-
ficially ventilated the mice with a mixture of isoflurane (2% for
surgical procedures, 1.5% during imaging) in room air with a
small animal ventilator (SAR-1000; CWE Inc.). The left femoral ar-
tery was cannulated for analyses of arterial blood gas values and
the ventilator settings were adjusted to maintain physiological
values (pO,=80-120 mmHg, pCO,=25-35mmHg, pH=7.30-
7.50). An intravenous catheter was inserted in the femoral vein
to enable injection of Texas Red-labeled dextran (Life Technolo-
gies) for visualization of the vasculature.

A 2 mm craniotomy with center coordinates anteroposterior
—3.0 mm, lateral + 2.5 mm relative to Bregma was created as pre-
viously described (Takano et al. 2006). In short, a dental drill was
used to carefully carve a circular groove in the skull with inter-
mittent application of saline for cooling and removal of debris
until only approximately 0.1 mm of the bone thickness was left.
The skull was then soaked for 10 min to soften before the bone
flap was removed. Subsequently, the dura was carefully removed
with a vessel dilator under saline. Agarose (0.8%) in saline was
applied to the brain’s surface and stabilized with a cover slip.
The cover slip covered ~80% of the craniotomy to enable inser-
tion of an extracellular electrode. Furthermore, a small secondary
craniotomy was made approximately 4 mm rostral to the im-
aging window to allow epidural application of KCl (1.5-2 pl, 1 M)
for induction of CSD waves. The small droplet of KCl was left
for the duration of one imaging trial. The rostral craniotomy
was subsequently rinsed in saline and left bathed in saline
until the next CSD wave was elicited. In experiments with K*-sen-
sitive microelectrodes, 1.1% agarose in saline was used and no
cover slip was added.

Electrophysiology

Glass electrodes of 2-5 MQ impedance were filled with physiologic-
al saline (154 mM NacCl) and inserted into the cortex between the
edge of the cover glass and the edge of the craniotomy in the im-
aging window to record direct current (DC) shifts accompanying
CSD waves. In a subset of experiments the tip of the glass electrode
was filled with 250 pg/ml Texas Red-labeled dextran (Life Technolo-
gies) in physiological saline to enable 2-photon visualization of the
electrode. A corresponding DC shift was identified in all trials and
subsequently analyzed in MATLAB (R2013b, MathWorks, Inc.).
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For [K*]. measurements, ion-sensitive microelectrodes with
tip sizes of approximately 3 um were silanized with gaseous N,
N-dimethyltrimethylsilylamine (41716, Sigma-Aldrich) at 200°C
for approximately 20 min and then filled with 150 mM NaCl and
3 mMKCI (Voipio et al. 1994). The tips of the electrodes were filled
with a liquid K* ion exchanger (IE190; World Precision Instru-
ments) by gentle suction. Before imaging, the electrodes were ca-
librated by standard solutions of known K* concentration (3, 10,
25, 50, and 75 mM). Signal from the reference microelectrode
was subtracted from that of the ion-sensitive microelectrode to
get a signal that reflects only the [K*].. A log-linear fit was used
to calculate the actual [K']. in each experiment. The K*-sensitive
microelectrode and an extracellular reference electrode were po-
sitioned so that their tips were as close as possible (max 50 um).
All electrophysiological recordings were done with Multiclamp
700B with headstage CV-7B for extracellular recordings and CV-
7B/EC for [K*]e measurement. Signals were digitized by Digidata
1440 and further analyzed by pCLAMP 10.4 (all from Molecular De-
vices, LLC). A threshold of 0.25 mM [K*]. increase from baseline
was used to identify the starting point of the [K*]. increase.

Two-photon Microscopy

GCaMP6f or iGluSnFR fluorescence was recorded by a 2-photon
laser scanning microscope (model “Ultima”, Prairie Technolo-
gies). Images were recorded from cortical layers 2/3 with a
model “XLPLN 25 x WMP” 1.05NA, water-immersion objective
(Olympus), using 900-910 nm laser pulses for excitation with
an average power of 6-14 mW, as measured by LaserCheck
(Coherent). The laser was a model “Mai Tai DeepSee” (Spectra
Physics). Time-series and electrophysiological recordings were
triggered by pCLAMP 10.4 (Molecular Devices, LLC) to enable pre-
cise timing of the DC shifts and corresponding images. Most
time-series were performed with frame rates of approximately
4 Hz, but a subset of experiments was performed with 1 or 6 Hz
acquisition rates.

