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Abstract
Cortical spreading depolarization (SD) is the electrophysiological event underlying migraine aura, and a critical contributor
to secondary damage after brain injury. Experimental models of SD have been used for decades in migraine and brain injury
research; however, they are highly invasive and often cause primary tissue injury, diminishing their translational value.
Here we present a non-invasive method to trigger SDs using light-induced depolarization in transgenic mice expressing
channelrhodopsin-2 in neurons (Thy1-ChR2-YFP). Focal illumination (470 nm, 1–10mW) through intact skull using an
optical fiber evokes power-dependent steady extracellular potential shifts and local elevations of extracellular [K+] that
culminate in an SD when power exceeds a threshold. Using the model, we show that homozygous mice are significantly
more susceptible to SD (i.e., lower light thresholds) than heterozygous ChR2 mice. Moreover, we show SD susceptibility
differs significantly among cortical divisions (motor, whisker barrel, sensory, visual, in decreasing order of susceptibility),
which correlates with relative channelrhodopsin-2 expression. Furthermore, the NMDA receptor antagonist MK-801 blocks
the transition to SD without diminishing extracellular potential shifts. Altogether, our data show that the optogenetic SD
model is highly suitable for examining physiological or pharmacological modulation of SD in acute and longitudinal studies.
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Introduction
Spreading depression (a.k.a. spreading depolarization, SD) is a
massive neuronal and glial depolarization wave that slowly

propagates in gray matter (Leão 1944; Ayata and Lauritzen
2015). SD is the likely electrophysiological correlate of migraine
aura, induces neuroinflammation, and triggers headache
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(Ayata 2010; Eikermann-Haerter et al. 2012). Moreover, recur-
rent SD waves develop in injured brain and worsen outcome
(Dreier et al. 2006, 2009; Fabricius et al. 2008; Bosche et al. 2010;
Dreier 2011; Chung et al. 2016; Hartings et al. 2016; Oka et al.
2016). Therefore, experimental models of SD are increasingly
used to examine the pathogenesis and develop novel therapeu-
tics (Ayata 2009). However, existing models rely upon direct
chemical, electrical, or mechanical perturbation of the cerebral
cortex through a craniotomy, which cause direct injury at the
stimulation site as a potential confounder (Ayata 2013). Moreover,
cumulative injury precludes reliable induction of SDs repeatedly
in the same animal over days or months, or in unanesthetized
animals, altogether diminishing the translational value of such
models.

Recently, optogenetics was employed to trigger cortical SDs
using light (Houben et al. 2016). Optogenetic SDs were electro-
physiologically and hemodynamically identical to SDs induced
by conventional means. Here, we present a comprehensive
characterization of optogenetic SDs in 2 strains of transgenic
mice expressing channelrhodopsin-2 in neurons (Thy1-ChR2-
YFP). We examined the relationship between the light intensity
and the electrophysiological and extracellular [K+] changes at
the stimulated focus, defined the threshold intensity that trig-
gers an SD in 4 different brain regions, described its modulation
by stimulus duration, age and sex, and showed that optogenetic
SDs are NMDA receptor-dependent. Moreover, we describe poten-
tial confounders and pitfalls of the model. Altogether, this non-
invasive optogenetic SD model may enhance the translational
value of future studies.

Materials and Methods
All experimental procedures were carried out in accordance
with the Guide for Care and Use of Laboratory Animals (NIH
Publication No. 85-23, 1996), and the ARRIVE guidelines, with
the exception of random allocation and blinding because all
testing involved natural variables (e.g., transgenic ChR2+/+ vs.
ChR2+/−, male vs. female). All protocols were approved by the
institutional review board (MGH Subcommittee on Research
Animal Care). We used Thy1-ChR2-YFP mice (B6.Cg-Tg(Thy1-
COP4/EYFP)9Gfng/J [heterozygous line 9; ChR2+/−] and B6.Cg-Tg
(Thy1-COP4/EYFP)18Gfng/J [homozygous line 18; ChR2+/+];
Jackson Laboratories, Bar Harbor, ME, USA) in all experiments
(Wang et al. 2007). In a subset of experiments we used wild-
type mice (ChR2−/−; littermates of ChR2+/− or C57BL/6J from
Charles River Laboratories, Wilmington, MA, USA). All mice
(male or female) were studied between 12 and 54 weeks of age
(22.0 ± 2.8 g). Arterial pH, pO2, pCO2, and blood pressure were
monitored via a femoral artery catheter and maintained within
normal limits (BP = 89 ± 12mmHg, pH = 7.36 ± 0.06, pCO2 = 37 ± 8
mmHg, pO2 = 115 ± 14mmHg). Rectal temperature was kept at
37 °C using a thermostatic heating pad. Technical failure was the
only exclusion criterion. One animal was excluded due to arterial
line malfunction and one animal was excluded due to subdural
hematoma formation during drilling of a burr hole. Mice were
anesthetized with isoflurane (5% induction, 1% maintenance, in
70% N2/30% O2) and allowed to breathe spontaneously. The head
was fixed in a stereotaxic frame. To augment analgesia we
applied 2% xylocaine paste around skin incisions, and to protect
the eyes we applied lubricating ointment. In survival experiments
(n = 8), we closely monitored the animals for 24 h following the
procedure and recovery from anesthesia to ensure for signs of
pain and discomfort, and did not observe any.

