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ABSTRACT

During cortical spreading depolarization (CSD), neurons exhibit a dramatic increase in cytosolic
calcium, which may be integral to CSD-mediated seizure termination. This calcium increase
greatly exceeds that during seizures, suggesting the calcium source may not be solely extracellular.
Thus, we sought to determine if the endoplasmic reticulum (ER), the largest intracellular calcium
store, is involved. We developed a two-photon calcium imaging paradigm to simultaneously
record the cytosol and ER during seizures in awake mice. Paired with direct current recording, we
reveal that CSD can manifest as a slow post-ictal cytosolic calcium wave with a concomitant
depletion of ER calcium that is spatiotemporally consistent with a calcium-induced calcium
release. Importantly, we observed both naturally occurring and electrically induced CSD
suppressed post-ictal epileptiform activity. Collectively, this work links ER dynamics to CSD,
which serves as an innate process for seizure suppression and a potential mechanism underlying
therapeutic electrical stimulation for epilepsy.

MAIN TEXT
INTRODUCTION

The endoplasmic reticulum (ER), a major calcium reservoir of the cell, is critically involved in
essential physiological processes. The perturbation of ER homeostatic regulation in turn has
serious pathophysiologic implications'. This is especially the case for the nervous system, where
intra- and inter-cellular communication is tightly regulated through the ER calcium, including
synaptic transmission, transcriptional regulation and plasticity?*. Deciphering calcium signaling
dynamics at a spatiotemporal level during aberrant activity could inform our understanding of
disease mechanisms and their downstream sequelae. Calcium imaging of the ER has been enabled
through the development of various ER targeted dyes and genetically encoded calcium indicators™
6, but these have hitherto not been applied in vivo to vertebrates. Thus, we devised an approach for
concurrent in vivo calcium imaging of the cytosol and ER. We then applied this approach to
elucidate the difference between two related neurological phenomena both causing high
intracellular calcium: seizures and cortical spreading depolarization (CSD)’.
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CSD was first documented in 1944, when Aristides Ledo reported his first series of
electrocorticography recordings of slow propagating waves of depression in rabbit cortex, an
investigation he began originally to induce epileptiform discharges® °. He would later go on to
characterize these traveling waves as large scale depolarizing events, exhausting the tissue into a
state of depression, hence the term CSD!?. While CSD is largely considered to be pathologic across
a wide array of diseases!!"!°, its relationship with seizures appears to be more complicated .
Observations in animal models!”?° and patients?> 22 have demonstrated a strong association
between the two events with CSD occurring often at the end of seizures. Indeed, the ionic shifts
that occur during seizures are conditions that parallel those of CSD. Large extracellular deposition
of glutamate and potassium” 2 and the shrinking of extracellular space®* 2 create a hyperexcitable
state for neurons that can beget CSD, in a feedforward amplificatory fashion?¢. The subsequent
impact of CSD in seizures is both deleterious and protective, being implicated as an underlying
cause of sudden unexplained death in epilepsy (SUDEP)?’, as well as a mechanism of seizure
termination!’. Thus, having a better understanding of the interplay between these two neurologic
phenomena could be of vital importance for both the suppression of seizures, as well as prevention
of one of epilepsy’s most feared complications.

In our previous studies using in vivo two-photon calcium imaging in awake mice to
evaluate seizure dynamics?®, we observed slow propagating calcium waves at the end of seizures,
which corresponded with an absence of high frequency neuronal firing in electrocorticography
(EEG). We hypothesized that these may be CSD, as large calcium transients are a known
occurrence during spreading depolarizations® *° and have been observed as waves?! with similar
spatiotemporal properties. As the increase in intracellular calcium during CSD exceeds that during
seizures’, extracellular influx is unlikely to be the only contributing source of calcium, raising the
possibility of ER involvement. Furthermore, since elevated calcium levels are hypothesized to
mediate seizure termination?, this dramatic calcium rise may underly the purported seizure
suppressive effects of CSD.

To investigate the mechanisms underlying these stark intracellular increases in calcium,
we generated an adeno-associated viral (AAV) vector to transduce neurons with two calcium
indicators at the same time, each targeted to a separate intracellular compartment. In the cytosol
we express a yellow derivative of the GCaMP family, XCaMP-Y?3, and in the ER lumen we
express a red indicator, RCatchER3*. RCatchER is a low affinity (K4 =~400 uM) calcium indicator
protein with fast kinetics (<1 ms) and a fluorescence intensity that varies linearly with calcium
concentration, making it an optimal indicator for ER calcium. We then intravitally recorded
generalized seizures® in awake mice, concurrently with EEG and direct current (DC) recordings,
with DC being the gold standard for confirmation of CSD.

In the present study we determine that these slow propagating post-ictal calcium waves are
in fact CSDs. We next show that CSD is marked by a stark depletion of ER calcium not occurring
during normal or epileptiform activity. Our spatiotemporal analysis at a cellular level indicates that
this depletion is consistent with a calcium-induced calcium release (CICR). In addition, we observe
that depletion of ER calcium also occurs during CSD evoked by electrical stimulation. Finally, we
provide causal evidence that naturally occurring CSD is associated with a suppression of post-ictal
epileptiform activity and this same suppression can be achieved through the biologically similar
electrically evoked CSD. Collectively this work offers new insight into the biological
underpinnings of CSD and its potential utility for seizure control.

RESULTS
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93

94  Intravital imaging of cytosol and ER calcium stores in awake mice

95  To study intracellular calcium dynamics in vivo with high spatiotemporal resolution, we developed

96 arecombinant AAV to express two genetically encoded calcium indicators (GECIs) of different

97  colors pan-neuronally through the human synapsin I (hSynlI) promoter®¢. The yellow XCaMP-Y*

98  and the red-shifted RCatchER** GECIs were separated by the self-cleaving P2A peptide to obtain

99  similar expression levels (Fig. 1a). While the XCaMP-Y will be localized to the cytosol, the
100  RCatchER includes calreticulin and KDEL sequences, for targeting and retention in the ER lumen,
101 respectively. We confirmed this expression pattern by immunohistochemistry (Fig. 1b). These
102 indicators were selected for their ability to be simultaneously excited with a single wavelength of
103 light between 1000 and 1040 nm (Fig. 1c). Emission was bandpass filtered to isolate each’s distinct
104  signal, thus enabling simultaneous calcium imaging in the two subcellular compartments with
105 single cell resolution. We stereotaxically injected this AAV into the motor cortex of mice and
106  installed chronic cranial windows with head plates to facilitate repeated imaging within subjects.
107 We then performed awake, head-fixed imaging in cortical layers 2/3 (Fig. 1d) to record cytosolic
108  and ER calcium changes across hundreds of neurons in the field (Fig. 1e). During spontaneous
109  locomotion activity, we observed transient increases in cytosolic calcium, classically serving as a
110 proxy for neuronal activity/action potentials, while the ER calcium remained relatively stable (Fig.
111 1f-1) in contrast to the subsequent recordings during pathologic activity.
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115  Figure 1. Dual-color two-photon simultaneous intravital calcium imaging of the cytosol and
116  ER during neuronal activity in awake mice