Image Analysis

Time-series of fluorescence images were imported into Fiji Ima-
ge] (Fiji), and regions of interest (ROIs) were manually selected
based on morphology.

In rAAV-GFAP-GCaMP6f injected mice ROIs defining astrocytic
compartments were carefully selected over somata, processes
and endfeet of cells with typical astrocyte morphology. The rela-
tive change in mean fluorescence (AF/F) over time was calculated
in each ROI and subsequently analyzed by custom-written MA-
TLAB scripts (R2013b, MathWorks, Inc.). Mean plus 2 standard
deviations of the baseline (first 30 s) was used to identify fluores-
cent events.

Statistics

Statistical analyses were performed using Prism (Version 6.0b for
Mac OSX, GraphPad Software). Unless stated otherwise, all values
are given as mean and standard error of the mean (SEM). One-
way ANOVA with Tukey multiple comparisons tests was used
for comparisons between timing of the different fluorescent
probes to the DC shift and duration of Ca®* signals in astrocyte
subcompartments as well as wave speed with different fluoro-
phores. The data passed the D’Agostino and Pearson omnibus
normality test, and Bartlett’s homogeneity of variances test. For
the rest of the analyses, 2-sided Student’s t-test was used as fre-
quency distribution histograms displayed a normal distribution
pattern.

Results

First GCaMP6f, expressed in neurons by rAAV delivery using the
human synapsin (SYN) promoter, was used to follow neuronal
[Ca?*]; while DC potential was measured with an extracellular re-
cording electrode. CSD events were initiated through focal epi-
dural application of KCl in a separate, distant craniotomy and
tracked by imaging through a cranial window and electrophysi-
ology (Fig. 1A). Electrically recorded CSD events were associated
with strong increases in GCaMP6f fluorescence in visual cortex
layer 2/3 pyramidal neurons, moving as waves across the field
of view with speeds of 56.7 +3.3 um/s (n=28 waves, 11 mice,
SEM; Fig. 1B,C and Supplementary Movie 1). Wavefronts were
sharp with no apparent lag between the Ca®* rises in somata
and processes (Fig. 1B). The Ca®* transients also had similar am-
plitudes in the 2 compartments, but lasted significantly longer in
somata than in processes (Fig. 1D).

The neuronal Ca®* transients lasted approximately twice as
long as the negative DC potential shift, which persisted for 66.4 +
3.8 s (n=24 waves, 10 mice). Neuronal GCaMP6f fluorescence re-
turned to baseline more quickly in the vicinity of penetrating ar-
terioles (Fig. 1B, 50 s image). The transient tissue boundaries of
GCaMP6f fluorescence in the recovery phase exhibited remark-
ably delineated circular patterns resembling those of NADH
fluorescence in metabolically stressed cortical tissue (Takano
et al. 2007; Kasischke et al. 2011). The shorter duration of neuron-
al Ca®* transients in peri-arteriolar tissue (Fig. 1E) may depend on
faster recovery from metabolic dysfunction due to ready oxygen-
ation (Sakadzic et al. 2010; Kasischke et al. 2011; Yaseen et al.
2011). In support of this hypothesis, the radius of the tissue cylin-
der with rapidly recovering Ca** levels directly correlated with ar-
teriolar diameter (Fig. 1F).

In ~15% of experiments (n=42 waves, 13 mice) one or a few
neurons exhibited Ca®* spikes in front of the approaching neur-
onal Ca®* wave (Fig. 1G). These spikes preceded the Ca®* wave
by ~30 um (~0.5 s) and may represent prodromal spike bursts
(Herreras et al. 1994). We next performed imaging at 4-6 Hz in
cortical layer 2/3 for increased temporal resolution at the wave-
front. The latency between the onset of the negative DC potential
shift and the neuronal Ca?* increase was 1.1+ 0.1 s (n =22 waves,
9 mice; Fig. 1H,]), indicating that neuronal Ca®* signals are not
leading events in CSD propagation.