Optogenetic Stimulation

After a midline scalp incision and reflection, the skull was
cleared of connective tissue and covered with mineral oil to
prevent drying. The optic fiber was placed perpendicular to the
skull surface, and a layer of mineral oil was maintained
between the probe tip and the skull at all times for consistent
optical coupling. Optogenetic stimulation light was provided
through a 400-μm diameter fiber by a 470nm LED (LED: MF470F3;
LED driver: DC2100; Thorlabs, Newton, NJ, USA) controlled by the
computer and analog-digital converter (PowerLab, ADInstruments,
Colorado Springs, CO, USA). Light intensity was adjusted to
deliver 1–10mW at the skull surface. Delivered power was cali-
brated off line using a power meter (PM16-130, Thorlabs). Using
this set up, escalating light power in 1-mW steps between 1 and
10mW was applied for 2, 5, 10 or 20 s in different experimental
sessions to examine the extracellular potential shifts directly
induced by light stimulation. SD threshold was determined in
each hemisphere at the following coordinates relative to bregma:
1) 2mm anterior and 2mm lateral (motor), 2) 1mm posterior and
3mm lateral (whisker barrel), 3) 1mm posterior and 2mm lateral
(somatosensory shoulder region), and 4) 3.5mm posterior and
2.5mm lateral (visual) according to the Paxinos and Franklin
mouse brain atlas (Paxinos and Franklin 2001).

Determination of Electrical and KCl Concentration
Thresholds of SD

In ChR2−/− mice, we determined the SD susceptibility in visual
and motor cortices as described in detail previously (Ayata
et al. 2006; Eikermann-Haerter et al. 2011; Ayata 2013). To deter-
mine thresholds for KCl- and bipolar electrode-induced SDs, 2
burr holes with a diameter of 2mm were drilled at (from
bregma): 1) 3.5mm posterior, 2.5mm lateral (occipital) and
2) 2.0mm anterior, 2.0mm lateral (frontal). Cotton balls
(1.5mm diameter) soaked with stepwise increasing KCl solu-
tions of 10, 20, 40, 60, 80, 100, and 120mM, made isotonic by
NaCl, were placed on the pial surface for 3min. If no SD was eli-
cited at a given concentration, the cotton ball was removed and
the cortical surface was washed with normal saline. After 2
min another cotton ball with the next higher KCl concentration
was placed. Electrical SD threshold was determined by escalat-
ing cathodal square pulses (0.5–1024 μC; 0.2mA for 2.5, 5, 10, 20,
40, 80, 160, 320, and 640 ms, followed by 0.4mA for 640 ms,
0.8mA for 640ms, and 1.6mA for 640 ms) delivered via a bipo-
lar electrode on the pial surface. A resting period of 3min was
used to determine whether an SD was evoked prior to moving
to the next higher stimulus level.

Monitoring of SD

We monitored SD occurrence using different modalities in dif-
ferent experimental paradigms. In most experiments, we
employed reflectance (i.e., optical intrinsic signal) imaging to
detect SD occurrence by using the attendant cerebral blood vol-
ume changes as a surrogate. In a subset of experiments, we
confirmed these electrophysiologically by recording extracellu-
lar potential shifts using an intracortical glass micropipette
placed directly under the optic fiber inserted at 40° from verti-
cal, and advanced 500 μm, corresponding to an approximate
cortical depth of 380 μm. In a smaller number of experiments,
we additionally used laser speckle or Doppler flowmetry to
monitor cortical perfusion changes, which are highly sensitive
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and specific as a surrogate to detect SD (Ayata 2013; von
Bornstadt et al. 2015). To determine the amplitude, duration,
and propagation speed of SDs in ChR2+/+ and ChR2−/− mice, 2
glass microelectrodes were placed 2mm apart, away from the
SD induction site. In ChR2+/+ mice, a suprathreshold light pulse
of 3mW was applied over motor cortex (2mm anterior and
2mm lateral to bregma), followed 15min later by 1M KCl
applied to the same position through a burr hole. In ChR2−/−

mice, only the 1M KCl application was performed.

