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Neurobiology of Disease
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Spreading depolarizations (SDs) of gray matter occur in the brain in different pathologic conditions, and cause varying
degrees of tissue damage depending on the extent of metabolic burden on the tissue. As might be expected for such large
depolarizations, neurons exhibit bursts of action potentials (APs) as the wave propagates. However, the specific role of APs
in SD propagation is unclear. This is potentially consequential, since sodium channel modulation has not been considered as
a therapeutic target for SD-associated disorders, because of ambiguous experimental evidence. Using whole-cell electrophysiology and single-photon imaging in acute cortical slices from male C57Bl6 mice, we tested the effects of AP blockade on SDs
generated by two widely used induction paradigms. We found that AP blockade using tetrodotoxin (TTX) restricted propagation of focally induced SDs, and significantly reduced the amplitude of neuronal depolarization, as well as its Ca21 load. TTX
also abolished the suppression of spontaneous synaptic activity that is a hallmark of focally induced SD. In contrast, TTX did
not affect the propagation of SD induced by global superfusion of high [K1]e containing artificial CSF (ACSF). Thus, we
show that voltage-gated sodium channel (Nav)-mediated neuronal AP bursts are critical for the propagation and downstream
effects of focally induced SD but are less important when the ionic balance of the extracellular space is already compromised.
In doing so we corroborate the notion that two different SD induction paradigms, each relevant to different clinical situations, vary significantly in their characteristics and potentially their response to treatment.
Key words: brain injury; migraine; neuronal action potentials; neuronal excitability; spreading depolarizations; spreading
depression

Significance Statement
Our findings suggest that voltage-gated sodium channel (Nav) channels have a critical role in the propagation and downstream neural effects of focally induced spreading depolarization (SD). As SDs are likely induced focally in many disease conditions, these studies support sodium channel modulation, a previously underappreciated therapeutic option in SD-associated
disorders, as a viable approach.

Introduction
Various pathologic conditions can lead to the eruption of slowly
propagating waves of near complete depolarization of neurons
and glia. Depending on the bioenergetic and metabolic state of
tissue through which they propagate, spreading depolarizations
(SDs) can exert different deleterious effects, or leave no detectable damage (Dreier, 2011; Pietrobon and Moskowitz, 2014;
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Hartings et al., 2017; Brennan and Pietrobon, 2018). SDs arise
from a cascading chain of events leading to the near-complete
breakdown of ion hemostasis and release of glutamate and K1
into the extracellular space (Somjen, 2001; Pietrobon and
Moskowitz, 2014; Herreras and Makarova, 2020). Although not
fully corroborated by experimental evidence, modeling studies
have identified K1 and glutamate released during the passage of
an SD wave as the main drivers of the depolarization of adjacent
cells, which in turn release K1 and glutamate, leading to the
wave’s self-sustaining nature (Tuckwell, 1981; Wylie and Miura,
2006; Zandt et al., 2013; Wei et al., 2014; Newton et al., 2018).
In normally metabolizing tissue, SDs are typically induced
using depolarizing stimuli that increase [K1]e above a critical
threshold (Pietrobon and Moskowitz, 2014). The depolarization during SD propagation in normally metabolizing tissue
is preceded by a burst of action potentials (APs), both in
vivo and in vitro, regardless of the induction paradigm
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Materials and Methods

Animal care and handling
All protocols were approved by the Institutional Animal Care and Use
Committee at the University of Utah. Animals were housed in a temperature-controlled room on a 12/12 h light/dark cycle. Male C57Bl6 mice
were used for every experiment, except for the in vitro epifluorescence
calcium imaging experiments, which used transgenic mice on a C57Bl6
background, expressing GCamp3 under the Thy1 promoter (The
Jackson Laboratory, strain: 017893).
In vitro brain slice preparation
Mice (two to three months old) were deeply anesthetized with 4% isoflurane, and the brain was removed for slice preparation. Coronal