What about the astrocytic Ca®>* waves in CSD? Due to the com-
parable kinetics of CSD waves and astrocytic Ca?* waves, the lat-
ter have been proposed to play a role in CSD propagation
(Leibowitz 1992). Here we used the human glial fibrillary acidic
protein (GFAP) promoter to drive GCaMP6f expression in astro-
cytes. Immunofluorescence confirmed expression of GCaMP6f
in astrocytes, while the vast majority of cortical neurons were im-
munonegative (Fig. 2).

Similarly to neurons, GCaMP6f expressing astrocytes exhib-
ited KCl-induced Ca®* waves that spread at a speed of 55.7 + 1.7
um/s (n=28 waves, 9 mice; Fig. 3A,B and Supplementary Movie 2).
The astrocytic Ca®* wavefront was not as regular as the neuronal
Ca?* wavefront, yet there was no apparent lag between somata,
processes, and endfeet. The amplitude of the Ca®* increase was
comparable in all astrocytic compartments, whereas the dur-
ation was somewhat longer in endfeet than in somata (Fig. 3C).
Strikingly, the Ca®* transients in astrocytic somata, processes
and endfeet were shorter than those in neuronal somata and pro-
cesses (40.7+2.1s,44.7+2.4s and 50.5+2.1s vs. 170.6+12.9s
and 132.7+£13.0's, respectively, P<0.05 for all comparisons,
One-way ANOVA with Tukey multiple comparisons test; Figs 1D
and 3C), returning to baseline before DC potential recovery.
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Figure 1. [Ca?*]; dynamics in visual cortex layer 2/3 neurons during CSD. (A) Experimental setup. (B) Neuronal GCaMP6f fluorescence (green) during passage of a CSD wave.
Blood vessels are outlined with Texas Red. Inset in 3 s image is boxed region and shows the involvement of both neuronal somata (arrowhead) and processes (arrow) in the
advancing Ca* wavefront. Neuronal Ca?* levels recovered faster in the vicinity of arterioles (cf. image at 50 s). (C) Speed of the neuronal Ca®* wave. (D) Average fluorescence
traces (with 95% confidence interval shown in gray), amplitude, and duration of Ca®* transients in neuronal somata (n =46 cells, 13 waves, 10 mice) and processes (n=59
cells, 21 waves, 11 mice). (E) Representative traces from regions of interest as indicated in (B) (50 s image), 25 um (violet) and 50 um (blue) from the center of an arteriole, and
20% width of transient in similar regions of interest (n =9 waves, 7 mice). (F) The radius (R) of the tissue cylinder with pre-CSD Ca?* levels (yellow dotted line) varied with
the arteriolar diameter changes (r; gray trace). (G) In 15% of the recordings (n = 42 waves, 13 mice), discrete neurons (arrowheads) were excited in front of the main Ca®*
wave (dashed line). Bar graph with average distance from neurons to the main Ca?* wavefront (n = 7 waves, 7 mice). (H) (Left) Image of GCaMPéf fluorescence close to the tip
of the DC potential electrode. Blue circle indicates sampled area, aligned to the wave front as it reaches the tip of the DC electrode. (Right) Neuronal Ca?* (blue trace) and DC
potential (black trace). (I) Latency between negative DC deflection and neuronal [Ca?*]; increase. Scale bars: 50 (B), 10 (B, inset), and 25 (G, H) um. *P < 0.05; error bars, SEM.

GFAP-GCaMP6f GFP/GFAP GFP GFAP

Figure 2. Immunofluorescence micrographs from mouse brain injected with rAAV-GFAP-GCaMP6f. (Left) Overview image of a coronal cortical section stained with
antibodies against GFP (green, visualized with FITC-coupled antibody) and GFAP (red, visualized with Cy3-coupled antibody). Scale bar: 100 um. (Right) higher
magnification images of boxed regions in layer 2/3 and layer 4/5. GFAP-immunopositive astrocytes (arrowheads) express GCaMP6f (GFP antibody, green), while the
majority of neuronal cell bodies are immunonegative (arrows). Sparse neuronal GFP labeling was noted (crossed arrow), mainly in layer 4/5. Scale bars: 10 um.

Recovery of astrocytic GCaMP6f fluorescence occurred without
microregional differences, as observed for the neuronal GCaMP6f
fluorescence.