117 (a) Schematic of AAV cassette encoding the XCaMP-Y and RCatchER GEClIs (left) enabling
118 mutually exclusive expression in cytosol and ER respectively (right). (b) Immunohistochemistry
119 (confocal) demonstrating localization of XCaMP-Y and RCatchER to the cytosol and ER
120 respectively, with RCatchER but not XCaMP-Y colocalized with the ER marker SERCA.
121 Reconstructions of Z axis at crosshairs presented (right). (¢) Overlapping two-photon excitation
122 spectra of the XCaMP-Y and RCatchER captured in vivo (N=1 mouse; n=298 neurons) with the
123 wavelengths used for simultaneous activation highlighted in grey. (d) [llustration of awake in vivo
124 recording set-up of a head-fixed-mouse poised on air-suspended chamber. (e) Representative field
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125 of view (cortical layer 2/3; depth: 200 mm from pial surface) showing time-averaged projections
126 of cells expressing both XCaMP-Y (left, green channel) and RCatchER (right, red channel). (f)
127 Representative individual cell normalized calcium fluorescence traces (AF/Fo) of XCaMP-Y
128  (green) and RCatchER (magenta), with detected spike times indicated (blue). (g) Spike raster and
129 corresponding histogram (1s bin width) of spontaneous firing detected in XCaMP-Y during 5 min
130 of baseline recording (N=1 subject; n=254 neurons). (h) Average spike trace relative to indexed
131  spike time, presented with pooled standard deviation of signal (shaded area).

132

133 CSD observed at generalized seizure termination is marked by a unique depletion of ER
134 calcium

135 For recording the calcium dynamics during seizures and purported CSD, we coupled our dual-
136 color two-photon imaging with simultaneous EEG and DC recording (Fig. 2a). We recorded EEG
137 through chronically implanted electrodes and DC through a glass microelectrode attached to a DC
138 amplifier. To enable this, we fabricated multipaned concentric glass windows with silicone access
139 ports for repeated access to the brain (Fig. 2a and Supplementary Fig. 1). We induced epileptiform
140  activity by subcutaneous administration of pentylenetetrazol (PTZ; s.c. 40-50 mg/kg; N=9
141 subjects, 30 recordings; Fig. 2a-c). We recorded 23 generalized seizures (Fig. 2b), 4 of which were
142 fatal (analyzed separately in a subsequent section). For the non-fatal seizures, we observed pre-
143 ictal spikes (PIS) across all three recording modalities (Fig. 2d, e), beginning within a few minutes
144 of PTZ injection (234429 s (mean + SE); N=19 seizures, 8 subjects). Typically, within 10 minutes
145 (471453 s), we observed a seizure (length: 21+£3 s) on EEG followed by a quiescent post-ictal
146  period. Concurrent calcium transients were observed through the cytosolic calcium indicator,
147 while ER calcium stayed relatively stable. Soon after termination of a seizure, we sometimes
148 observed a large and sustained increase in cytosolic calcium (2315 s; N=6 seizures, 5 subjects),
149 concomitant with a negative DC shift, a hallmark of CSD (17.031£2.85 mV; N=4 seizures, 4
150  subjects with DC recording). This calcium change was comparable to that observed during seizures
151  (p=0.688, generalized linear mixed effects model (GLME), N=6 seizures, 5 subjects, 116-371
152 cells/recording), and greater than that occurring during PIS (p=2.87x107!). We also observed a
153 concurrent large, rapid and sustained depletion of ER calcium which was significantly larger than
154 calcium changes occurring during the seizure or PIS (p=1.88x10' (CSD to seizure), p=7.01x10"
155 7 (CSD to PIS); Fig. 2¢c-e and Supplementary Fig. 2). PTZ administration did not always induce
156  seizures and CSD (Fig. 2b): it could also induce seizures without CSD, or epileptiform spiking
157  (spike-wave discharges, SWDs) that did not progress to seizure (sub-generalized). We did not
158  observe a comparable change in ER calcium during these events. The large increase in cytosolic
159  calcium and ER depletion was specific to CSD and not a general post-ictal phenomenon, with
160  statistically larger changes in post-ictal calcium during CSD as compared to the same post-ictal
161  period in those seizures without CSD (p= 0.0273 (cytosol), p=9.21x102! (ER), GLME, N=17
162 seizures (11 without, 6 with CSD), 8 subjects, 43-371 cells/recording; Fig. 2f). Taken together, we
163 confirmed that the slow propagating cytosolic calcium waves observed at the end of seizures
164  corresponded to CSD with the iconic DC shifts, and a depletion of ER calcium stores.

165
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168 Figure 2. CSD is associated with generalized seizure termination and is marked by a unique
169  depletion of ER calcium stores

170 (a) Illustration depicting the awake head fixed two-photon imaging along with simultaneous EEG
171 and DC recording during PTZ-induced seizures (left). Image of cranial window with glass
172 electrode inserted through silicone access port (white arrow, right). (b) Pie charts representing
173 proportion of PTZ injections (N=30) that resulted in generalized seizures (N=23) (left) and, of
174  those generalized seizures, the proportions that occurred with (N=6) or without CSD (N=13) or
175  that were fatal (N=4) (right). (¢) Representative frames by channel during a PTZ-induced
176  generalized seizure recording depicting the cytosolic (top row) and ER (bottom row) calcium
177 changes during a PIS (i), the seizure (ii) and the CSD (iii: wavefront invasion, iv: CSD after full
178  invasion). Note depletion (left side) of calcium in the recruited area during CSD invasion. (d)
179  Mean population calcium fluorescence (XCaMP-Y: green, RCatchER: magenta) with
180  synchronized EEG (grey) and DC (black) recordings during three separate recording sessions


https://doi.org/10.1101/2024.09.21.614252
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.21.614252; this version posted September 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

181  within the same subject depicting sub-generalized epileptiform activity and seizures with and
182 without CSD. Corresponding rasters of individual cell calcium transients are presented below (y-
183 axis: neurons ordered from left to right across the field). (e) Group level analysis of the average
184  individual cell changes in calcium during each event phase (PIS, seizure and CSD) across each
185  recording type (sub-generalized: N=4 subjects, 7 recordings; seizure without CSD: N=6 subjects,
186 12 recordings; and seizure with CSD: N=5 subjects, 6 recordings; n=43-413 cells per recording).
187  (f) Average post-ictal calcium changes are presented for the seizure recordings with and without
188 CSD. N=17 seizures (11 without, 6 with CSD), 8 subjects, 43-371 cells/recording. The effect of
189 event on calcium levels are modeled using GLME for e and f. Means with pooled standard error
190  are presented in all bar plots. *p<0.05, **p<0.01, ***p<0.001.