ChR2 and NeuN Expression

Thy1-ChR2-YFP+/− mice were perfused with 4% PFA, the brains
were harvested, and post-fixed in 4% PFA for 24 h. Brains were
then cryoprotected in 30% sucrose for 48 h and snap frozen in
2-methylbutane cooled to −40 °C. Brains were then embedded
in M-1 Embedding Matrix (Thermo Fisher Scientific, Waltham,
MA, USA) and cut into 30-μm thick sagittal sections using a
cryostat and floated in phosphate-buffered saline with sodium
azide. Tissue sections were washed 3 times in 1× PBS, blocked
with 5% donkey normal serum in 1× PBS, and incubated in anti-
body solution containing 3% donkey normal serum and Monoclonal
Anti-NeuN antibody (1:300 dilution, Millipore Chemicon, Billerica,
MA, USA) overnight at 4 °C. Tissue sections were then washed 3
times in 1× PBS and incubated with antibody solution contain-
ing 3% normal donkey serum, FITC-conjugated anti-GFP
antibody (1:300 dilution, Abcam, Cambridge, MA, USA) and Cy3-
conjugated donkey anti-mouse IgG antibody (1:300 dilution,
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room
temperature. Sections were washed 3 times with 1× PBS,
mounted onto ionized glass slides (Thermo Fisher Scientific),
and cover-slipped with Fluoro-gel Mounting Medium (Electron
Microscopy Services, Hatfield, PA, USA). Immunofluorescence
was visualized using a Nikon T3000 fluorescence microscope
and QImaging Retiga-2000 R-F-M digital camera running Nikon
NIS Elements BR software (Melville, NY, USA). Images were
stitched and quantified using ImageJ.

Extracellular [K+] Measurements

K+-sensitive electrodes were prepared as previously described
with some modifications (Ballanyi et al. 1987). Borosilicate
capillaries were pulled with a p80/PC brown flaming micropi-
pette puller (Sutter Instruments, Novato, CA, USA). The ion-
sensitive barrel was back-filled with potassium chloride
(100mM, in 154mM NaCl) and the tip (2–3 μM) was silanized
and filled with a K+-sensitive resin (Liquid Ion Exchanger IE190,
WPI, Sarasota FL, USA). The reference barrel was filled with
sodium chloride (154mM, 10MΩ). An Ag/AgCl reference elec-
trode was placed subcutaneously in the neck. For optogenetic
light stimulation experiments, the potassium-selective elec-
trode was angled through a burr hole to position the tip of the
electrode underneath the optical light fiber (whisker barrel cor-
tex, 1mm posterior and 3mm lateral to bregma).

MK-801 Treatment

To test the NMDA receptor dependence of optogenetic SDs, MK-
801 (#M107; Sigma-Aldrich, St. Louis, MO, USA) was injected
intraperitoneally at a dose of 1mg/kg 30min prior to SD thresh-
old determination. If 1mg/kg failed to block an SD, an additional
1mg/kg was given and threshold determination was repeated.

Skull Thickness and Transmittance Experiments

Skulls were removed, preserved in mineral oil, and immobilized
between 2 glass coverslips. The optical fiber was positioned over
the skull between the coverslips, and light transmittance was
determined using a light power meter (PM16-130, Thorlabs).

Chronic Cranial Preparation for Longitudinal SD
Induction

Chronic intact skull windows were prepared as previously
described (Silasi et al. 2016). Briefly, the surface of the skull was
exposed and the overlying periosteum was removed. A circular
glass coverslip was cut to the size of the cranial window. C&B
Metabond cement was prepared using Clear L-Powder (Parkell,
Edgewood, NY, USA) and applied to the surface of the dried
skull. The cut coverslip was placed on the prepared skull and
additional cement was added to fill in gaps between the cover-
slip and skull.

Cortical Temperature Experiments

To determine the change in brain temperature in response to
light stimulation, we inserted a BAT-12/IT-23 thermocouple
microprobe thermometer (Physitemp, Clifton, NJ, USA) through
a burr hole such that the tip of the thermometer was immedi-
ately under the light source. We applied a light stimulation pro-
tocol of 60 s on, 60 s off, in powers ranging from 1 to 10mW
while recording changes in temperature in wild-type C57BL/6 J
and Thy1-ChR2-YFP mice.

Histological Assessment of Injury

To determine whether the light intensities used in this study
cause direct tissue injury, we applied 10mW of light to motor
cortex for 20 s (i.e., highest intensity and duration combina-
tion), and sacrificed the mice 24 h later and performed Fluoro-
Jade C staining. Brains were perfused and fixed in PFA. Tissue
sections were mounted and air-dried onto ionized glass slides.
Sections were immersed in basic ethanol solution for 5min,
briefly washed with 70% ethanol followed by distilled water,
and incubated in 0.06% potassium permanganate solution for
10min. Sections were washed briefly in distilled water and
incubated in FluoroJade C solution containing 0.1% acetic acid
and 0.0002% FluoroJade C (AAT Bioquest, Sunnyvale, CA, USA)
for 15min. Tissue sections were rinsed 3 times in distilled
water, dehydrated in butanol, and cover-slipped with DPX
mounting medium (Sigma, St Louis, MO, USA). Fluorescence
was visualized as above.