Imaging at 4-6 Hz revealed that the latency between the onset
of the negative DC potential shift and the astrocytic Ca®* increase
was 4.0 s 0.2 s (n =19 waves, 7 mice; Fig. 3D,E), significantly long-
er than the corresponding neuronal latency (P < 0.0001, Student’s
t-test). The delayed onset of astrocytic versus neuronal Ca®* tran-
sients was also confirmed in mice expressing GCaMP6f in

neurons and GCaMP6f together with the red fluorescent reporter
tdTomato in astrocytes (Fig. 3F).

Using subcellular-resolution 2-photon imaging we assessed
the relationship between endfoot Ca®** levels and diameter
changes of intracortical arterioles. The arteriolar response to
CSD was variable and multiphasic, as reported previously
(Charles and Baca 2013), with an initial dilation, a constriction,
a delayed dilation and a delayed, long-lasting constriction. The
endfoot Ca®* increase was consistently followed by arteriolar



Mechanisms Underlying CSD Wave Propagation Engeretal. | 4473

A GFAP-GCaMP6f

5s 7s
B C fl?Soma O Proc. EEngfeet D . 5|AF/F

& [ w i 5s
260 4| AFF 3 %, . 2 J\ G4
240 20s = ; >3
i) kel i) !
$ 20 25 20 N slmv §2
& 0 * . S~ g a 5s 51

Soma Proc. Endfeet < 0 0 0

(G GFAP-GCaMP6f

F SYN-GCaMP6f / GFAP-GCaMP6f / GFAP-tdTomato

Baseline Os 1s 13s 30s 200s 600 s

H I

0s 05s 1s 5 +40%

— o

Neuron =N Q t20%
— Astrocyte E ! 5

a S o
+ [ Q
I 1 =4

o -20%
S i 2 3AFF g

2| AF/F S 10 -5 0 5 10(s) 50 s -40%

£ 28 e -60%

3s 100's L °

Figure 3. [Ca®*]; dynamics in astrocytes during CSD. (A) As in Figure 1B, but with GCaMPéf expressed in astrocytes. (B) Speed of the astrocytic Ca** wave. (C) Average

fluorescence traces (with 95% confidence interval shown in gray), amplitude, and duration (soma: n =44 cells, 17 waves, 9 mice; large processes: n =14 cells, 11 waves,
6 mice; endfeet: n=45 cells, 20 waves, 9 mice) of Ca?* transients in astrocytic compartments. (D) (Left) Image of GCaMP6f fluorescence close to the tip of the DC
potential electrode. Blue circle indicates sampled area, aligned to the wave front as it reaches the tip of the DC electrode. (Right) Astrocytic Ca?* trace aligned to the
DC potential. (E) Latency between negative DC deflection and astrocytic [Ca®*]; increase. (F) Dual-channel imaging of mice cotransduced with rAAV-SYN-GCaMPé6f,
rAAV-GFAP-GCaMP6f, and rAAV-GFAP-tdTomato reveals the timing of the [Ca®*]; increase in a neuronal cell body (purple circle) and a nearby astrocytic endfoot (with
tdTomato; blue circle) during CSD. Representative GCaMP6f fluorescence traces from regions of interest as indicated in the image. (G) Sequence of images of a
penetrating arteriole (outlined with Texas Red) and GCaMPé6f fluorescence (green) in a peri-arteriolar astrocytic endfoot during CSD. 0 s defined as the first notable
endfoot Ca?* increase. (H) Diameter changes of the vessel in (G) (top), aligned to the fluorescence trace from the endfoot (bottom). The arteriolar response to CSD had
4 discernable phases: an initial dilation, a constriction, a delayed dilation and a delayed, prolonged constriction. All phases were present in 29 of 54 vessels (53.7%)
analyzed. Numbers 1-4 indicate the peaks of the initial vasodilation, the consecutive constriction, the delayed dilation, and the delayed, long-lasting constriction,
respectively. The bar diagram between the traces shows the temporal relationship between the endfoot [Ca®']; rise (time =0 s) and the first 2 arteriolar phases.
Endfoot [Ca®*]; increase starts 7.9+ 1.4 s after onset of the initial dilation (n=7 waves, 7 mice), and is followed by constriction after 4.7 +2.9 s (n = 14 waves, 14 mice). (I)
Average amplitudes of the diameter changes at peaks 1 (n=39 waves, 15 mice), 2 (n=39 waves, 15 mice), 3 (n=32 waves, 12 mice), and 4 (n=29 waves, 10 mice)

indicated in (H). Scale bars: 50 um (A,D) and 10 um (F,G). *P < 0.05; error bars, SEM.

constriction (n =14 waves, 14 mice; Fig. 3G-I and Supplementary
Movie 3), in line with data obtained in immature rats (Chuquet
et al. 2007). Notably, neither the subsequent dilation nor the de-
layed constriction coincided with endfoot Ca?* transients.