100s
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L4

Time

SD
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chamber containing normal artificial CSF (ACSF; 125 mM NaCl, 3
mM KCl, 1.3 mM MgSO4 , 1.25 mM NaH2PO 4, 25 mM NaHCO 3, 25
mM D-glucose, 1.3 mM CaCl2, and saturated with 95% O 2/5% CO2 )
at 35°C. For electrophysiology and imaging experiments, the sections were transferred to a submerged chamber (design based on
Scientific Systems Design #MS-1; circular Plexiglas chamber with a
glass coverslip base) constantly supplied with ACSF, saturated
with 95% O 2 and 5% CO2, also maintained at 35°C using a line
heater (Scientific Systems Design #PTCO3). A slice anchor was
placed on the slice (Warner Instruments: catalog #64-1420) to
reduce tissue movement. ACSF inlet and the outlet were arranged
approximately at a 90° angle to one another. ACSF inflow and outflow were maintained at the same rate (;2.5 ml/min) throughout
the entire experiment.
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Movie 1. Propagation of an SD wave generated by focal high K1 puff in normal ACSF
(control conditions). The movie shows propagating changes to the baseline-subtracted transmittance signal (DT) associated with the SD wave, following a pressure puff of 3M [K1]e
through a glass pipette (left). The glass electrode for patch-clamp electrophysiology is to the
right. The images were acquired using 4 objective, at a resolution of 1392  1040 pixels
(2.9  2.17 mm). Real-time duration: 50 s (16.67). Scale bar: 200 mm. [View online]
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Movie 2. Propagation of an SD wave generated by diffuse high K1 superfusion in normal
ACSF (control conditions). The movie shows propagating changes to the baseline-subtracted
transmittance signal (DT) associated with the SD wave, following the superfusion of 40 mM
[K1]e containing ACSF. The images were acquired using 4 objective, at a resolution of
1392  1040 pixels (2.9  2.17 mm). Real-time duration: 50 s (16.67). Scale bar: 200
mm. [View online]
SD induction
A brief puff of high [K1] was used for the focal induction of SD (Tottene
et al., 2009; Sawant-Pokam et al., 2017). A glass micropipette (0.5–1 MV
resistance, tip size 10–20 mm) filled with 3 M KCl was placed on the superficial [layer (L)1–L2/3] cortical layers in acute slices. KCl was applied
to the slices with a brief pulse (0.5 bar N2, 20 ms) using a pressure injector (MPPI-2, Applied Scientific Instruments).
For a global perturbation, acute brain slices were superfused with
ACSF containing 40 mM K1 (88 mM NaCl, 40 mM KCl, 1.3 mM MgSO4,
1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM D-glucose, 1.3 mM CaCl2,
and saturated with 95% O2/5% CO2), for 90 s, followed by regular ACSF
wash (Zhou et al., 2010).
Pharmacology
Tetrodotoxin (TTX) powder (Abcam, catalog #ab120054) was stored at
4°C, in compliance with the Institutional Biosafety Committee approval;
2 mM stock in water was prepared and aliquoted. The stock was then
diluted into ACSF for application in vitro. Control solutions contained
identical vehicle concentrations to respective drug solutions (all 1%).
In vitro electrophysiology
All whole-cell patch-clamp recordings were obtained from regular spiking pyramidal neurons (Sawant-Pokam et al., 2017) in L2/3 somatosensory cortex. Neurons were visualized using differential interference
contrast (DIC) microscopy and patched using glass micropipettes (4–6
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Figure 2. Increase in [K1]e coincident with propagation of focally induced SD. A,
Schematic showing focal SD induction using 3M [K1] pressure ejection and simultaneous acquisition of IOS (imaging) along with [K1]e and DC recording using a K1-sensitive bipolar
microelectrode (see Materials and Methods). B, A calibration curve showing voltage (mV)
change recorded with the K1-selective electrode in response to increasing concentrations of
K1 (R2 = 0.9733, slope = 50.14, n = 3 electrodes). C, Peak [K1]e at the recording location
during SD propagation is not correlated to the distance from the induction (p = 0.58,
Pearson’s correlation r = 0.23, n = 8). D, top, Image sequence showing placement of K1
induction pipette (indicated by *), K1-sensitive microelectrode (indicated by arrowhead) as
well as ROI placement, along with real time propagation of SD (increase in DT) for 10 s following induction. The electrode and ROI placement was ;474 mm away from the induction
site. After induction, SD propagated in the direction of K1-sensitive electrode. Bottom,
Representative trace showing voltage response to increase in extracellular K1 (K1-sensitive
electrode) as well as DC signal (reference electrode). The [K1]e at this location did not rise
at the time of SD induction (focal K1 puff) but increased coincident with the DC and ROI signal with the peaks of all three signals temporally aligned. E, top, Image sequence showing
placement of K1 induction (puff) pipette, K1-sensitive microelectrode as well as ROI placement, 376 mm from induction site. Increase in DT following SD induction shows SD propagation away from the K1-sensitive electrode. Bottom, Representative trace showing no
change in extracellular K1, DC, or IOS signal, either during or after SD induction, supporting
our observations of [K1]e rise only during the SD propagation.
MV resistance, tip size of 3–4 mm). Membrane voltages were recorded in
current clamp (Iclamp) mode, using glass micropipettes filled with intracellular solution containing 130 mM K-gluconate, 5.5 mM EGTA, 10 mM
HEPES, 2 mM NaCl, 2 mM KCl, 0.5 mM CaCl2, 0.5 mM GTP, 4 mM ATP,
and 10 mM phosphocreatine (pH 7.2, osmolarity = 289–291 mOsm/l).
Miniature EPSCs (mEPSCs) were recorded in voltage-clamp mode
(Vclamp = –70 mV) in presence of 1 mM TTX. All whole-cell recordings
were acquired at 20 kHz and filtered at 2 kHz (lowpass) using a
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In vitro epifluorescence imaging
For intracellular calcium imaging, acute slices were prepared from
mice expressing GCamp3 under the Thy1 promoter (The Jackson
Laboratory, strain: 017893). Microscope optics: Slices were epiilluminated with blue light (excitation filter: 420–495 nm) and
green fluorescence signal (emission filter: 520–570 nm) was
focused on the camera through a filter cube set with a dichroic
mirror. Images were acquired at 2 Hz at a resolution of 1392  1040
pixels for the duration of the experiment. Offline image processing
was performed with ImageJ. Grayscale values were obtained using
circular ROIs. The first 20 frames of each image series were averaged and used as the baseline for subsequent baseline subtraction
and normalization according to the following formula: DF = (F –
F 0)/F0 , where F = fluorescence at each frame and F 0 = averaged
baseline fluorescence of image series. Circular ROIs were drawn at
multiple distances from SD initiation to determine propagation.
K1-sensitive microelectrodes
K1-sensitive bipolar microelectrodes were fabricated using double
barrel electrodes (2BF100-75-10; Sutter Instruments) with tip
sizes of ;4 mm (;2 mm/barrel). The glass micropipettes were
rinsed with 1 M HCl and ethanol before silinization of with 5%
hexamethyldisilazane (HMDS; Sigma-Aldrich) at 200°C overnight. The silinized K 1-sensitive barrel was backfilled with 100
m M KCl (Haack et al., 2015) and the reference barrel (also used
for DC measurements) was filled with regular ACSF. After filling,
the tip of the K 1-sensitive barrel was front-filled with ;1 ml of
liquid K 1 ion exchanger (Potassium Ionophore I-cocktail B;
Sigma-Aldrich). Before each experiment, the electrodes were calibrated with standard solutions of ACSF with known K 1 concentration (3, 10, 30, and 100 m M ) and equimolar NaCl substitution.
Signal from the reference microelectrode was subtracted from
that of the ion-sensitive microelectrode to obtain [K1]e-sensitive
voltage signal, using a high impedance differential amplifier (HiZ223, Warner Instruments). A log-linear fit from microelectrode calibration was used to calculate the actual [K1]e in each experiment.
Signals were digitized by a Digidata 1330b acquisition board and further analyzed with pCLAMP 8.2 software (Molecular Devices, LLC).
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In vitro intrinsic optical signal (IOS) imaging
Acute slices were trans-illuminated by a white-light source (Zeiss SNT
tungsten, 12 V 100 W) and transmitted light (IOS) was collected on an
upright microscope (Zeiss Axioskop 2) with a 4/0.10 Achroplan objective lens (Zeiss) and focused on a high-sensitivity twelve-bit chargecoupled device camera (Mightex CCE-B013-U). Images were acquired at
2 Hz at a resolution of 1392  1040 pixels (2.9  2.17 mm) for the duration of the experiment. Offline image processing was performed with
ImageJ (NIH). Grayscale values were obtained using circular regions of
interest (ROIs). The first 20 frames of each image series were averaged
and used as the baseline for subsequent baseline subtraction and normalization according to the following formula: DT = (T – T0)/T0, where T =
transmittance at each frame and T0 = averaged baseline transmittance of
image series. Circular ROIs were drawn at multiple distances from
SD initiation to generate traces of the IOS signal. Linear ROIs were
drawn from the SD initiation site up to the maximum recorded
extent of SD propagation, unidirectionally across L2/3 (Fig. 1D).
Kymographs showing the temporal progression of IOS change
across time were generated using linear ROIs (Fig. 1E) and the velocity of SD propagation was quantified as slope of kymographs at
fixed intervals (Fig. 1F).
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Multiclamp 700B amplifier. Analog data were digitized using a Digidata
1330 digitizer and Clampex 9 software (Molecular Devices). Access resistance was monitored throughout recordings (5-mV pulses at 50 Hz).
Recordings with access resistance higher than 25 MV or with .20%
change in access resistance during baseline recordings were discarded
from the analysis. Series resistance compensation (.70%) was applied to
currents recorded in the voltage-clamp setting. Offline data processing
was done with Clampfit10 (Molecular Devices).
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Figure 3. Distinct rise kinetics and durations of neuronal depolarizations degenerated by
the two different SD induction paradigms. A, Schematic showing induction of SD using 3 M
[K1] focal pressure ejection (left), along with a representative trace of neuronal Vm during
an SD wave (Iclamp) recorded .500 mm from the induction site. B, Schematic showing induction of SD using global 40 mM [K1] superfusion (left), along with a representative trace of neuronal Vm during SD. No difference in the peak amplitude (C, p = 0.14, Mann–Whitney test) as
well as absolute peak Vm (D, p = 0.98, Mann–Whitney test) of SDs generated by the two
induction paradigms. E, The total duration of SD depolarization was significantly higher with 40
mM K1 ACSF induction (p = 0.016, Mann–Whitney test), without a significant difference in the
duration of AP bursts (F, p = 0.86, Mann–Whitney test) between the induction paradigms. G,
Linear regression line fitted to the neuronal Vm traces showing distinct SD rise slopes for the
two different induction paradigms. Time to peak was significantly reduced (inset, p = 0.0002,
Mann–Whitney test) for SDs induced by focal 3 M K1 puff. (*P , 0.05, ***P , 0.001).