191

192 ER calcium depletion during seizure CSD is consistent with a CICR

193 Having established the sustained post-ictal calcium depletion in the ER to be specific to CSD, we
194  next sought to characterize the spatiotemporal features of these changes. Both cytosolic and ER
195  calcium changes appeared as a wavefront of propagation (Fig. 3a; Supplementary Movie 1). To
196  determine the timing of the changes across the individual cells, we leveraged our slope integral
197  feature detection approach for seizure traveling waves?® to find the times individual cells were
198  recruited to the CSD in XCaMP-Y and the time of their ER depletion in RCatchER (Fig. 3b). We
199  generated a colormap depicting relative recruitment times within the channels in the field of view
200  (Fig. 3c). Wavefronts in both channels appeared to move in the same direction, with the wave in
201 the ER slightly delayed.

202 We performed a spatial linear regression on the recruitment times to determine the
203  wavefront vectors of propagation. We present this first as a polar plot, where the arrows illustrate
204  the direction and speed of the regressed vector of propagation, indicating the overlap in vectors
205  between channels (Fig. 3d and Supplementary Fig. 3). We found that the cytosolic increase and
206  ER depletion propagated in a contiguous fashion, with comparable velocities to each other (Fig.
207  3d-f). These velocities are consistent with typical CSD velocity” 3!. We observed that both
208  cytosolic and ER calcium changes were delayed relative to the CSD DC shift onset (cytosolic:
209  11.3520.35 s; ER: 11.77£0.50 s; mean + SE; N=4 seizures, 4 subjects, 142-371 cells/recording).
210  This is concordant with the DC recording site being about 1 mm lateral to the field of view and
211 thus earlier in the wavefronts’ paths of propagation medially, given the determined velocities of
212 propagation. We next plotted the recruitment times within each channel relative to their projected
213 position along the determined axis of propagation in the cytosolic channel (Fig. 3g). This analysis
214  demonstrated a consistently delayed ER depletion along the same axis of propagation as the
215 cytosolic increase. ER depletion was also found to follow the cytosolic increase within each cell
216  (Fig. 3h), with a significant delay of about 1 second (0.79+0.42 s, p=3.37x108, GLME, N=6
217  seizures, 5 subjects, 116-371 cells/recording).

218 Interestingly, the loss of calcium from the cytosol and return of calcium to the ER also
219  followed a wavefront pattern, occurring in roughly the same direction as the invasion, although
220  with a slower speed (Fig. 3b-g, i; offset). Unlike the initial change in calcium during the CSD
221  invasion, this subsequent change at the end of CSD was more gradual, making the slope integral
222 feature and maximum slope more difficult to discern at the individual cell level. Therefore, we
223 chose to use the point of maximal concavity, the elbow, being the point when a change started. We
224 again found a delay in recruitment relative to the DC shift, consistent with the slower propagation
225  speed of this change (cytosolic: 24.55+0.90 s; ER: 28.15+1.21 s). Computing the time delay
226  between these onsets and offset events within cells, we found lengths of change of calcium

37, 38
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227  comparable between the cytosol and ER (Fig. 3j) and consistent with the average duration of the
228  DCshift (38.93144.88 s, N=4 seizures, 4 subjects). This short delay in ER calcium release following
229  the same spatiotemporal pattern at the cytosolic increase during CSD, with comparable velocity
230  and duration, suggests a CICR is occurring.
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234 Figure 3. Spatiotemporal dynamics of subcellular compartment calcium changes during
235 CSD

236 (a) Time lapse images depicting the represented CSD wavefront invasion calcium changes. Circles
237  indicate regions of interest (ROIs) of the representative traces in b. Field orientation is indicated
238 (A: anterior, L: lateral, M: medial, P: posterior). (b) Representative individual cell calcium traces
239 of XCaMP-Y (green) and RCatchER (magenta), during generalized seizures occurring with post-
240  ictal CSD along with concurrent EEG (grey) and DC (black) traces. The detected recruitment times
241  to the CSD invasion wavefront are indicated in orange and subsequent calcium changes at the
242 offset of the CSD in blue. (¢) ROI colormap of determined recruitment times for identified cells
243 during the onset and offset of the representative CSD in panel a, with color corresponding to
244 recruitment time. (d) Polar plot of the CSD onset and offset propagation vectors modeled by
245 applying spatial linear regression to the neuronal recruitment times shown in panel ¢, showing
246  wavefront direction (vector angle) and propagation speed (vector magnitude). (e) Average speed
247  of CSD propagation at the onset and offset of the event by channel with standard error. Each CSD
248 is depicted using a unique color matched across all the panels in this figure. (f) Absolute difference
249 in direction between the XCaMP-Y and RCatchER vectors at the onset and offset of CSD. (g)
250  Individual cell recruitment times by channel of the CSD onset and offset projected on to the
251  propagation axis of XCaMP-Y. (h) Mean ER calcium change latency relative to the cytosolic
252 calcium change within cell during CSD invasion across all recordings with pooled standard error

7
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253 (left) and the distribution of these latencies for each recording (right). The effect of channel on
254  recruitment times used to compute these latencies are modeled using GLME. (i) Absolute
255  difference in direction between the onset and offset vectors of the CSD within channel. (j) Average
256  duration of CSD within cell by channel across recordings with pooled standard error (left) and the
257  distribution of the event durations for each recording (right). For group level analysis (e, g, h-j)
258  N=6 seizures across 5 subjects with n=116-371 cells per recording. *p<0.05, **p<0.01,
259 F*#p<0.001.