Statistics

We applied general linear random intercept mixed effects
modeling to build a multivariable linear prediction model of
mean threshold power with sex, age, zygosity, region of stimu-
lation, pH, pCO2, pO2, mean arterial blood pressure, hemisphere
(left or right), time elapsed since the beginning of anesthesia,
stimulus duration, light intensity and order of SD induction.
This method was applied in order to take into account the corre-
lated repeated measures on multiple regions within each experi-
mental mouse. In addition, we used paired samples t-test and
Pearson’s linear correlation (r) as appropriate for different data-
sets, as reported in the figures. All tests were 2-tailed. P < 0.05
was considered statistically significant.

1152 | Cerebral Cortex, 2019, Vol. 29, No. 3



Results
Light application through the intact skull for 10 or 20 s consis-
tently induced a single SD in ChR2 transgenic mice, as detected
by optical intrinsic signal imaging (Supplemental Video), extra-
cellular recordings using an intracortical glass micropipette
under the optical fiber (Fig. 1A,B), or by laser Doppler (Fig. 1C,D)
or speckle flowmetry (not shown). In contrast, the same illumi-
nation never induced an SD in non-transgenic (wild-type) ChR2−/−

mice (n = 6 mice) even at the longest durations (20 s) and highest
stimulation intensities (10mW) tested (data not shown). The
electrophysiological features of optogenetic and KCl-induced SDs
in ChR2+/+ mice (i.e., propagation speed, amplitude, duration)
(Table 1) were within previously reported normal ranges for KCl-
induced SDs in wild-type mice (Eikermann-Haerter et al. 2015).
Notably, light intensities of up to 10mW for 20 s did not cause cell
death or injury, examined by FluoroJade C staining 24h later (n =
3 ChR2+/− and ChR2−/− each; data not shown), consistent with
prior reports of the threshold stimulation for neurotoxic effects
(Anikeeva et al. 2011).

We next applied stepwise escalating intensities of light
(1–10mW) for 10 or 20 s every 2min to determine the threshold
light intensity to trigger an SD in 4 different cortical regions
(motor, whisker barrel, somatosensory, visual), in male and
female ChR2+/− and ChR2+/+ mice of various ages (n = 44; Fig. 2).
We then used a multivariable linear prediction model to isolate
the independent predictors of optogenetic SD susceptibility in
the pooled dataset (n = 30 after excluding mice with missing
data; see Supplemental Data for the raw dataset). Our analysis
revealed marked regional differences in susceptibility to light-
induced SD (P < 0.0001). Motor and whisker barrel cortices con-
sistently showed lower thresholds (i.e., higher susceptibility)
than the rest of the primary somatosensory cortex (see
Supplemental Table for individual comparisons). In contrast,
visual cortex was quite resistant requiring very high light inten-
sities, and often failed to develop an SD even at the highest

intensity (10mW) delivered for 20 s. This regional propensity
was evident in both ChR2+/− and ChR2+/+. As anticipated,
ChR2+/+ mice were more susceptible to optogenetic SD than
ChR2+/− (P < 0.0001), and 20-s stimulation yielded lower inten-
sity thresholds than 10-s stimulation (P < 0.0001). Notably,
female SD thresholds were slightly lower (by 0.7mW; P = 0.04)
than male thresholds. In contrast, the model did not support
age as a statistically or biologically significant independent pre-
dictor (estimated 0.01mW per week of age; P = 0.27).

As expected, the threshold did not differ between right ver-
sus left hemisphere (P = 0.47). The number of SDs triggered in
the same hemisphere prior to each threshold testing also influ-
enced the threshold in the pooled cohort (estimated 0.5mW
increase for every SD; P = 0.026; see Supplemental Table for
individual comparisons). We also found a significant direct
relationship between the anesthesia duration and the thresh-
old (estimated 0.8mW increase for every hour; P = 0.0012).
Lastly, we did not see an effect of arterial blood pressure, pH,
pCO2 or pO2 (P = 0.79, 0.96, 0.50, 0.72, respectively) within the
physiological ranges maintained in this study.

The magnitude of regional differences in optogenetic SD
thresholds was rather large. Because regional differences in SD
susceptibility have been suggested in the past (Bogdanov et al.
2016), we next determined the electrical stimulation intensity
and KCl concentration thresholds for SD induction in the visual
and motor cortices (Fig. 3). These more conventional methods
showed a trend in the opposite direction, where visual cortex
tended to be more susceptible than motor cortex when mea-
sured in the same animal. These data suggested that the
regional differences in optogenetic SD susceptibility did not
reflect innate SD susceptibility of these cortical regions.

To explain the incongruence, we examined the regional
expression of ChR2 using epifluorescence microscopy on sagit-
tal tissue sections from ChR2+/−. We found marked differences
in ChR2 expression among the 4 cortical regions (Fig. 4A), which

Figure 1. Representative optogenetic SDs through the intact skull. (A,B) The optical fiber, out of focus in this image, is outlined, as is the glass micropipette inserted through a

<100-μm burr hole next to the optical fiber to record the extracellular slow potential shifts (Ve) in the right whisker barrel cortex. (C,D) A laser Doppler probe (LDF) away from

the optical fiber non-invasively detects the propagating blood flow changes associated with an SD that was optogenetically induced in left visual cortex. SD induction and sub-

sequent propagating blood flow changes are also shown in the Supplemental Video at 20x speed. Horizontal bars on the tracings show illumination period. *, bregma.
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corresponded well with the susceptibility to light-induced SDs
in these regions. There was a significant inverse relationship
between the SD threshold and ChR2 expression (Fig. 4B).