Experimental design and statistical analysis
Data analysis was performed using GraphPad Prism 8 (GraphPad
Software), MATLAB 7.8.0 (MathWorks), and Microsoft Excel
(Microsoft Corp). Sample sizes were determined based on previous
reports and pilot experiments, generally n = 6–10 for all in vitro experiments. Experimenters were not blinded to control/drug treatments for
all physiology experiments because the effects of the drug treatment
were often obvious. However, when blinding was not possible, slices
receiving either control or drug treatments were randomized. Outliers
were determined empirically based on data distribution (Grubbs’ test)
for exclusion from further statistical analysis. However, no datapoints
were identified as statistical outliers in any of the datasets presented in
this study. Most comparisons were made either across groups (grouped
comparisons) or across conditions within the same slice (repeated
measures).
The normality of distributions was determined using the D’Agostino–
Pearson K2 test. Datapoints representing individual slices were compared
across groups using a two-tailed, unpaired t test (parametric data) or

Suryavanshi et al. · Nav-Mediated Action Potential Bursts Necessary for SD Propagation

A

J. Neurosci., March 16, 2022 • 42(11):2371–2383 • 2375

C

concurrent SD waves (50% slices with
multiple SDs; Fig. 1C; Movie 2), triggered
90–120 s from the beginning of superfusion.
Global
Although the induction stimulus dursuperfusion
ing
high [K1] superfusion was applied
20 S
30 S
10 S
0S
Slope:
globally, SD always originated from one or
200 μm
0.0061
IOS
more foci (Figs. 1C, 4A; Movie 2). This obSlope: 0.0009
servation is consistent with previous
0.1 ΔT/T0, 40 S
10 S
20 S
30 S
0S
reports (Anderson and Andrew, 2002;
Zhou et al., 2010), suggesting that perhaps
D
B 3M K puff, 20ms
E
40mM K superfusion, 90s
the high [K1] driven neuronal depolariza15
4
Focal puff (9)
tion is not uniform across the tissue, and
Global
Superfusion (10)
10
3
relatively smaller foci of significant meta0.2, 40 sec
5
2
bolic burden ignite SD. A similar phenom0
1
enon has been observed in vivo; the mouse
hemicortex, exposed to high [K1] superfu-5
0
0.4 0.8 1.2 1.6 2.0
0
Focal Global
sion, typically shows SD ignition from a
Distance (mm)
(9)
(10)
single focus in the barrel cortex (Bogdanov
Figure 4. Distinct rise kinetics of IOS signal following SD induction by the two paradigms. A, IOS image sequence (DT)
et al., 2016).
showing the progression of SD induced by 3 M K1 pressure ejection (top) as well as 40 mM K1 ACSF perfusion (bottom)
Following a focal high [K1] puff, curacross space and time (scale bar: 200 mm). B, Traces showing changes in transmittance (DT/T0, group means are bold) durrent-clamp recordings showed a sharp rise
ing the passage of an SD wave (ROI ;1000 mM from the induction site). C, Linear regression line fitted to the mean DT/T0
in membrane voltage (Vm) concurrent
traces showing distinct SD rise slopes for the two different induction paradigms. D, Maximum recorded propagation for SD
with
an AP burst, followed by near-comwaves induced by the two different induction paradigms is not different (unpaired t test, p = 0.53). E, Although the compariplete depolarization (Fig. 3A). Similar to
son of propagation velocities between the two induction paradigms, was not significant (p = 0.98, two-way ANOVA), the
prior work (Zhou et al., 2010), we found
propagation velocity significantly reduced with distance for focally induced SD (p , 0.01, Kruskal–Wallis test).
that the global high [K1] superfusion led
to a slow ramped increase in membrane
Mann–Whitney U test (nonparametric data). Paired comparisons were
Vm (Fig. 3B), before the arrival of the
performed using a two-tailed, paired t test. Normalized (%) distributions
wave. Consequently, globally induced SDs had a significantly
of individual events were compared across genotype using a two-sample
higher time to peak from the beginning of the depolarization,
Kolmogorov–Smirnov (KS) test. Data representing multiple time points
compared with focal induction (p , 0.001, Mann–Whitney test,
within the same slice were compared across groups using two-way
ANOVA (Friedman’s test for nonparametric data) or within groups using
u = 0; Fig. 3G). SD induced by high [K1]e superfusion also
one-way ANOVA (Kruskal–Wallis test for nonparametric data). Repeated
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transmembrane ion flows, transient depolarization of mem4B), confirming prior observations (Anderson and Andrew,
brane potential (Vm), cell swelling and shrinkage of extracel2002; Zhou et al., 2010). Therefore, SD waves generated by the
lular space (MacVicar and Hochman, 1991). These changes
two different induction paradigms were phenotypically distinct,
were recorded using whole-cell electrophysiology and IOS imagwith disparate kinetics of propagation across space, Vm depolariing in mouse brain slices containing somatosensory (barrel) corzation, and corresponding IOS transients.
tex. Focal high [K1] puff consistently generated only a single SD
wave (Movie 1), propagating away from the induction site.
TTX application selectively restricts propagation of focally
Increase in [K1]e measured at various distances from the
induced SD waves
We then tested the effects of AP blockade on the propagation of
induction site (from 300 to 800 mm), was coincident with the
SDs, using focal and global paradigms. Acute slices were treated
propagating SD measured optically. There was no change in
[K1]e during the puff (Fig. 2D), confirming the relative “focality”
with TTX (1 mM) for 5 min before SD induced by either focal or
diffuse high [K1] application. The maximum propagation disof the induction stimulus. This was corroborated by imaging reltance measured from SD induction site following a focal high
atively limited spatial dispersion of a fluorescent dye following
[K1] puff was significantly reduced with TTX treatment comthe puff (Fig. 1A). In contrast, the diffuse 40 mM [K1] superfusion paradigm resulted in either a single SD or multiple,
pared with the control condition (p , 0.0001, t test, t = 5.59; Fig.
SD induction
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Figure 5. TTX treatment restricts propagation of SD generated by focal high [K ] puff. A,
Schematic showing induction of SD using focal 3 M [K1] pressure ejection (left) along with
representative traces of transmittance signal (DT/T0) showing SD propagation in control and
TTX condition (ROIs: 400, 800, and 1200 mm from the induction site). B, Example Image
sequence (DT) showing the progression of a focally induced SD wave across space and time
in control as well as TTX treatment conditions (scale bar: 200 mm). C, Traces showing
changes in light transmittance (DT/T0) following focally induced SD, in control (n = 9, blue)
and TTX (n = 11, gray) conditions (ROIs at ;500 and 1000 mm, group means are bold). D,
TTX treatment significantly reduced the maximum propagation of the SD wave generated by
focal 3 M [K1] pressure ejection (unpaired t test, p , 0.001), without affecting SD velocity
(E) between the two groups (two-way ANOVA, p = 0.07). (***P , 0.001).

Figure 6. Propagation of SD generated by global high [K1] is unaffected by TTX treatment. A, Schematic showing induction of SD using global 40 mM [K1] superfusion (left)
along with representative traces of transmittance signal (DT/T0) showing SD propagation in control and TTX condition (ROIs: 400, 800, and 1200 mm from the induction site).
B, Example image sequence (DT) showing the progression of a global 40 mM [K1]
superfusion induced SD wave across space and time in control as well as TTX treatment
conditions (scale bar: 200 mm). C, Traces showing changes in light transmittance (DT/
T0) in response to SDs induced by 40 mM [K1] superfusion, in control (top, n = 10, red)
as well as TTX (bottom, n = 11, gray) conditions (ROIs ;1000 mm, group means are
bold). In the case of SD generated by 40 mM K1 ACSF perfusion, TTX treatment did not
affect either maximum propagation (D, unpaired t test, p = 0.08), or SD velocity (E,
two-way ANOVA, p = 0.86).

Movie 3. Propagation of an SD wave generated by focal high K1 puff in 1 mM TTX. The
movie shows propagating changes to the baseline-subtracted transmittance signal (DT)
associated with the SD wave, following a pressure puff of 3M [K1]e through a glass pipette,
in the presence of 1 mM TTX. The images were acquired using 4 objective, at a resolution
of 1392  1040 pixels (2.9  2.17 mm). Real-time duration: 50 s (16.67). Scale bar: 200
mm. [View online]

Movie 4. Propagation of an SD wave generated by diffuse high K1 superfusion in 1 mM
TTX. The movie shows propagating changes to the baseline-subtracted transmittance signal
(DT) associated with the SD wave, following the superfusion of 40 mM [K1]e containing
ACSF, in the presence of 1 mM TTX. The images were acquired using 4 objective, at a resolution of 1392  1040 pixels (2.9  2.17 mm). Real-time duration: 50 s (16.67). Scale
bar: 200 mm. [View online]
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Table 1. Whole-cell electrophysiological characteristics of SDs recorded from neurons under control condition and in the presence of 1 lM TTX
Group
Control

TTX

Resting Vm
51.9
49.3
60.4
66.2
58
68
73.3
66.5
56.5
46.9
71.5
68.3
73.8
71.4
50.8
46.1
57.4
58