260

261  Occasionally the seizure induced was fatal for the subject (Fig. 2b). For these, a terminal spreading
262 depolarization (TSD) was observed following the seizure during isoelectric EEG, with a negative
263 DC shift (-8.8440.67 s; mean + SE; N=4 seizures, 4 subjects) that did not recover (Fig. 4a).
264  Additionally, the initial spatiotemporal changes in calcium observed upon TSD invasion were
265  similar to those observed with CSD in the non-fatal seizures. The waves propagated with similar
266  speeds and direction (Fig. 4b-e), with the depletion of ER calcium following the cytosolic increase,
267  albeit with a slightly longer delay (Fig. 4f, g), and smaller magnitude of cytosolic calcium change
268  (Fig. 4h). Notably, the calcium changes did not return to their baseline values, with cytosolic
269  calcium remaining high and ER depleted, consistent with cell death.

270
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Figure 4. TSD observed during fatal seizures demonstrate a permanent increase in cytosolic
calcium and depletion of ER calcium stores.

(a) Mean population calcium fluorescence (XCaMP-Y: green, RCatchER: magenta) with
synchronized EEG (grey) and DC (black) recordings during a fatal generalized seizure occurring
with TSD from a representative subject. Corresponding rasters of individual cell calcium transients
(y-axis: neurons ordered from left to right across the field) are presented below. (b) ROI colormap
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279 of determined recruitment times for identified cells during TSD, with color corresponding to
280  recruitment time. (¢) Polar plot of the TSD propagation vectors by channel, showing wavefront
281  direction (vector angle) and propagation speed (vector magnitude). (d) Average speed of TSD
282  propagation by channel with standard error. Each TSD is depicted using a unique color matched
283 with panels e and g in this figure. (e) Absolute difference in direction between the XCaMP-Y and
284  RCatchER vectors during TSD. (f) Individual cell recruitment times by channel of the TSD
285  projected on to the propagation axis of XCaMP-Y. (g) Mean ER calcium change latency relative
286  to the cytosolic calcium change within cell during TSD across all recordings with pooled standard
287  error (left) and the distribution of these latencies for each recording (right). The effect of channel
288 on recruitment times used to compute these latencies are modeled using GLME (p=6.25x107!!,
289  N=4 recordings, 4 subjects with N=35-289 cell/recording). (h) Average individual cell changes in
290  calcium by compartment during TSD across recordings presented with pooled standard error. The
291  effect of event on calcium level are modeled using GLME (cytosol: p=0.234, ER: p=4.81x10,
292 N=3 recordings, 3 subjects with N=35-289 cells/recording). For all group level analysis (d, e, g,
293 h) N=7 recordings across 7 subjects with n=82-418 cells per recording. *p<0.05, **p<0.01,
294 **p<0.001.

295

296  ER calcium depletion is a conserved feature across multiple types of CSD

297  We next sought to determine if these calcium changes were specific to CSD in the context of
298  seizures or if they were a property of CSD itself. For this we used an electrical stimulation model
299  of CSD?* where we stimulated through two epidural electrodes chronically implanted adjacent to
300  the recording field, while conducting the same imaging, EEG and DC recording paradigm we
301  employed earlier (Fig. 5a). By applying bipolar stimulation between the two electrodes (2 kHz,
302 100 pA, square wave, 10 s) we were able to reliably induce CSD (Supplementary Movie 2). The
303  DC shift during electrically evoked CSD was comparable to that during PTZ-induced CSD (Fig.
304  5b; -19.28+£1.97 uV; mean £ SE; N=7 recordings, 7 subjects). Similarly, during the electrically
305 induced CSD we observed changes in calcium that paralleled PTZ-induced CSD, both in terms of
306  magnitude (Fig. 5C) and spatiotemporal pattern (Fig. 5d, e), albeit with the CSD propagating at a
307  faster speed, radially from the electrode pair. The cytosolic and ER calcium changes occurred with
308  the same velocities (Fig, 51, g), with the ER depletion following the cytosolic increase (Fig Sh, 1).
309  We observed a delay in the calcium changes relative to the DC shift consistent both with the
310  position of the imaging field relative to the simulating electrodes, and with the speed of
311  propagation (cytosol: 2.74+0.30 s; ER: 3.03+£0.41 s). The durations of the calcium changes (Fig.
312 5j) were again consistent with the average duration of the DC shift (40.53£6.03 s, N=6 recordings,
313 6 subjects). In addition to the high frequency stimulation of long duration (2 kHz for 10 s), we
314  were able to induce CSD with short trains of stimulation of lower frequency, as typically used in
315  responsive neurostimulation (RNS) devices (Supplementary Fig. 4; N=3 subjects, 2 trials per
316  subject; 250-750uA [charge density within an order of magnitude of RNS range], 200 Hz, biphasic,
317 160 ps pulse width, five 100-ms trains with 5 s inter-train interval)*® 4!, Thus, the intracellular
318  calcium dynamics observed during seizure associated CSD were also found with electrically
319  induced CSD, suggesting that the depletion of ER calcium is conserved across CSD.

320
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322

323 Figure 5. Spatiotemporal subcellular calcium dynamics during stimulation-induced CSD
324  demonstrate ER depletion

325 (a) Illustration depicting the awake head fixed two-photon imaging along with simultaneous EEG
326  and DC recording during stimulation-induced CSD. Expanded is an image of a cranial window
327  with access port and electrodes for stimulation and EEG. (b) Mean population calcium
328  fluorescence (XCaMP-Y: green, RCatchER: magenta) with synchronized EEG (grey) and DC
329 (black) recordings during stimulation-induced (10 s) CSD from a representative subject. Note
330  stimulation artifact at 30 s. Corresponding rasters of individual cell calcium transients (y-axis:
331  neurons ordered from left to right across the field) are presented below. (¢) Average individual cell
332 changes in calcium by compartment during CSD across recordings presented with pooled standard
333 error. (d) ROI colormap of determined recruitment times for identified cells during CSD, with
334 color corresponding to recruitment time. (e) Polar plot of the CSD propagation vectors by channel,
335 showing wavefront direction (vector angle) and propagation speed (vector magnitude). (f) Average
336 speed of CSD propagation by channel with standard error. Each CSD is depicted using a unique
337  color matched across all the panels in this figure. (g) Absolute difference in direction between the
338 XCaMP-Y and RCatchER vectors during CSD. (h) Individual cell recruitment times by channel
339 ofthe CSD projected on to the propagation axis of XCaMP-Y. (i) Mean ER calcium change latency
340  relative to the cytosolic calcium change within cell during CSD across all recordings with pooled
341  standard error (left) and the distribution of these latencies for each recording (right). The effect of
342 channel on the recruitment times use to compute these latencies are modeled using GLME
343 (p=4.63x10®). (j) Average duration of CSD within cell by channel across recordings with pooled
344  standard error (left) and the distribution of the event lengths for each recording (right). For all
345 group level analysis (c, f, g, i, j) N=7 recordings across 7 subjects with n=82-418 cells per
346  recording. *p<0.05, **p<0.01, ***p<0.001.
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347