Interestingly, the inverse relationship between SD threshold
and ChR2 expression was stronger for upper cortical layers, and
did not reach statistical significance for depths below 500 μm.
This was consistent with the fact that 470 nm optogenetic stim-
ulation light has a shallow penetration depth with more than
90% attenuation within 250 μm (Uhlirova et al. 2016). Because we
induced optogenetic SDs through the intact skull, regional differ-
ences in skull thickness (Fig. 4C,D) could affect light transmit-
tance and influence the apparent SD thresholds. We, therefore,
measured the light transmittance of skull overlying the motor,
whisker barrel, somatosensory and visual cortices, and did not
find a significant difference (Fig. 4E,F).

We reasoned that regions with higher ChR2 expression
might develop larger light-induced depolarizations to explain
the lower SD thresholds. Direct microelectrode recordings from
the illuminated cortex under the optic fiber revealed negative
extracellular potential shifts with fast on/off and superimposed

Table 1 Amplitude, duration, and propagation speed of optogenetic
or KCl-induced SDs in ChR2+/+ and ChR2−/− mice

ChR2−/− (n = 7) ChR2+/+ (n = 4)

KCl-induced
SD

KCl-induced
SD

Optogenetic
SD

Amplitude (mV) 24.7 ± 1.0 19.8 ± 2.1* 21.8 ± 2.6
Duration (s) 34 ± 4 37 ± 14 37 ± 11
Speed (mm/min) 3.0 ± 0.2 3.0 ± 0.2 3.0 ± 0.3

Data are mean ± standard deviation. *P < 0.05 vs. KCl-induced SDs in ChR2−/−;

1-way ANOVA followed by Tukey’s multiple comparisons test.

Figure 2. Optogenetic SD thresholds. The threshold light intensities that triggered an SD are shown for ChR2+/− (upper) and ChR2+/+ (lower) mice using 10- (right) or

20-s (left) stimulation paradigms. Each SD threshold determination involved stepwise escalation of light intensity as shown on top. Inset shows stimulation regions.

Sample sizes indicate the number of mice. Each animal had multiple SD threshold trials. Each data point represents the threshold in 1 trial. Failure of SD induction

despite maximum stimulus is also indicated (No SD). Filled symbols indicate the results of the first SD threshold trial in a hemisphere, whereas open symbols indicate

subsequent trials. Median and interquartile ranges are also shown. Young mice were 12–18 weeks and aged mice were ~1 year old.
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slow on/off components (Fig. 5A). Such potential shifts never
occurred in wild-type (ChR2−/−) mice (Fig. 5B). The power-
dependence of the fast component approached near maximal
at the highest power tested and likely represented currents
evoked directly by ChR2 activation (Fig. 5C). The amplitude of fast
“on” negative potential shift was larger than the amplitude of fast
“off” shift possibly due to partial inactivation during illumination.
In contrast, the slow component tended to increase over time,
suggesting recruitment of other currents by the ChR2-driven fast
depolarization. Both the fast and slow components were signifi-
cantly larger in whisker barrel cortex compared with visual cor-
tex, consistent with higher relative ChR2 expression and lower SD
thresholds. The whisker/visual cortex negative potential shift
ratio was remarkably constant within each animal (1.6 and 2.7 for
the fast and slow components, respectively; Fig. 5D,E).

Since the extracellular K+ concentration ([K+]e) may be a crit-
ical determinant for SD induction, we measured [K+]e during
optogenetic activation. The extracellular negative potential
shifts during illumination in the whisker barrel cortex were
always associated with [K+]e elevations, the amplitude of which
were directly related to light power (Fig. 5F,G). At suprathres-
hold stimulations, light-induced [K+]e rise culminated in an SD
with associated massive [K+]e surge (Fig. 5H). The amplitude
and duration of the optogenetically induced [K+]e surge did not
differ from that induced by topical KCl (Table 2). Due to the
slow response time and the lack of precision in electrode cali-
bration, however, we refrained from calculating the local [K+]e
during stimulation in this study.

We next examined how light-induced negative potential
shifts transitioned into an SD in the whisker barrel cortex.
Using cortical microelectrodes placed immediately under the

optic fiber, we found that most SDs started with a delay of 10 s
or more after the end of the illumination and the associated
negative potential shift (Fig. 6). Surprisingly, this delay was
independent of the stimulation power or the potential shift
amplitude, and even longer in ChR2+/+ mice compared with
ChR2+/− mice. As a potential explanation for the delay in SD
onset at the recording site, the origin of SDs might be farther
away from the recording electrode under the optic fiber light
source. Because SD propagates at a speed of ~3mm/min
(~50 μm/s), a latency of more than 10 s implicated an SD origin
more than 0.5mm away from the recording site at the center of
illumination. However, given the limited tissue penetration of
470 nm stimulation light (99% attenuation within 0.5mm)
(Uhlirova et al. 2016), it is unlikely that SDs originated this far
from the center of illumination. We confirmed this in our opti-
cal intrinsic signal images, which showed that SDs always orig-
inated from directly under the optic fiber light source
(Supplemental Video).