Peak amplitude (mV)

Peak Vm (mV)

SD duration (s)

AP burst duration (s)

Time to peak (ms)

46.1
50.8
58
50
35.4
67.1
34.8
60.7
58.9
47.6
71.7
12.8
13.4
16.2
16.8
44.9
36.3
11

5.8
1.5
2.4
16.2
22.6
0.9
38.5
5.8
2.4
0.7
0.2
55.5
60.4
34.6
57.4
1.2
21.1
47

320
255.6
283.23
197.7
452.9
258
194.45
135.9
187.48
263.3
116
143
81
245
216
19
165
151.7

1.5
3
4
0.3
3.12
7.45
23.5
18.3
14.28
0.7
2.54
0
0
0
0
0
0
0

15,751
34,410
28,887
13,977
34,495
11,615
22,168
19,560
26,668
12,875
9771
13,010
20,099
42,007
56,962
4840.6
26,755
29,323

5D; Movie 3), though propagation velocity was unaffected
(p = 0.63, two-way ANOVA, F = 0.029; Fig. 5E). In contrast, the
application of TTX did not affect either the maximum propagation distance (p = 0.08, t test, t = 1.85; Fig. 6D; Movie 4) or the
propagation velocity (p = 0.12, two-way ANOVA, F = 2.52; Fig.
6E) of SD waves generated by diffuse [K1] perfusion. Therefore,
as global tissue conditions grow closer to those that occur around
the SD threshold, as commonly observed with global stimuli, AP
bursts likely become less necessary as a mechanism to sustain the
propagation of SD waves.

We used traces filtered to eliminate AP waveforms, to fit single
exponentials to the initial Vm rise under both conditions. We
found no significant difference between the time constants (tau;
p = 0.94, Mann–Whitney test, U = 17; Fig. 7J) as well as time to
peak (p = 0.53, Mann–Whitney test, U = 16; Fig. 7K) between
control and TTX groups, suggesting TTX treatment does not significantly alter the initial (before AP bursts) Vm rise kinetics of
SD-associated neural depolarization. However, TTX clearly
affected the maximum Vm rise and the overall rise kinetics, by
abolishing the second depolarization phase.

TTX application reduces the amplitude and duration of
neuronal depolarization in response to focally induced SD
We wanted to explicitly test whether the restricted propagation
of focally induced SD after TTX treatment was because of incomplete or attenuated neuronal depolarization. During a propagating focally induced SD wave, we recorded neuronal voltage
responses from cortical neurons at a distance of 200–1000 mm,
with or without TTX (Table 1). As expected with TTX treatment,
neurons failed to fire APs (p , 0.0001, Mann–Whitney test,
U = 0; Fig. 7A,E). Importantly, TTX application significantly
reduced the amplitude (p , 0.01, Mann–Whitney test, U = 7; Fig.
7C) and the absolute Vm (p , 0.01, Mann–Whitney test, U = 6;
Fig. 7D) of peak depolarization as well as the total duration of
the SD event (p , 0.05, Mann–Whitney test, U = 16; Fig. 7B).
Depolarization amplitude in the presence of TTX was negatively
correlated with the distance from the SD induction site
(p , 0.05, Spearman’s correlation, rs = 0.94; Fig. 7H), as the
amplitude decreased in neuronal recordings obtained farther
away from the induction site (Fig. 7F,G).
Next, we wanted to determine whether TTX application
affected the rise kinetics of neuronal depolarization. Neuronal
depolarization during SD under control conditions was typically
biphasic, with two different time constants. The two phases of
neuronal Vm rise were typically separated by brief repolarization.
The initial Vm rise typically culminated in AP bursts and could
be fitted with a single exponential. The second phase typically
followed the AP bursts and could also be fitted with a separate
single exponential. In contrast, after TTX treatment, Vm depolarization only exhibited the initial rise, as the second phase of
depolarization was abolished (Fig. 7I), suggesting that TTX treatment prevents neuronal depolarization beyond the initial rise.

TTX reduces the propagation of calcium transients as well as
intracellular calcium load elicited by focally induced SD
Our results thus far suggest that TTX-mediated Nav blockade,
and consequent inhibition of neuronal AP bursts, limits the
propagation of focally induced SD, likely by preventing nearcomplete depolarization in neurons away from the induction
site. Neuro-glial depolarization during an SD wave evokes propagating intracellular calcium transients (Peters et al., 2003;
Chuquet et al., 2007). Sustained neuronal depolarization along
with action-potential bursts during SD contribute to neuronal
Ca21 transients under normal conditions (Jacobs and Meyer,
1997; Koester and Sakmann, 2000), and the onset of SD-associated neuronal calcium transients is coincident with glutamate
and K1 efflux (Zhou et al., 2013; Enger et al., 2015). The SDassociated propagating Ca21 waves can be effectively imaged
using genetically encoded calcium indicators (GCaMP), both in
vivo and in vitro (Enger et al., 2015; Khennouf et al., 2016). We
wanted to test whether the suppression of AP bursts also reduced
SD evoked [Ca21]i transients in neurons. We prepared acute
cortical slices from mice expressing GCaMP3 under a neuronal
(Thy1) promoter. After the TTX application, the total propagation distance of calcium transients was significantly reduced
(p , 0.01, Mann–Whitney test, U = 2; Fig. 8F; Movies 5, 6), consistent with insufficient neuronal depolarization away from the
induction site, without a significant change in propagation velocity (p . 0.05, two-way ANOVA, F = 0.29; Fig. 8E). Moreover, the
area under the curve (AUC) of the evoked calcium transient, representing tissue calcium load (Patel et al., 2015; Reinhart and
Shuttleworth, 2018), was also significantly reduced after TTX
application (500 mm: p , 0.05, 1000 mm: p , 0.001, t test, t = 2.42;
Fig. 8G). As calcium load is often associated with the deleterious
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in vitro studies reporting a reduction in the frequency of spontaneous postsynaptic currents (E/IPSCs) after focally induced SD
(Aiba and Shuttleworth, 2012, 2014). Previously, under experimental conditions identical to that described in this study, we
observed a short-term (5 min) and long-term (30 min) reduction
in spontaneous EPSC frequency following focally induced SD in
the normally metabolizing cortex, with a slight increase in the
EPSC amplitude 30 min post-SD (Sawant-Pokam et al., 2017).
The long-term changes in postsynaptic response, as well as sensory-evoked circuit responses (Theriot et al., 2012) following SD,
resemble [Ca21]i-dependent cortical plasticity (Buonomano and
Merzenich, 1998; Feldman and Brecht, 2005). Given the effects
of AP suppression on neuronal calcium, we suspected that the
suppression of spontaneous neurotransmission mediated by SD
might be altered as well. We used whole-cell voltage clamp
(Vclamp = –70 mV) to record mEPSCs during TTX treatment
(baseline) and continued recording up to 30 min following the
focal induction of SD in the normally metabolizing cortical slices.
TTX treatment abolished the short- as well as long-term reductions in mEPSC frequency (at 5 and 30 min, respectively) in cortical neurons (Fig. 9B,C) and had no effect on mEPSC amplitude
(Fig. 9D,E; contrast with Sawant-Pokam et al., 2017). Therefore,
neuronal AP bursts and subsequent suprathreshold depolarization are necessary for long lasting post-SD changes in synaptic
transmission after focally induced SD.