348  Post-ictal activity decreases after CSD

349  CSD has been previously reported to arrest epileptiform activity in rodents!”. We next sought to
350  see if that observation held true for our generalized seizures. For this, we quantified spike wave
351  discharges (SWDs) typically observed before and after seizures using our EEG recordings (Fig.
352 6a). We found that the SWD rate significantly decreased post-ictally when a seizure was followed
353 by CSD, but not when a seizure occurred without a CSD (Fig. 6b; without CSD: p=0.383, N=8
354  seizures, 5 subjects; with CSD: *p=0.031, N=6 seizures, 5 subjects; Wilcoxon sign-rank test),
355  suggesting a negative correlation between CSD and post-ictal epileptiform activity. To further test
356  if CSD is sufficient to suppress epileptiform activity, we induced CSD using electrical stimulation
357 5 minutes into the post-ictal phase in a subset of seizures unaccompanied by a CSD (Fig. 6¢). We
358  found that, while the post-ictal SWD rate before electrical stimulation was not significantly
359  different from the pre-ictal period (Fig. 6d; Friedman test post-hoc comparison; p=0.7593),
360  following electrical stimulation evoked CSD, the SWD rate was significantly decreased (Friedman
361  test with post-hoc comparison: *p=0.0356, n=4 seizures, 3 subjects). An innate gradual decline in
362 post-ictal SWD rate could not account for this observed difference. We compared the recordings
363  in the same time periods (5-10 minutes post seizure) without electrical stimulation and CSD and
364  found there was no significant difference in SWD rate between the pre-ictal and the post-ictal
365  period (p=0.7422; n=8 seizures, Wilcoxon sign-rank test). Taken together, CSD, whether it occurs
366  naturally or evoked by electrical stimulation, has potential to diminish post-ictal epileptiform
367  activity.

368
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371  Figure 6. CSD is associated with suppression of epileptiform activity.
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372 (a) Representative EEG (grey), DC (black) and SWD rates (blue) of the pre- and post-ictal periods
373 for seizures occurring with and without CSD. SWD rate was not calculated during seizure (dark
374  grey box). (b) Box plot comparing the SWD rate between the pre- and post-ictal periods with and
375 without CSD. Wilcoxon sign-rank test was used. Without CSD: p=0.313, N=8 seizures, 5 subjects;
376 ~ With CSD: *p=0.031, N=6 seizures, 5 subjects. (c¢) Representative EEG (grey), DC (black) and
377 SWD rate (blue) of the pre-ictal and post-ictal periods, during a seizure without naturally occurring
378 CSD, where a CSD was electrically induced post-ictally. The post-ictal period is further delineated
379  as before (pre-stim) and after stimulation (post-stim). SWD rate was not calculated during seizure
380  (dark grey box) or stimulation (light red box). (d) Box plot comparing the SWD rate between the
381  pre- and post-ictal periods (both pre-stim and post-stim) during seizures without naturally
382 occurring CSD, where a CSD was electrically induced. Friedman test with post-hoc comparison
383 was used. *p=0.0356, N=4 seizures, 3 subjects.

384

385 DISCUSSION

386

387  In this study we introduce our XCaMP-Y-P2A-RCatchER imaging construct, for simultaneous in
388  vivo two-photon calcium imaging in the cytosol and ER (Fig. 1). RCatchER has previously only
389  been used in vitro**. Here we expanded the utility of RCatchER by incorporating it into this multi-
390  compartment in vivo imaging approach, a novel vertebrate intravital application of calcium
391  imaging to the ER. The ability to capture rapid ER dynamics in awake animals opens vast
392 possibilities for investigators, made all the more accessible through our single AAV design for
393  multicompartment two-color imaging. We envision the usefulness of our construct extending
394  across the biological sciences, from immunology for the study of lymphocyte activation*?, to
395  cardiology for examining cardiomyocyte contraction®.

396 To demonstrate the utility of in vivo RCatchER, we apply this paradigm to a rodent seizure
397  model, which enabled us to uncover ER calcium dynamics unique to CSD. Principally, we observe
398 adepletion of ER calcium occurring during post-ictal CSD (Fig. 2) and electrically induced CSD
399  (Fig. 5) that does not occur during seizures themselves. Depletion of ER calcium was delayed by
400  a few seconds relative to a cytosolic calcium increase, suggestive of CICR (Fig. 3). We observed
401  comparative delays in depletion of ER calcium in TSD (Fig. 4) as well as in electrically evoked
402 CSD (Fig. 5). We also present further evidence of the influence of CSD on seizures, with a focus
403 on the post-ictal suppression of epileptiform activity that correlates with CSD occurrence, which
404  was also recapitulated through electrically evoked CSD (Fig. 6). This suggests post-ictal
405  suppression through CSD may serve as an innate therapeutic mechanism!” and also raises the
406  possibility of CSD as a therapeutic electrical stimulation etiology.

407 Given the potentially fast intracellular dynamics at play during CSD, we selected
408  RCatchER for our paradigm to maximize our temporal resolution, while also permitting
409  simultaneous cytosolic imaging. The vast majority of calcium indicator proteins, including
410  XCaMP-Y, are based on EF-hand motif calcium binding domains, as is the case with the
411 calmodulin of GCaMP*, which require cooperative binding and consequently exhibit non-linear
412 fluorescence dynamics®**. However, RCatchER has a unique calcium sensing mechanism, where
413 a single calcium binding site was engineered on the surface of the scaffold of a red fluorescent
414  protein, mApple**. This enables calcium ion binding with 1:1 stoichiometry without cooperativity,
415 whereby its change in fluorescence is not limited by a slow conformational change. Consequently,
416  RCatchER is an exceptionally fast acting calcium sensor, whose dissociation kinetics exceed the
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417  temporal resolution of stopped-flow fluorescence measurements, while maintaining fluorescence
418  outputs linear to the calcium levels. This ideally positions RCatchER to capture ER dynamics.
419 Combining our dual-color imaging approach with simultaneous EEG and DC recording we
420  were able to capture single-cell neural activity and calcium homeostasis dynamics across hundreds
421  of neurons in awake mice during PTZ-induced seizures and subsequent slow propagating calcium
422 waves. It is known that CSD can follow or interrupt seizures!” 2!. Large calcium increases
423  propagating as traveling waves have also been observed during CSD3! 46, Similar calcium
424  increases?’, and traveling waves*>? have been observed following seizures. While some have
425  inferred that these calcium waves are therefore indicative of CSD, here we offer definitive proof
426  of this association by corroborating these calcium waves with DC recordings.