As an alternative explanation for the delay in SD onset,
optogenetic stimulation might initiate yet unknown neuronal
or glial processes that do not by themselves cause extracellular
potential shifts, but over time lead to the initiation of an SD.
Activation of N-methyl-D-aspartate (NMDA) subtype glutamate
receptors is critical for SD initiation and propagation in normal
brain. To test the contribution of NMDA receptors to optogen-
etically induced extracellular potential shifts and SD initiation,
we treated the animals with MK-801 (1 or 2mg/kg). MK-801
blocked the development of local SD-like depolarizations and
initiation of a propagating SD, but surprisingly did not dimin-
ish either the fast or the slow component of the extracellular
negative potential shift under the optic fiber during light stim-
ulation in the same animal. Instead, prevention of transition
to SD by MK-801 unmasked a slow afterpotential that emerged
and peaked ~5 s after the end of illumination, and lasted up to
20 s. Although these afterpotentials could be as high as 8mV,
they never culminated in an SD after treatment with MK-801
(Fig. 7D).

To employ optogenetics for chronic daily non-invasive SD
induction (Houben et al. 2016), we adapted an intact skull prep-
aration using translucent cement and a glass coverslip.
Optogenetic illumination of the motor cortex through the
cement and coverslip using the lowest stimulus intensity
(1mW for 10 s) in ChR2+/+ mice reliably induced an SD, detected
using optical intrinsic signal (Fig. 8) and laser speckle contrast
imaging (not shown). Optogenetic SDs could be induced in the
same ChR2+/+ animal at the same light intensity daily for at
least 4 days (n = 8).

Finally, we examined whether illumination causes tissue
heating by measuring brain temperature directly under the
optic fiber during escalating light intensities (1–10mW, 60 s)
using a microthermometer in ChR2+/− and ChR2−/− mice (n = 3/
strain). Brain tissue was relatively hypothermic at baseline, as
reported previously (Kalmbach and Waters 2012). Cortical tem-
perature signal increased directly proportional to the light
intensity, and did not differ between ChR2+/− and ChR2−/− mice
(Supplemental Figure). Importantly, even at 10mW light inten-
sity brain temperature remained within physiological range
(37.4 ± 0.5 °C).

Discussion
There is great interest in developing non-invasive experimental
models in which an SD can be repeatedly and reproducibly trig-
gered without causing any direct tissue damage. Optogenetic

Figure 3. Thresholds for electrical and KCl stimulation-induced SDs in motor

and visual cortices. Cartoon shows the electrical stimulation and KCl applica-

tion sites for threshold determination. Whisker-box plots show the interquar-

tile and full ranges for electrical (log) and KCl concentration thresholds for SD

induction (horizontal line, median; +, mean), analyzed using paired t-test

(2 tailed; n = 6 mice). Individual data points are also shown.
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Figure 4. Channelrhodopsin-2 expression as a critical determinant of optogenetic SD threshold. (A) A representative sagittal section from a ChR2+/− mouse 2mm lat-

eral to midline showing ChR2 and NeuN double immunostaining. Motor, sensory, and visual cortex (from left to right) are denoted by white rectangles and cortical

depth is indicated at this section level. Scale bar = 1000 μm. ChR2 fluorescence (arbitrary units, AU) in motor, whisker barrel, sensory, and visual cortices are shown at

the indicated depths (n = 7 mice). (B) Optogenetic SD thresholds (mW) are inversely correlated (Pearson’s r) with ChR2 expression (normalized to global average in AU)

in the superficial but not deep layers. (C) Ex vivo view of the right-sided skull, sectioned so that the medial (M) and lateral (L) edges of a skull fragment overlying

motor, sensory, whisker barrel, and visual cortex can be measured. Scale bar is 1mm. (D) Skull thickness over motor, visual, sensory and whisker barrel cortices (*P <

0.05; 1-way repeated measures ANOVA correcting for multiple comparisons; n = 12 mice). (E) Schematic for light transmittance experiments. (F) Light transmittance

did not significantly differ among different regions. Two-way ANOVA for repeated measures and correcting for multiple comparisons (n = 13 mice).
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Figure 5. Extracellular potential and [K+]e shifts during optogenetic stimulation. (A) Averaged extracellular potential shifts during light stimulation in whisker barrel

and visual cortex at stepwise increasing light intensities (1–5mW; n = 9 and 10 ChR2+/−, respectively). The electrode tip was located directly under the light stimula-

tion at the center of the light cone. Measurements of fast/slow on and fast/slow off potentials are indicated on a representative trace. (B) Representative extracellular

potential recordings during light stimulation in whisker barrel cortex from a ChR2−/− (wild-type) mouse in response to 10-s stepwise increasing light intensities from