Control TTX
(11)

(7)

Figure 7. TTX treatment reduces the duration and amplitude of SD distant to the induction site. A, Schematic showing focal induction of SD using 3 M [K1] pressure ejection and
data acquisition using whole-cell current clamp (left) along with typical current-clamp traces
of SDs in control (blue) and TTX (gray) conditions (arrowheads indicate high [K1] puff). TTX
treatment significantly reduced the SD duration (B, Mann–Whitney test, p = 0.043), maximum depolarization (C, Mann–Whitney test, p , 0.0038) and peak amplitude (D, Mann–
Whitney test, p = 0.0024) as well as abolished AP bursts during SD (E, Mann–Whitney test,
p , 0.0001, control N = 9, TTX N = 7). F, Schematic showing the current-clamp recordings
of focally induced SD, obtained from proximal (;200 mm) and distal (;800 mm) neurons
in acute slices. G, Representative traces of SD-associated Vm depolarization in presence of
TTX in neurons proximal (top ;200 mm) and distal (bottom ;800 mm) to the induction
site. H, Negative correlation between SD amplitude and distance from induction site (nonparametric Spearman’s correlation coefficient rS = 0.9429, p = 0.017). I, Representative
traces of Vm rise (filtered to eliminate APs) during SD showing multiphasic rise with two
time constants under control condition and an exponential rise with one time constant tor
TTX condition. J, Comparison of time constants (t 1) of single-phase exponential fits to the
initial Vm rise (preceding AP bursts) between control and TTX conditions revealed no significant difference (p = 0.95, Mann–Whitney test, control n = 11, TTX n = 7). K, Comparison of
time to peak between control and TTX groups showed no significant difference (p = 0.53,
Mann–Whitney test, control n = 11, TTX n = 7). (*P , 0.05, **P , 0.01, ***P , 0.001).

effects of SDs (Aiba and Shuttleworth, 2012; Reinhart and
Shuttleworth, 2018), the blockade of AP bursts can potentially
reduce SD severity.
TTX treatment prevents SD-induced suppression of
spontaneous EPSC frequency
In the normally metabolizing brain, the passage of an SD wave
can lead to suppression of spontaneous and evoked activity
(Somjen, 2001; Pietrobon and Moskowitz, 2014), with multiple

We studied the role of Nav-mediated neuronal AP bursts in SD
propagation, using two distinct in vitro induction paradigms
(focal vs diffuse exposure to increased [K1]). We found that
these two models showed very different consequences of
AP blockade. Indeed, the two models generated phenotypically distinct SD waves with different propagation kinetics.
Although this can be inferred from the examination of previous work, by putting prior literature side by side (Anderson
and Andrew, 2002; Tottene et al., 2009; Zhou et al., 2010;
Pietrobon and Moskowitz, 2014; Reinhart and Shuttleworth,
2018), an advantage of the current report lies in the systematic
comparison of the two induction paradigms, with identical
slice characteristics and experimental conditions, in one
study.
Following focal induction, TTX-mediated Nav blockade restricted the propagation of SD, most likely by preventing suprathreshold neuronal depolarization in neurons distant to the
induction site. Rise in [Ca21]i is typically a concomitant of AP
activity (Akerboom et al., 2012; Chen et al., 2012): when the AP
burst of SD was suppressed we also observed a significant attenuation of intracellular calcium accumulation, which has implications for the long-term network effects of the event (Theriot et
al., 2012; Sawant-Pokam et al., 2017). Indeed, we observed alterations in long-term network function, in that AP blockade prevented the changes in spontaneous activity mediated by SD that
we have described in previous work (Sawant-Pokam et al., 2017).
In marked contrast to focally induced SD, TTX application
did not affect SD induced by diffuse [K1] superfusion. These
results help clarify the role of Nav-mediated AP bursts in SD
propagation, and highlight physiological distinctions in SD
waves generated by different induction paradigms.
Multiple lines of evidence suggest that SD propagation in normally metabolizing tissue is dependent on the activation of
NMDA receptors and Cav channels. For example, propagation of
SD induced by electrical or high [K1] application was completely
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Figure 8. SD-associated intracellular calcium load is significantly reduced by TTX treatment. A, Schematic showing focal
distant to the induction site with normal
induction of SD along with epifluorescence imaging in acute slices prepared from Thy1-GCamp3 animals. B, Representative
[K1]e until passage of the wave. Under
traces of fluorescence signal (DF/F0) showing SD propagation in control and TTX treated slices (ROIs: 400, 800, and 1200 mm
1
these conditions, AP bursts and consefrom the induction site). C, Example Image sequence (DF) showing the progression of a focally induced SD wave (3 M K
pressure ejection) across space and time in control and TTX conditions (scale bar: 200 mm). D, Traces showing changes in fluquent efflux of [K1] as well as glutamate,
orescence signal (DF/F0) in response to focally induced SD recorded from control (top, n = 8, blue) as well as TTX (bottom,
appear to be necessary to drive SD propan = 7, gray) slices (ROIs at ;500 and 1000 mm from the induction site). E, TTX did not affect the propagation velocity of
gation in tissue distant to the induction
21
SD-associated Ca signal (p = 0.65, two-way ANOVA). F, However, TTX treatment significantly reduced the maximum propsite. Consistent with this hypothesis, we
agation distance of focally generated SD wave (p = 0.023, Mann–Whitney test). G, Similarly, the area under the curve (DF/
found that TTX treatment reduced neuro21
F0*time) that corresponds to tissue Ca load is also reduced after TTX treatment, at both 500 mm (p = 0.031, unpaired t
nal depolarization (Fig. 7) as well as consetest) as well as 1000 mm (p = 0.024, unpaired t test). (*P , 0.05, **P , 0.01).
quent [Ca21]i transients (Fig. 8) following
SD induced by focal high [K1], away from
the induction site.
blocked by NMDA receptor antagonists but not by other glutaGlobal superfusion of high [K1] can also impose a bioenermate receptor antagonists (AMPA and kainate), both in vivo and
getic burden before SD induction, because of constant buffering
in vitro (Lauritzen and Hansen, 1992; Krüger et al., 1999).
of elevated [K1]e by Na1/K1 ATPases (Rose et al., 2009; Larsen
Similarly, propagation of SD waves induced using similar focal
et al., 2016). This contrasts with focal high [K1] puff, where the
stimuli, under normal metabolic conditions, was abolished after
21
21
21
blocking Cav channels with Cd or Ni , or in Ca free mearea of high [K1] exposure is limited. Indeed, it was interesting
dium, and with specific blockade of Cav2.1 channels (Footitt and
to note that the slow ramped increase in IOS and membrane Vm
during high [K1] superfusion was phenotypically similar to that
Newberry, 1998; Tottene et al., 2002; Peters et al., 2003).
Significant neuronal depolarization is necessary to activate a
observed previously in SD induced using hypoxic conditions
large population of Cav channels (Pietrobon, 2010; Hering et al.,
(Müller and Somjen, 1998; Anderson et al., 2005; Zhou et al.,
2018), and recruit NMDA receptors by reversing the Mg21 block
2010; Andrew et al., 2017), suggesting that perhaps the global
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Movie 5. Propagation of SD-associated Ca21 transients generated by focal high K1 puff in
normal ACSF (control conditions). The movie shows a propagating increase in the baseline-subtracted fluorescence signal (DF) in a Thy1-GCaMP3 slice, following a pressure puff of 3M [K1]e.
The images were acquired using 4 objective, at a resolution of 1392  1040 pixels (2.9 
2.17 mm). Real-time duration: 50 s (16.67). Scale bar: 200 mm. [View online]