427 An association between seizure and CSD occurrence has been demonstrated since early
428  investigations into CSD. Studies from the 1950s in anesthetized rabbit cortex showed that
429  electrically induced after-discharges, as well as PTZ-induced epileptiform activity could be
430  followed by slow potential changes and CSD®" 32, The authors hypothesized that the SD was
431  serving to arrest the seizures. They also noticed that the intensity of the epileptiform activity was
432 typically less in tissue that had experienced a prior CSD, indicative of a potential protective
433 consequence of CSD. These ideas are furthered by a PTZ kindling study in rats, where the
434 investigators found that with kindling the occurrence of CSD decreased while the occurrence of
435 epileptiform activity increased?. They, too, postulated that the CSD was arresting the seizure, but
436  added that as kindling progressed, between the evolution to a more gradual seizure onset and
437  upregulation of potassium reuptake mechanisms, the increase in extracellular potassium became
438 less abrupt and thus the probability of CSD occurrence decreased, in turn arresting fewer seizures.
439 They also noted a decrease in interictal spiking following CSD, a finding consistent with our results
440  here. Induction of CSD has also been demonstrated to suppress spike wave discharges®*>* and
441  seizures!” in animal models, findings concordant with our demonstration of electrically induced
442 CSD decreasing post-ictal spiking (Fig. 6).

443 The large rise in intracellular calcium we observed during seizures and CSD could itself
444  have implications for seizure termination. During seizures, membrane depolarization opens
445  voltage gated calcium channels and releases magnesium block of calcium-permeable NMDA
446  glutamate receptors (NMDARSs), which - coupled with excessive extracellular accumulation of
447  glutamate - causes a large and rapid influx of calcium. This results in acidification of the
448  intracellular compartment through the exchange of calcium and protons across the Ca®"/H*
449  ATPase. This acidification, in turn, can lead to decreased conductance of voltage and ligand gated
450  channels®. As such, the acidification during a seizure has been hypothesized to promote seizure
451  termination. Additionally, excessive activation of ATPase would contribute to the depletion of
452 ATP, another potential component of seizure termination. Furthermore, the increase in
453 intracellular calcium will lead to excessive neurotransmitter release and eventual depletion of
454  synaptic vesicles, another potential factor in seizure termination®’. The same processes occur
455  during CSD>> 3¢, although to a much greater extent. The intracellular calcium concentration is
456 estimated to rise to 6-25 uM during CSD”-%’, an order of magnitude greater than the rise of calcium
457  during seizures (700 nM)?*-8, In this study, we observed a significant release of ER calcium during
458  CSD, but not during seizures (Fig. 2). It is possible that this large ER calcium release specific to
459  CSD is contributing to the higher cytosolic calcium concentration compared to that during a
460  seizure, which could be a factor in the anti-seizure effect of CSD'.

461 Our finding that the depletion of ER stores follows the increase in cytosolic calcium,
462  presumably through voltage gated calcium channels and NMDARs, is suggestive of a CICR
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463 occurring within neurons. While RCatchER and XCaMP-Y differ vastly in their kinetics, such a
464  difference in the sensors in and of themselves cannot explain the delay, with the kinetics of
465  RCatchER far exceeding those of XCaMP-Y. Calcium release from ER stores is mediated through
466  two receptor families, ryanodine receptors (RyR) and inositol (1,4,5)-triphosphate (IP3) receptors.
467  While IP3 is implicated in a variety of cell signaling cascades, RyR activation is more specific’.
468  The RyR1 isoform, which has minimal expression in nervous tissue, demonstrates voltage
469  dependence, mediated by a mechanical interaction with voltage dependent calcium channels.
470  RyR2, which is the isoform predominantly expressed in the cortex, is activated through calcium
471 influx and is voltage independent®® %°. The RyR response to calcium is biphasic, where they are
472 activated at around ~1 uM of calcium and are subsequently inactivated when calcium exceeds ~1
473 mMP®-, The calcium dependence of RyR activation may explain our finding that depletion of ER
474  calcium was small and insignificant during seizures, perhaps because intracellular calcium does
475  not reach RyR activation levels, whereas in CSD, it exceeds this threshold. Furthermore, voltage
476  dependent activation occurs faster (~2 ms) than the CICR, and while the activation of the RyR
477  channel is relatively fast (<10 ms) in the immediate presence of sufficiently high calcium, the
478  widespread induction of CICR is slower, being dependent on the rate of calcium influx and
479  diffusion through the cytosol> %. IP3 mediated calcium release can also occur over a similar
480  timeframe. As calcium is a co-agonist for the IP3 receptor and considered the driving force behind
481  larger concerted calcium releases, such as the one we observe here, this would also support the
482 CICR hypothesis, albeit by an alternate pathway®*. Thus, the relative recruitment dynamics we
483 observe during CSD are temporally corroborative with a CICR, although further investigations are
484  needed to identify the precise receptors at play.

485 Following ER depletion, store operated calcium entry (SOCE) can occur through calcium
486  release activated channels (CRACs) at the cell plasma membrane, including the ORAI1/STIM1
487  complex, further increasing cytosolic calcium®-%7. While NMDARSs have been considered the
488  primary route of entry contributing to the large increase in cytosolic calcium during CSD®, SOCE
489  could be contributing to the sustained increase in cytosolic calcium observed in CSD.

490 Gain of function mutations causing ‘leaky’ RyR2 have been linked to SUDEP, with knock-
491  in studies of the same mutated receptors in rodents demonstrating decreased threshold for seizures
492 and CSD®. While the effects of this mutation could be upstream of CSD by promoting cortical
493  excitability, it could also be directly impacting the generation of CSD, particularly if CICR or
494 SOCE are central to the CSD mechanism rather than only downstream consequences.

495 While we were able to make a comparison of the timing of cytosolic increase to ER calcium
496  depletion at the start of CSD, it was more difficult to make such a comparison for the offset of the
497  CSD. This is primarily due to the gradual and often smaller calcium changes occurring at the end
498  of the CSD, leading to less precision in the selection of an offset time. However, this variability is
499  small when compared with the length of CSD and with the offset event duration across the
500  population and thus does not dramatically impact the spatial regression for these slow traveling
501  waves. Mechanistically, irrespective of the imprecision in measurement, the timing of these two
502 events are within an acceptable range for the expected timing of cytosolic calcium return to the
503  ER through the sarco(endo)plasmic reticulum ATPase (SERCA) pump’.