1–10mW. (C) Extracellular potential shift power-response relationship (n = 9 whisker barrel cortex and 10 visual cortex in ChR2+/−). Whisker barrel cortex consistently

has significantly greater potential shifts than visual cortex except for the fast off component (***P < 0.0001; **P < 0.01; NS = not significant; 2-way ANOVA). Bars indi-

cate ± standard error of the mean (SEM). (D,E) Slopes of the linear prediction equation represent the ratio of averaged whisker barrel vs. visual cortex fast on (D) and

slow on (E) potential shifts at 1.0, 2.0, 3.0, 4.0, and 5.0mW. Pearson’s r also shown. Bars indicate ± SEM. (F) Optogenetic stimulation enables extracellular potassium

measurements at the site of origin of SD. Averaged records showing changes in extracellular potassium-selective electrode (ΔK+) potential shifts and direct current

(DC) potential shifts from a 5-s light stimulation (horizontal bar) over whisker barrel cortex (n = 6 ChR2+/− mice). (G) Normalized peak extracellular potassium concen-

tration vs. light stimulation intensity. Bars indicate ± standard deviation. (H) Individual extracellular potassium and concomitant DC potential tracings in response to

a 10-s light stimulation (horizontal bar) that precipitates an SD. Colors correspond to specific trials (n = 6 ChR2+/− mice).
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excitation of cortical neurons has recently been shown capable
of inducing sufficient depolarization to trigger an SD in visual
cortex of ChR2+/+ mice via an optical fiber attached to the skull
(Houben et al. 2016). Building on this, we developed a practical,

non-invasive and reproducible model of optogenetic SD induc-
tion and susceptibility determination that can be employed
longitudinally in the same animal. We comprehensively char-
acterized the light intensity necessary to trigger an SD, and
found marked differences in susceptibility between ChR2+/−

and ChR2+/+ (i.e., allele-dosage), and among cortical fields,
linked to the relative expression of ChR2. Moreover, we tested
the modulation of optogenetic SD susceptibility by age, sex,
and anesthesia duration. These are critical model features to
consider in experimental design and interpretation. Importantly,
using a sensitive marker of cell death we demonstrated that
optogenetic SD induction does not lead to tissue damage, within
the range of intensity and duration employed herein. The only
other SD trigger that has been rigorously examined and shown
to not cause neuronal damage has been air microembolization
(Nozari et al. 2010).

The markedly lower optogenetic SD susceptibility in visual
cortex was a surprising finding. Whisker barrel and primary
sensory cortices have previously been suggested to be more
susceptible to SD compared to motor cortex in a model of topi-
cal bath application of KCl over a wide cranial window
(Bogdanov et al. 2016); however, that model did not allow direct
quantitative comparisons. Therefore, to test whether innate SD
susceptibility contributes to the regional differences in optoge-
netic thresholds, we directly quantified the electrical and KCl
concentration thresholds in motor and visual cortices, repre-
senting the low and high extremes of optogenetic thresholds,
respectively. Contrary to the optogenetic thresholds, we did not
find higher electrical and KCl thresholds in the visual cortex.
Instead, optogenetic SD susceptibility (and their corresponding
local light-induced field potential amplitudes) correlated well with
the relative regional ChR2 expression in the cortical fields studied.

Light-induced field potentials had distinct fast and slow
components. The fast potential shifts were time-locked to light
on/off cycles, and therefore, most likely a direct reflection of
ChR2 currents. Interestingly, however, the amplitude of the fast
component that appeared at the light onset (fast on) was
always larger than the amplitude of the fast component that
disappeared when the light was turned off (fast off), suggesting
partial desensitization of ChR2 to light over the illumination
period (Mattis et al. 2011). The slow component, on the other
hand, increased progressively during the illumination superim-
posed on the fast component. Given the critical role of NMDA
receptors in SD, and their relatively unique voltage-
dependency and slow kinetics, we initially hypothesized that
the slow component was mediated by NMDA receptors, but
found it to be insensitive to MK-801, even at a dose that blocked
all SDs (Fig. 7). The currents underlying this slow component
remain enigmatic at this time.

Nevertheless, MK-801 blocked the initiation of an SD at the
illumination site, and thereby unmasked a prolonged slow
component of the local light-induced field potential after strong
stimulation (7–10mW for 10 s), which in some cases continued
to build up into an afterpotential at the end of illumination
(Fig. 7D). The fact that MK-801 was able to completely block the
transition of local light-induced field potential to SD was incon-
sistent with data suggesting that NMDA receptor-mediated cur-
rents do not contribute to SD initiation (Enger et al. 2015). It
should be noted, however, that most experimental models of
SD cannot distinguish between inhibition of SD initiation ver-
sus propagation. By enabling simultaneous intracortical record-
ings from the center of illumination, optogenetic SD induction
opens a window to examine the early membrane currents pre-
ceding and leading to an SD. This ability to record directly from

Table 2 Amplitude and duration of [K+]e rise during SD in ChR2+/−

and ChR2−/− mice

ChR2−/− (n = 6) ChR2+/− (n = 6)
KCl-induced SD Optogenetic SD

Amplitude (mV) 28.7 ± 3.1 30.2 ± 1.8
Duration (s) 46 ± 2 52 ± 3

Data are mean ± standard deviation. P > 0.05, t-test.