Movie 6. Propagation of SD-associated Ca21 transients generated by focal high K1 puff in 1
mm TTX. The movie shows a propagating increase in the baseline-subtracted fluorescence signal
(DF) in a Thy1-GCaMP3 slice, following a pressure puff of 3M [K1]e, in the presence of 1 mM
TTX. The images were acquired using 4 objective, at a resolution of 1392  1040 pixels (2.9
 2.17 mm). Real-time duration: 50 s (16.67). Scale bar: 200 mm. [View online]

high [K1] superfusion recapitulates, to some extent, induction
conditions similar to that seen in metabolically compromised tissue. Moreover, in mathematical modeling studies investigating
the impact of metabolism on the neuronal transition from spiking to near-complete depolarizations during SDs (Wei et al.,
2014; Ullah et al., 2015), the rates of transition from resting state
to spiking to near-complete depolarization were found to be dependent on tissue metabolism. Neurons under hypoxic conditions bypass action-potential bursts and transition directly from
the resting state to near-complete depolarization (Wei et al.,
2014). These findings, along with the near SD-threshold neuronal depolarization, may explain the AP independent propagation
of SD induced by high [K1].
SD underlying migraine aura presumably require largely
intact energy metabolism before the onset (Dreier, 2011;
Pietrobon and Moskowitz, 2014), or, put more conservatively, it
is very unrealistic to assume the metabolic compromise that
would be associated with global increases in [K1]e. Therefore,
SD waves generated by focal and brief application of high [K1],
in brain tissue with seemingly normal metabolism, may model
migraine auras most accurately. Focality of the puff was confirmed by [K1]e measurements using K1-sensitive electrodes
(Fig. 2) as well as imaging spatial dispersion of fluorescent dye
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Figure 9. TTX treatment prevents SD induced suppression of excitatory spontaneous synaptic transmission. A, Representative traces showing mEPSCs recorded before (baseline), 5
min after, and 30 min after focally induced SD, in presence of TTX. B, Comparison of mean
mEPSC frequencies of individual neurons shows no change from baseline (p = 0.87, Wilcoxon
matched pairs test). C, Cumulative frequency histogram of interevent intervals shows no difference in mEPSC frequency between baseline and 5 min (p = 0.061, two-sample KS test)
and 30 min (p = 0.45, two-sample KS test) after SD (n = 4 neurons for amplitude and frequency). D, No change in mean mEPSC amplitudes at 5 and 30 min after SD induction
(p = 0.38, Wilcoxon matched pairs test). E, Cumulative frequency histogram of amplitudes of
individual mEPSC events revealed no difference at 5min (p = 0.076, two-sample KS test) and
30 min (p = 0.091, two-sample KS test) from baseline.

following the puff (Fig. 1A). The true extent of spatial dispersion
of [K1]e during induction puff and propagating SD could not be
characterized, largely because of the limitations of ion-sensitive
electrodes. With the advent of new fluorescent [K1]e indicators
(Bischof et al., 2017; Shen et al., 2019), this should be addressable
with optical measurements. In contrast, diffuse K1 superfusion
models may be more appropriate for situations that prime the
tissue before SD ignition, e.g., regions near contusions where
cells have been lysed and high concentration intracellular K1
(;145 mM, Tang et al., 2014) has been released into the extracellular space (Dreier, 2011; Pietrobon and Moskowitz, 2014;
Hartings et al., 2017). As both induction paradigms represent
plausible scenarios at different ends of a physiological continuum, our results may be relevant to different disease conditions
that generate distinct SD.
SDs have been implicated in multiple neurologic disorders. In
a metabolically normal brain, SD not only causes migraine auras
(Lauritzen, 1994) but also sensitizes the trigeminovascular
system (Bolay et al., 2002; Zhang et al., 2010) leading to craniofacial pain through the initiation of a proinflammatory cascade
that activates nociceptors (Karatas et al., 2013; Brennan and
Pietrobon, 2018). The magnitude of nociceptive network sensitization is higher in genetically susceptible animals (Zhang et al.,
2011; Brennan et al., 2013) corroborating evidence in humans
(Winawer et al., 2013). Beyond trigeminal activation, SD leads to
dysfunctional plasticity of cortical sensory circuits (Faraguna et
al., 2010; Sawant-Pokam et al., 2017), which may also underlie
the chronification of migraine (Brennan and Pietrobon, 2018).
Therefore, preventing SD ignition or limiting its propagation is
likely important not only for alleviating migraine relevant pain
but also its long-term circuit effect.
Similar considerations likely apply for SDs in brain injury situations (Müller and Somjen, 1998; Douglas et al., 2011), though
they have not been fully explored experimentally. Our results
strongly suggest that TTX application restricts SD propagation
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by preventing suprathreshold depolarization and the associated
increase in [Ca21]i in neurons away from the induction site.
Neuronal depolarization, NMDA receptor activation, and the
subsequent increase in [Ca21]i are correlated to the severity of
SD waves (Aiba and Shuttleworth, 2012; Reinhart and
Shuttleworth, 2018) and may contribute to aberrant synaptic
plasticity post-SD (Reid and Stewart, 1997; Fox et al., 2006;
Theriot et al., 2012). Thus, for focally induced waves, preventing
suprathreshold neuronal depolarization with Nav modulation
can potentially reduce the deleterious effects of SD, in both the
short and long term.
In contrast to propagation, we found that TTX application
failed to prevent SD ignition to focal high [K1] puff. Our experiments were not designed to detect differences in initiation, e.g.,
we did not test whether TTX increased SD induction threshold.
That said, SD thresholds are increased by perturbations that
reduce neuronal [Ca21]i downstream of Nav activation, such as
NMDA receptor antagonists in rats (Marrannes et al., 1988) and
a loss of function Cav2.1 mutation in mice (Ayata et al., 1999).
Therefore, it is quite conceivable that the negative modulation of
Nav will increase SD thresholds. Recent work in transgenic mice
harboring a mutation in the SCN1A gene encoding a1 subunit
of NaV1.1 (FHM3) highlights the role of Nav in SD ignition.
These mice had had a reduced threshold to experimentally
induced SDs, and awake FHM3 mice even exhibit apparently
spontaneous SDs (Jansen et al., 2020). NaV1.1 loss of function
preferentially reduced Na1 currents in inhibitory interneurons
(Yu et al., 2006; Catterall, 2012), suggesting that aberrant interneuron activity may underlie the phenotype (Desroches et al.,
2019). Interestingly, Nav channels contribute to SD induction
under hypoxic conditions, as Nav blockers like TTX and dibucaine delay the onset of hypoxia-induced SDs (Aitken et al.,
1991; Müller and Somjen, 1998; Jarvis et al., 2001; Douglas et al.,
2011; Risher et al., 2011).
Although distinct SDs arise from disparate metabolic conditions, these events define a physiological continuum, with many
common characteristics (Hartings et al., 2017). In addition to
being an underappreciated element of SD propagation, Nav
modulation may represent a potential strategy for SD suppression if our in vitro results are confirmed in more translational
preclinical models.

References
Aiba I, Shuttleworth CW (2012) Sustained NMDA receptor activation by
spreading depolarizations can initiate excitotoxic injury in metabolically
compromised neurons. J Physiol 590:5877–5893.
Aiba I, Shuttleworth CW (2014) Characterization of inhibitory GABA-A receptor activation during spreading depolarization in brain slice. PLoS
One 9:e110849.
Aitken PG, Jing J, Young J, Somjen GG (1991) Ion channel involvement in
hypoxia-induced spreading depression in hippocampal slices. Brain Res
541:7–11.
Akerboom J, Chen TW, Wardill TJ, Tian L, Marvin JS, Mutlu S, Calderón
NC, Esposti F, Borghuis BG, Sun XR, Gordus A, Orger MB, Portugues R,
Engert F, Macklin JJ, Filosa A, Aggarwal A, Kerr RA, Takagi R, Kracun S,
et al. (2012) Optimization of a GCaMP calcium indicator for neural activity imaging. J Neurosci 32:13819–13840.
Akerman S, Holland PR, Goadsby PJ (2008) Mechanically-induced cortical
spreading depression associated regional cerebral blood flow changes are
blocked by Na1 ion channel blockade. Brain Res 1229:27–36.
Anderson TR, Andrew RD (2002) Spreading depression: imaging and blockade in the rat neocortical brain slice. J Neurophysiol 88:2713–2725.
Anderson TR, Jarvis CR, Biedermann AJ, Molnar C, Andrew RD (2005)
Blocking the anoxic depolarization protects without functional