504 It is important to note that other ER dynamics are occurring during CSD aside from the
505  observed calcium depletion that could have implications for our findings. ER is known to undergo
506  morphological change during CSD: fission and fragmentation of ER occurs in a calcium
507  calmodulin-dependent kinase I (CaMKII)-dependent manner*, which can potentially contribute
508  to the RCatchER signal we measured in this study. However, we deduce that the ER calcium signal
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509  we measured in this study was not significantly affected by the morphological change of ER due
510  to the slow nature of ER fission and fusion. The RCatchER signal decreased within a second of
511  the increase in cytosolic calcium (Fig. 3), whereas the ultrastructural changes in the ER were found
512 to occur several seconds after the calcium influx, indicating that the ER calcium release precedes
513 the fission. Additionally, the RCatchER signal recovered within a minute following the depletion
514  of ER calcium (Fig. 3), while the ER fusion should take several minutes to restore continuity of
515 ER. Even if ER is fragmented into beaded structures, that by itself should not hinder the calcium
516  dependence of RCatchER fluorescence. Furthermore, the ER beading occurs predominantly in the
517  neuropil, while our imaging analysis primarily focused on somata. Given the calcium dependence
518  of CaMKII, perhaps the release of ER calcium stores we describe here facilitates the fission event.
519 Another consideration for our finding is the potential impact of intracellular pH on
520  RCatchER’s excitability. While intracellular acidification does occur during seizures, the time
521  course is a gradual change throughout the seizure and continuing during the post-ictal phase’!,
522 rather than an abrupt drop post-ictally. During CSD acidification also occurs although there is a
523 delay in the drop in pH relative to the DC shift and the pH decrease is sustained for longer than
524  the DC shift’>74. Therefore, the dynamics we observe here are not temporally concordant with the
525  pH changes observed. Furthermore, the ER is well buffered, having little change in pH during
526  calcium release and experiences much smaller magnitude pH changes than the cytosol during
527  intracellular acidification’.

528 TSD is an anoxic variant of CSD occurring during death’® 77, known to have slightly
529  different mechanisms underlying its calcium dynamics. However, we still observed a depletion of
530  ER calcium stores following a large cytosolic increase, albeit more delayed. Under severe hypoxia,
531  hyperpolarization as a nonspreading depression occurs in the brain, observed as an isoelectric
532 EEQG, preserving the ATP stores necessary for recovery. If, however, the hypoxic conditions last
533 more than a few minutes, the ATP stores become depleted, the ion gradients across the membranes
534 break down, and a TSD is, in turn, initiated’->°>. While calcium and NMDAR have been found to
535  be necessary for CSD occurrence in normoxic conditions, in the context of hypoxia, CSD can
536 occur in the absence of extracellular calcium and NMDAR function®” 7% 7. We observed such
537  TSD calcium waves after about a minute of isoelectric EEG during fatal seizure recordings (Fig.
538  4). While the propagation patterns were similar to CSDs in surviving animals with respect to
539 overlapping direction and speed, the delay in the ER depletion following the increase in cytosolic
540  calcium was slightly longer during TSD. The increase in cytosolic calcium fluorescence was
541  smaller during TSD than other CSD, perhaps contributing to this longer delay in a CICR.
542 Consistent with cell death and ATP depletion, the cytosolic calcium increase was sustained, and
543  ER calcium was not restored. While cells can typically tolerate the length of depolarization and
544  elevated calcium during a seizure or normoxic CSD, with some neuroprotective effect even
545 having been demonstrated for the intracellular calcium concentrations reached during seizures®"-
546 8! the levels experienced during CSD when sustained, as is the case in anoxia and TSD, are
547  generally regarded to be toxic? 8,

548 Our findings support the plausibility of calcium homeostasis dysregulation during CSD.
549  However, further investigation is needed to determine the necessity of CICR in CSD and its seizure
550  suppressive effect. If CICR proves to be mechanistically involved, evidence of its exact mediators,
551  beit RyR or IP3 dependent, could provide us with new targets for modulation, informing our anti-
552 epileptic arsenal. While CSD may be beneficial in the context of widespread aberrant brain activity
553 during a seizure, it can most certainly have pathologic consequences. Being able to mimic the anti-
554  seizure effect of CSD while avoiding its toxic side effects could offer great therapeutic potential.
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555 Alternatively, if CICR rather contributes to the prolonged depolarization and toxic consequences
556  of CSD, prevention of this calcium store depletion during CSD could also be of benefit.

557 The clinical implications of our investigation afford insight not only to potential
558  neuromodulatory targets, but also to hypothetical mechanisms underlying established therapeutics,
559  namely electrical stimulation used for seizure control. Notably, we were able to induce CSD using
560  different stimulation parameters, including ones paralleling typical RNS settings. Indeed, repeated
561  cortical stimulation has been shown to cause increases in extracellular potassium, likely
562 contributing to CSD induction®?. The clinical benefits of RNS are likely multifaceted. In large part
563  the decreased seizure incidence is hypothesized to be mediated by neuroplasticity®, rather than
564  direct arrest of seizures, as seizures in most patients are not terminated by RNS, and the majority
565  of stimulation occurs interictally. However, in those patients for whom seizures are arrested, these
566  results raise the possibility that CSD could be occurring and contributing to the suppressive effect.
567

568 MATERIALS AND METHODS

569

570  Molecular Biology

571  An AAV?2 transfer plasmid containing the XCaMP-Y-P2A-RCatchER cassette was generated
572 through standard molecular biology (restriction enzyme [RE] digestion, ligation, transformation,
573  and plasmid purification). The RCatchER cassette in the pcDNA3.1 vector** was cut with Nhel
574  and EcoRV and ligated into the Nhel and blunted HindIII RE sites in an AAV?2 transfer vector
575  with the human synapsin I (hSynl) promoter (Addgene plasmid number: 100843), resulting in
576  pAAV2/hSynl-RCatchER. The coding sequence of XCaMP-Y3? (GenBank accession number:
577  MK770163.1) was fully synthesized through a commercial service with an Nhel RE recognition
578  site added at the 5° end (gBlocks gene fragments, Integrated DNA Technologies). The Nhel and
579  Clal fragment of XCaMP-Y was ligated together with the Clal and BamHI fragment of separately
580  synthetized P2A sequence into the respective RE sites upstream of RCatchER, resulting in
581  pAAV2/hSynl-XCaMP-Y-P2A-RCatchER. The correct sequence was confirmed through RE
582  analysis, as well as Sanger and next-generation sequencing (Eton Biosciences and Plasmidsaurus,
583  respectively). Endotoxin-free DNA was obtained through a commercial midiprep plasmid
584  purification kit (NucleoBond Xtra Midi EF, Takara Bio USA).