Figure 6. SD occurs with a substantial latency after light stimulation. (A) DC-

potential records of individual SDs from ChR2+/+ mice in response to either a 5-

(black traces) or a 10-s (gray traces) light stimulus. Box indicates zoomed-in

area. SD occurs at latencies up to 20 s after the end of light stimulation. (B) SD

latencies vs. light intensity (mW) in ChR2+/− and ChR2+/+ mice. Shaded areas

indicate the time frame the light stimulus was applied, in order to provide a

perspective on how late SDs appeared (symbols) after the end of stimulation in

each strain and stimulus duration. Horizontal lines indicate mean time to an

SD in ChR2+/− and ChR2+/+ mice for each light intensity. Black and gray symbols

represent SDs triggered by a 5- or 10-s stimulus, respectively. Sample sizes

show number of mice.
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the tissue in which SD originates revealed a markedly pro-
longed latency of up to 15–20 s between the end of illumination
and SD onset (Fig. 6). During this post-illumination, pre-SD
phase, light-induced field potentials and local [K+]e elevations

diminished (Figs 5G and 6), and in some cases completely
returned to baseline by the time SD developed, suggesting that
the cellular events triggered by exposure to light leading up to
SD onset do not necessarily involve [K+]e or membrane currents

Figure 7. NMDA receptor antagonist MK-801 prevents optogenetic SD. (A) Averaged local field potential shifts during light stimulation in whisker barrel cortex before

and after MK-801. The electrode tip was located directly under the light stimulation at the center of the light cone. (B) Fast and slow on and off potential shifts

induced by a 2-s light stimulus pre- and post-MK-801 are not significantly different (n = 9 each; 2-way ANOVA). (C) Number of SDs induced in whisker barrel cortex

using the 10-s protocol outlined in Figure 2 before and after MK-801 administration (n = 9 ChR2+/+ mice pre-MK-801 and n = 7 post-MK-801). (D) Individual records in

response to a 10-s light stimulus post-MK-801. Shown are 70 overlaid records from ChR2+/+ mice. Records with a delayed afterpotential are highlighted in color.

Figure 8. Chronic dosing of light-induced SD through an imaging window. (A) Mouse after implantation of an imaging window over intact skull. (B) View of the imag-

ing window in an anesthetized mouse. An optical fiber is briefly positioned over the right frontal bone (motor cortex) for light stimulation. (C–F) Optical intrinsic signal

difference images based on the view in B using a microscope objective camera showing an optogenetic SD. * = bregma.
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that produce extracellular potential shifts. We also considered
the possibility that SD origin was away from the recording site
(i.e., not directly at the center of light cone). However, a calcula-
tion based on known SD propagation speed showed that such a
distant origin must be more than 0.5mm away from the
recording electrode, which put it outside the effective penetra-
tion range of blue excitation light in cortical tissue. The possi-
bility was further eliminated by observing the SD origin directly
at the center of illumination in experiments where full-field
optical imaging was employed to detect SD.

Because anesthesia suppresses innate SD susceptibility
(Kudo et al. 2008), the threshold light intensities identified
under isoflurane anesthesia are likely to be different from other
anesthetics and unanesthetized mice. This is supported by the
observation that longer anesthesia durations predicted higher
thresholds in our experiments. The finding was not due to
worsening systemic physiological state as arterial blood pres-
sure, pH, pCO2 or pO2 remained within normal limits and did
not significantly predict the threshold in multivariable analysis.
In contrast to previous work in rats suggesting that SD suscep-
tibility may decrease with age (Hablitz and Heinemann 1989;
Maslarova et al. 2011; Menyhart et al. 2015), optogenetic SD sus-
ceptibility was not age-dependent within the age range in our
study (12–54 weeks). Moreover, we found only a small albeit
statistically significant effect of sex on optogenetic SD suscepti-
bility, which is consistent with our prior experience in wild-
type mice (Eikermann-Haerter et al. 2009).

Conclusion
We present key determinants for the non-invasive induction of
SDs using optogenetics. Our model enables the study of
electrophysiological events and changes in ion concentrations
during stimulation and subsequent transition to SD at its ori-
gin, which are not accessible when SDs are induced by electri-
cal, chemical, or mechanical means. This approach avoids the
direct, confounding injury caused by conventional means of SD
induction and will be valuable in determining the role of SDs in
migraine, as well as in ischemic, hemorrhagic, or traumatic
brain injury.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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