J. Neurosci., March 16, 2022 • 42(11):2371–2383 • 2381
compromise following simulated stroke in cortical brain slices. J
Neurophysiol 93:963–979.
Andrew RD, Hsieh Y-T, Brisson CD (2017) Spreading depolarization triggered by elevated potassium is weak or absent in the rodent lower brain. J
Cereb Blood Flow Metab 37:1735–1747.
Ayata C, Shimizu-Sasamata M, Lo EH, Noebels JL, Moskowitz MA (1999)
Impaired neurotransmitter release and elevated threshold for cortical
spreading depression in mice with mutations in the a1A subunit of P/Q
type calcium channels. Neuroscience 95:639–645.
Barreto E, Cressman JR (2011) Ion concentration dynamics as a mechanism
for neuronal bursting. J Biol Phys 37:361–373.
Bischof H, Rehberg M, Stryeck S, Artinger K, Eroglu E, Waldeck-Weiermair
M, Gottschalk B, Rost R, Deak AT, Niedrist T, Vujic N, Lindermuth H,
Prassl R, Pelzmann B, Groschner K, Kratky D, Eller K, Rosenkranz AR,
Madl T, Plesnila N, et al. (2017) Novel genetically encoded fluorescent
probes enable real-time detection of potassium in vitro and in vivo. Nat
Commun 8:1422.
Bogdanov VB, Middleton NA, Theriot JJ, Parker PD, Abdullah OM, Ju YS,
Hartings JA, Brennan KC (2016) Susceptibility of primary sensory cortex
to spreading depolarizations. J Neurosci 36:4733–4743.
Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA (2002)
Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine model. Nat Med 8:136–142.
Brennan KC, Pietrobon D (2018) A systems neuroscience approach to migraine. Neuron 97:1004–1021.
Brennan KC, Bates EA, Shapiro RE, Zyuzin J, Hallows WC, Huang Y, Lee HY, Jones CR, Fu YH, Charles AC, Ptácek LJ (2013) Casein kinase id
mutations in familial migraine and advanced sleep phase. Sci Transl Med
5:183ra56, 1–11.
Buonomano DV, Merzenich MM (1998) Cortical plasticity: from synapses to
maps. Annu Rev Neurosci 21:149–186.
Capuani C, Melone M, Tottene A, Bragina L, Crivellaro G, Santello M,
Casari G, Conti F, Pietrobon D (2016) Defective glutamate and K1 clearance by cortical astrocytes in familial hemiplegic migraine type 2. EMBO
Mol Med 8:967–986.
Catterall WA (2012) Voltage-gated sodium channels at 60: structure, function and pathophysiology. J Physiol 590:2577–2589.
Chen Q, Cichon J, Wang W, Qiu L, Lee SJR, Campbell NR, DeStefino N,
Goard MJ, Fu Z, Yasuda R, Looger LL, Arenkiel BR, Gan WB, Feng G
(2012) Imaging neural activity using Thy1-GCaMP transgenic mice.
Neuron 76:297–308.
Chuquet J, Hollender L, Nimchinsky EA (2007) High-resolution in vivo
imaging of the neurovascular unit during spreading depression. J
Neurosci 27:4036–4044.
Collingridge GL (2003) The induction of N-methyl-D-aspartate receptor-dependent long-term potentiation. Philos Trans R Soc Lond B Biol Sci
358:635–641.
Desroches M, Faugeras O, Krupa M, Mantegazza M (2019) Modeling cortical
spreading depression induced by the hyperactivity of interneurons. J
Comput Neurosci 47:125–140.
Douglas HA, Callaway JK, Sword J, Kirov SA, Andrew RD (2011) Potent inhibition of anoxic depolarization by the sodium channel blocker dibucaine. J Neurophysiol 105:1482–1494.
Dreier JP (2011) The role of spreading depression, spreading depolarization
and spreading ischemia in neurological disease. Nat Med 17:439–447.
Enger R, Tang W, Vindedal GF, Jensen V, Johannes Helm P, Sprengel R,
Looger LL, Nagelhus EA (2015) Dynamics of ionic shifts in cortical
spreading depression. Cereb Cortex 25:4469–4476.
Faraguna U, Nelson A, Vyazovskiy VV, Cirelli C, Tononi G (2010)
Unilateral cortical spreading depression affects sleep need and induces
molecular and electrophysiological signs of synaptic potentiation in vivo.
Cereb Cortex 20:2939–2947.
Feldman DE, Brecht M (2005) Map plasticity in somatosensory cortex.
Science 310:810–815.
Footitt DR, Newberry NR (1998) Cortical spreading depression induces an
LTP-like effect in rat neocortex in vitro. Brain Res 781:339–342.
Fox CJ, Russell KI, Wang YT, Christie BR (2006) Contribution of NR2A and
NR2B NMDA subunits to bidirectional synaptic plasticity in the hippocampus in vivo. Hippocampus 16:907–915.
Haack N, Durry S, Kafitz KW, Chesler M, Rose CR (2015) Double-barreled
and concentric microelectrodes for measurement of extracellular ion signals in brain tissue. J Vis Exp (103):53058.

2382 • J. Neurosci., March 16, 2022 • 42(11):2371–2383
Hartings JA, Shuttleworth CW, Kirov SA, Ayata C, Hinzman JM, Foreman
B, Andrew RD, Boutelle MG, Brennan KC, Carlson AP, Dahlem MA,
Drenckhahn C, Dohmen C, Fabricius M, Farkas E, Feuerstein D,
Graf R, Helbok R, Lauritzen M, Major S, et al. (2017) The continuum of spreading depolarizations in acute cortical lesion development: examining Leão’s legacy. J Cereb Blood Flow Metab 37:1571–
1594.
Hering S, Zangerl-Plessl E-M, Beyl S, Hohaus A, Andranovits S, Timin
EN (2018) Calcium channel gating. Pflugers Arch 470:1291–1309.
Herreras O, Makarova J (2020) Mechanisms of the negative potential associated with Leão’s spreading depolarization: a history of brain electrogenesis. J Cereb Blood Flow Metab 40:1934–1952.
Herreras O, Somjen GG (1993) Propagation of spreading depression among
dendrites and somata of the same cell population. Brain Res 610:276–
282.
Hosseini-Zare MS, Gu F, Abdulla A, Powell S, Žiburkus J (2017) Effects of
experimental traumatic brain injury and impaired glutamate transport
on cortical spreading depression. Exp Neurol 295:155–161.
Jacobs JM, Meyer T (1997) Control of action potential-induced Ca21 signaling in the soma of hippocampal neurons by Ca21 release from intracellular stores. J Neurosci 17:4129–4135.
Jansen NA, Dehghani A, Linssen MML, Breukel C, Tolner EA, van den
Maagdenberg AMJM (2020) First FHM3 mouse model shows spontaneous cortical spreading depolarizations. Ann Clin Transl Neurol 7:132–
138.
Jarvis CR, Anderson TR, Andrew RD (2001) Anoxic depolarization mediates
acute damage independent of glutamate in neocortical brain slices. Cereb
Cortex 11:249–259.
Karatas H, Erdener SE, Gursoy-Ozdemir Y, Lule S, Eren-Koçak E, Sen ZD,
Dalkara T (2013) Spreading depression triggers headache by activating
neuronal Panx1 channels. Science 339:1092–1095.
Khennouf L, Gesslein B, Lind BL, van den Maagdenberg AM, van den
Lauritzen M (2016) Activity-dependent calcium, oxygen, and vascular
responses in a mouse model of familial hemiplegic migraine type 1. Ann
Neurol 80:219–232.
Koester HJ, Sakmann B (2000) Calcium dynamics associated with action
potentials in single nerve terminals of pyramidal cells in layer 2/3 of the
young rat neocortex. J Physiol 529:625–646.
Krüger H, Heinemann U, Luhmann HJ (1999) Effects of ionotropic glutamate receptor blockade and 5-HT1A receptor activation on
spreading depression in rat neocortical slices. Neuroreport
10:2651–2656.
Larsen BR, Holm R, Vilsen B, MacAulay N (2016) Glutamate transporter activity promotes enhanced Na1/K1-ATPase-mediated
extracellular K1 management during neuronal activity. J Physiol
594:6627–6641.
Lauritzen M (1994) Pathophysiology of the migraine aura. The spreading
depression theory. Brain 117:199–210.
Lauritzen M, Hansen AJ (1992) The effect of glutamate receptor blockade on
anoxic depolarization and cortical spreading depression. J Cereb Blood
Flow Metab 12:223–229.
MacVicar BA, Hochman D (1991) Imaging of synaptically evoked intrinsic
optical signals in hippocampal slices. J Neurosci 11:1458–1469.
Marrannes R, Willems R, De Prins E, Wauquier A (1988) Evidence for a role
of the N-methyl-d-aspartate (NMDA) receptor in cortical spreading
depression in the rat. Brain Res 457:226–240.
Müller M, Somjen GG (1998) Inhibition of major cationic inward currents
prevents spreading depression-like hypoxic depolarization in rat hippocampal tissue slices. Brain Res 812:1–13.
Müller M, Somjen GG (2000) Na1 dependence and the role of glutamate
receptors and Na1 channels in ion fluxes during hypoxia of rat hippocampal slices. J Neurophysiol 84:1869–1880.
Newton AJH, McDougal RA, Hines ML, Lytton WW (2018) Using
NEURON for reaction-diffusion modeling of extracellular dynamics.
Front Neuroinformatics 12:41.
Patel TP, Man K, Firestein BL, Meaney DF (2015) Automated quantification
of neuronal networks and single-cell calcium dynamics using calcium
imaging. J Neurosci Methods 243:26–38.
Peters O, Schipke CG, Hashimoto Y, Kettenmann H (2003) Different mechanisms promote astrocyte Ca21 waves and spreading depression in the
mouse neocortex. J Neurosci 23:9888–9896.