Since the negative DC potential shift preceded Ca?* rises in
both neurons and astrocytes, we went on to assess the dynamics
of extracellular glutamate levels in CSD. Using the glutamate in-
dicator iGluSnFR (Marvin et al. 2013) expressed on the external
surface of neurons, we found that CSD was accompanied by a
wave of increased [glutamate]. (Fig. 4A and Supplementary
Movie 4), as previously shown by microdialysis (Fabricius et al.
1993). The glutamate increase traveled at 51.7+0.3 um/s
(n=28 waves, 6 mice; Fig. 4B), not significantly different from
the speed of the Ca®* waves in neurons and glia (P=0.33 and
P=0.20, respectively, One-way ANOVA with Tukey multiple
comparisons test), and lasted only 18.6+1.7s (n=12 waves,
4 mice; Fig. 4C). Higher speed (4-6 Hz) imaging revealed that the

increase in iGluSnFR fluorescence passed the tip of the DC elec-
trode 1.9+ 0.2 s after the negative DC deflection (n=29 waves,
8 mice; Fig. 4D,E), significantly different from the GCaMP6f latency
in neurons and astrocytes (P =0.0002 and P < 0.0001, respectively,
One-way ANOVA with Tukey multiple comparisons test). Thus,
extracellular glutamate levels increased after passage of the
neuronal Ca?* wavefront, but before the arrival of the astrocytic
Ca" wave.

Finally, we measured the lag between CSD-associated [K*].
rise (defined as 0.25 mM above baseline levels and measured
by K*-sensitive microelectrodes), and increases in neuronal
GCaMPeéf fluorescence (Fig. 4F), astrocytic GCaMP6f fluorescence
(Fig. 4G), and iGluSnFR fluorescence (Fig. 4H). The [K']. rise pre-
ceded negative DC deflection, neuronal Ca’* increase, extracellu-
lar glutamate increase and astrocytic Ca®* increase by 5.9+0.4 s
(n=41 waves, 10 mice), 6.2 + 0.6 s (n = 13 waves, 4 mice), 7.7 +0.7 s
(n=19 waves, 4 mice) and 9.3+0.7s (n=11 waves, 3 mice),
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potential. (E) Latency between negative DC deflection and glutamate increase. (F) Relationship between [K*]e, DC potential, and neuronal [Ca?*];. The latency between
0.25 mM [K*]. rise (arrow over K* trace) and increase in fluorescence (red vertical line) is indicated to the right. Dashed line indicates start of the negative DC potential
shift. (G) As in (F) but with [Ca®*]; in astrocytes instead of neurons. (H) As in (F) but with [glutamate]. instead of neuronal [Ca®*];. Images in (F-H) show positions of
electrodes (stippled lines) and sampled regions (white circles). Sampled regions were picked along the front edge of the CSD wave as it hit the potassium sensitive
microelectrode. Scale bars: 50 um; error bars, SEM.

respectively (Fig. 4F-H). Further analysis revealed that [K*]. had show that an interstitial K* surge is ahead of the advancing
reached 7.3 = 0.6 mM when the neuronal Ca?* wavefront hit the CSD wave and may reach levels sufficient to induce a substantial
tip of the K*-sensitive microelectrode. Thus, our data clearly neuronal depolarization.
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Discussion

It is widely accepted that CSD involves a regenerative cycle of
neuronal depolarization, release of K* and glutamate and further
depolarization that spreads in a wave-like manner at velocities
several orders of magnitude slower than that of action potentials
in even the smallest unmyelinated axons or dendrites (Andersen
et al. 1978; Buzsaki and Kandel 1998; Somjen 2001). Activation of
voltage-gated Na* channels, voltage-gated Ca”* channels, and
N-methyl-D-aspartate (NMDA) ionotropic glutamate receptors is
thought to be involved in the positive feedback cycle of depolar-
izing inward currents during CSD ignition, yet the relative contri-
bution of these inward currents during the course of the CSD
wave is unknown (Somjen 2001; Pietrobon and Moskowitz
2014). Our finding that the neuronal [Ca®*]; rise precedes the
interstitial glutamate surge suggests that neuronal voltage-acti-
vated currents, and not glutamate-mediated NMDA receptor cur-
rents, are initiating the vicious cycle of neuronal depolarization
and release of K* and glutamate. Thus, our data do not lend sup-
port to van Harreveld’s idea that interstitial glutamate diffusion
carries the CSD wave (Van Harreveld 1959). However, as
[glutamate]. increased ahead of the astrocytic [Ca®*]; rise, the lat-
ter is likely attributable to interstitial glutamate acting through
metabotropic glutamate receptor activation.

The later passage of astrocytic than neuronal Ca** waves fur-
ther argues against a role of astrocytes in propagating CSD, an
idea first proposed 2 decades ago due to the similar temporal
and spatial characteristics of astrocytic Ca®>* waves and CSD
(Leibowitz 1992). This concept is also challenged by the finding
that pharmacological inhibition of astrocytic Ca?* signaling
does not prevent propagation of the CSD wave (Peters et al.
2003; Chuquet et al. 2007). Neither did we find support for the
idea that neuronal Ca®* influx triggered by intercellular current
flow between gap junction-coupled neurons is the primary driver
of CSD (Herreras et al. 1994). The combined use of K*-sensitive
microelectrodes and 2-photon calcium imaging clearly showed
that neuronal Ca?* signals lagged behind interstitial K* elevation.

Lack of tools to map rapid changes in ion and neurotransmitter
levels in the adult brain with sub-cellular resolution has delayed
progress in understanding mechanisms underlying CSD. Microdia-
lysis and enzyme-based measurements of interstitial glutamate do
not offer sufficient spatiotemporal resolution to determine the tim-
ing of the glutamate surge in relation to the CSD wavefront. The vast
majority of Ca?* imaging studies on CSD have employed bulk load-
ing of synthetic Ca®* indicators (Peters et al. 2003; Chuquet et al.
2007), a strategy with low efficacy in adult animals and poor sensi-
tivity for detecting Ca®* signals in distal cellular processes (Reeves
et al. 2011). These shortcomings notwithstanding, Ca®* imaging
data obtained in immature rats indicated that CSD-associated Ca**
waves appear in neurons before astrocytes (Chuquet et al. 2007), in
line with our GCaMPé6f fluorescence data in adult mice.

Our finding that CSD-associated Ca* transients last significant-
ly longer in neuronal somata than in processes contrasts data ob-
tained in acute hippocampal slices, where [Ca®*]; in CA1 pyramidal
cells (measured by patch pipette delivery of the low-affinity ratio-
metric Ca®* indicator Fura-6F) was elevated for significantly longer
in dendrites (Aiba and Shuttleworth 2012). This discrepancy may
hinge on altered function of patched cells (whose contents are dia-
lyzed with the pipette solution), on differences between cortical
and hippocampal neurons, or on differences between the in vivo
situation and the slice preparation, for example, due to altered me-
tabolism or network connectivity/activity.

The present study was performed in isoflurane-anesthetized
animals. Isoflurane has been shown to influence CSD susceptibility

and propagation speed in a dose-dependent manner, but not DC
shift amplitudes and durations (Kitahara et al. 2001; Kudo et al.
2013). Nonetheless, CSD was readily elicited in our model and
the waves we observed had similar propagation velocity
as previously reported in number of animal models in vitro and
in vivo (Somjen 2001) and in the awake human visual cortex
(Hadjikhani et al. 2001).

To our knowledge, correlation of cellular Ca®* signals with
interstitial surges of potassium and glutamate in CSD has not
been studied previously. Development of optical probes for
other ions and signaling molecules will further advance our un-
derstanding of the complex phenomena of CSD and related
spreading depolarizations, and likely pave the way for more
effective treatment of migraine and other conditions. The data
here already point towards K* flooding into the interstitial
space as the lynchpin of these events.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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