Suryavanshi et al. · Nav-Mediated Action Potential Bursts Necessary for SD Propagation
Petzold GC, Windmüller O, Haack S, Major S, Buchheim K, Megow D,
Gabriel S, Lehmann TN, Drenckhahn C, Peters O, Meierkord H,
Heinemann U, Dirnagl U, Dreier JP (2005) Increased extracellular K1
concentration reduces the efficacy of N-methyl-d-aspartate receptor
antagonists to block spreading depression-like depolarizations and
spreading ischemia. Stroke 36:1270–1277.
Pietrobon D (2010) CaV2.1 channelopathies. Pflugers Arch 460:375–393.
Pietrobon D, Moskowitz MA (2014) Chaos and commotion in the wake of
cortical spreading depression and spreading depolarizations. Nat Rev
Neurosci 15:379–393.
Raimondo JV, Burman RJ, Katz AA, Akerman CJ (2015) Ion dynamics during seizures. Front Cell Neurosci 9:419.
Reid IC, Stewart CA (1997) Seizures, memory and synaptic plasticity. Seizure
6:351–359.
Reinhart KM, Shuttleworth CW (2018) Ketamine reduces deleterious
consequences of spreading depolarizations. Exp Neurol 305:121–
128.
Risher W, Lee M, Fomitcheva I, Hess D, Kirov S (2011) Dibucaine mitigates spreading depolarization in human neocortical slices and prevents acute dendritic injury in the ischemic rodent neocortex. PLoS
One 6:e22351.
Rose EM, Koo JCP, Antflick JE, Ahmed SM, Angers S, Hampson DR (2009)
Glutamate transporter coupling to Na,K-ATPase. J Neurosci 29:8143–
8155.
Sawant-Pokam PM, Suryavanshi P, Mendez JM, Dudek FE, Brennan KC
(2017) Mechanisms of neuronal silencing after cortical spreading depression. Cereb Cortex 27:1311–1325.
Shen Y, Wu SY, Rancic V, Aggarwal A, Qian Y, Miyashita SI, Ballanyi K,
Campbell RE, Dong M (2019) Genetically encoded fluorescent indicators
for imaging intracellular potassium ion concentration. Commun Biol
2:18.
Somjen GG (2001) Mechanisms of spreading depression and hypoxic spreading depression-like depolarization. Physiol Rev 81:1065–1096.
Sugaya E, Takato M, Noda Y (1975) Neuronal and glial activity during
spreading depression in cerebral cortex of cat. J Neurophysiol 38:822–
841.
Tang YT, Mendez JM, Theriot JJ, Sawant PM, López-Valdés HE, Ju YS,
Brennan KC (2014) Minimum conditions for the induction of cortical spreading depression in brain slices. J Neurophysiol 112:2572–
2579.
Theriot JJ, Toga AW, Prakash N, Ju YS, Brennan KC (2012) Cortical
sensory plasticity in a model of migraine with aura. J Neurosci
32:15252–15261.
Tobiasz C, Nicholson C (1982) Tetrodotoxin resistant propagation and
extracellular sodium changes during spreading depression in rat cerebellum. Brain Res 241:329–333.
Tottene A, Fellin T, Pagnutti S, Luvisetto S, Striessnig J, Fletcher C,
Pietrobon D (2002) Familial hemiplegic migraine mutations increase Ca
(21) influx through single human CaV2.1 channels and decrease maximal CaV2.1 current density in neurons. Proc Natl Acad Sci USA
99:13284–13289.
Tottene A, Conti R, Fabbro A, Vecchia D, Shapovalova M, Santello M, van
den Maagdenberg AMJM, Ferrari MD, Pietrobon D (2009) Enhanced
excitatory transmission at cortical synapses as the basis for facilitated
spreading depression in Ca(v)2.1 knockin migraine mice. Neuron
61:762–773.
Tozzi A, de Iure A, Di Filippo M, Costa C, Caproni S, Pisani A, Bonsi
P, Picconi B, Cupini LM, Materazzi S, Geppetti P, Sarchielli P,
Calabresi P (2012) Critical role of calcitonin gene-related peptide
receptors in cortical spreading depression. Proc Natl Acad Sci USA
109:18985–18990.
Tuckwell HC (1981) Simplified reaction-diffusion equations for potassium
and calcium ion concentrations during spreading cortical depression. Int
J Neurosci 12:95–107.
Ullah G, Wei Y, Dahlem MA, Wechselberger M, Schiff SJ (2015) The role of
cell volume in the dynamics of seizure, spreading depression, and anoxic
depolarization. PLoS Comput Biol 11:e1004414.
Wei Y, Ullah G, Schiff SJ (2014) Unification of neuronal spikes, seizures, and
spreading depression. J Neurosci 34:11733–11743.
Winawer MR, Connors R; EPGP Investigators (2013) Evidence for a
shared genetic susceptibility to migraine and epilepsy. Epilepsia
54:288–295.

Suryavanshi et al. · Nav-Mediated Action Potential Bursts Necessary for SD Propagation
Wylie JJ, Miura RM (2006) Traveling waves in coupled reaction-diffusion
models with degenerate sources. P hys Rev E Stat Nonlin Soft Matter
Phys 74:021909.
Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton
KA, Spain WJ, McKnight GS, Scheuer T, Catterall WA (2006) Reduced
sodium current in GABAergic interneurons in a mouse model of severe
myoclonic epilepsy in infancy. Nat Neurosci 9:1142–1149.
Zandt BJ, ten Haken B, van Putten MJAM (2013) Diffusing substances
during spreading depolarization: analytical expressions for propagation speed, triggering, and concentration time courses. J Neurosci
33:5915–5923.
Zhang X, Levy D, Noseda R, Kainz V, Jakubowski M, Burstein R
(2010) Activation of meningeal nociceptors by cortical spreading

J. Neurosci., March 16, 2022 • 42(11):2371–2383 • 2383
depression: implications for migraine with aura. J Neurosci
30:8807–8814.
Zhang X, Levy D, Kainz V, Noseda R, Jakubowski M, Burstein R (2011)
Activation of central trigeminovascular neurons by cortical spreading
depression. Ann Neurol 69:855–865.
Zhou N, Gordon GRJ, Feighan D, MacVicar BA (2010) Transient swelling, acidification, and mitochondrial depolarization occurs in neurons but not astrocytes during spreading depression. Cereb Cortex
20:2614–2624.
Zhou N, Rungta RL, Malik A, Han H, Wu DC, MacVicar BA (2013)
Regenerative glutamate release by presynaptic NMDA receptors
contributes to spreading depression. J Cereb Blood Flow Metab
33:1582–1594.