585

586  Viral Vector Production

587  Weproduced a recombinant adeno-associated viral (rAAV) vector pseudotyped with AAVO capsid
588  protein in-house following a modified standard procedure®*. In brief, we transfected human
589  embryonic kidney 293FT cells (Invitrogen) with three plasmids (helper [Addgene plasmid number:
590  112867], AAV2/9 rep/cap [Addgene plasmid number: 112865], and pAAV2/hSynl-XCaMP-Y-
591  P2A-RCatchER) at 1:1:1 molar ratio using the calcium-phosphate method. We then harvested the
592 rAAV, purified through iodixanol gradient ultracentrifugation, and concentrated in Dulbecco’s
593  phosphate-buffered saline (D8537, Millipore-Sigma) supplemented with 0.001% (v/v) Pluronic F-
594 68 (Millipore-Sigma). We aliquoted and stored it at -80°C until surgery. Using quantitative PCR,
595  we determined the titer to be 4x10'* viral genomes/mL.

596

597  Cranial Window Fabrication

598  To generate windows for chronic imaging with the capability for repeated access via a pulled glass
599 micropipette electrode for DC recording, we adapted protocols for concentric window design®
600  with single plane windows along with silicone access ports®® 37, We used two smaller inner layer
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601  coverslips and one larger outer layer coverslip (3 mm and 5 mm diameter, respectively, #1
602  thickness, Warner Instruments), and generated a 0.7 mm diameter access port placed 0.75 mm
603  from the center (Supplementary Fig. 1a). When deciding on diameter of the window it is important
604  to consider the planned angle of penetration for the recording electrode, along with the thickness
605  ofthe electrode and depth of the access port so as to ensure the window has a large enough diameter
606  to accommodate these constraints (Supplementary Fig. 1b). We began by first etching the holes in
607  each glass layer at the correct coordinates to ensure the holes alignment (0.75 mm from the side of
608  the 3mm glass and 1.75 mm from the edge of the Smm glass) when the glass layers are stacked
609  concentrically. For etching we suspended the glass using a spring hinged clip to apply light, but
610  sufficient pressure to the edges of the cover glass. To protect the glass from damage, we covered
611  the clip with heat shrink wrap. Using a conical sharp tip fine grit stone grinding burr (CA1063,
612 Minimo Precision Instruments and Tools) with a dental handpiece at a medium speed (~6000-7000
613  rpm), we slowly hand dry etched each cover glass at a 45° angle, moving halfway through each
614  piece of glass from each side to meet in the center, with applying dust free air routinely to clear
615  away the silicone dust during etching. Upon meeting in the center, we moved the burr into a
616  vertical position (perpendicular to the cover glass) to round out and straighten the beveled edges
617  from both sides of the glass as needed to minimize imaging artifacts. We then cleaned each cover
618  glass with lens paper and compressed air.

619 We next assembled the cover glass using optical adhesive (Optical Adhesive 71, Norland),
620  on a Styrofoam platform with vertical pins (000 insect pins; 0.5 mm shaft diameter) to thread the
621  holes for cover glass alignment. We adhered the layers serially using a small amount of adhesive
622 (just enough to spread to the edge of the 3mm glass), first the Smm to a 3mm and then the second
623 3mm to the first, with interleaved UV curing (365 nm; wavelength of peak absorbance) for 30 min.
624  We then cured overnight (>12 h) at 50°C. The optical adhesive must be uniformly distributed
625  between articulating surfaces to prevent thin film interference.

626 The final step is to prepare the silicone membrane by filling the access port with optically
627  transparent silicone (Sylgard 184, Dow Corning), selected because it can be cured at room
628  temperature given the initial limited temperature range tolerance of the optical adhesive (-15-
629  60°C). We prepared the silicone at a 10:1 mixture by weight of base to catalyst. Next, we increased
630  the viscosity of the silicone through heating to facilitate easier application to the port using heat
631  gun at 150-200°C for about a minute. Then using a 30-gauge insulin needle we applied a tiny drop
632  of the prepared silicone to fill the access port of the windows while suspending them in mid-air by
633  their edges with light tension to prevent wicking. We then transferred the suspended windows to
634  avacuum chamber and cured at room temperature for two days to prevent bubble formation in the
635  silicone. We then followed this with a one-day cure at 50°C. Curing at a higher temperature
636  increases the silicone’s strength (higher shear modulus), while curing at a lower temperature
637  increases its elasticity (lower strain at break)®®. We designed this approach to ensure a balance of
638  strength and elasticity such that the membrane will not deform under increased intracranial
639  pressure (strength), while at the same time will properly re-seal upon needle withdrawal
640  (elasticity). We stored these windows at room temperature. For a full cure we waited an additional
641  four days and implanted them within a few months, before the silicone dried out, becoming more
642  brittle and losing its elasticity.

643

644  Stereotaxic Surgery

645  All procedures involving live animals were conducted with approval from and in accordance with
646  Emory University’s Institutional Animal Care and Use Committee. Adapting standard protocols
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647  for concentric cranial window implantation®>*°, we performed stereotaxic cranial window surgery

648  on adult (= 90 day-old) albino C57BL6/N male mice (B6N-Tyr<-5¢/BrdCrCrl, Charles River,
649  Strain Code 493) concurrently with intracortical delivery of rAAV, electrode placement for
650  recording and stimulation, and headplates affixation. In brief, we secured the mice in a stereotaxic
651  frame and maintained them under anesthesia (1.5% isoflurane balanced in oxygen (1 L/min)). We
652  then performed a 3 mm craniotomy over the primary motor cortex. Two injections of rAAV (500
653  nL each; 2 nL/s) were performed through a pulled glass capillary tube (Nanoject 3.0, Drummond)
654  at 300 um and 600 um deep to the pial surface (0.30 mm anterior and 1.75 mm lateral to Bregma)®®
655  °!. We then epidurally placed a thin polyamide insulated tungsten wire electrode with exposed tip
656 (125 um; P1Technologies) at the posteromedial edge of the craniotomy, along with ipsilateral
657 reference and contralateral ground stainless steel screw electrodes (E363/96/1.6/SPC,
658  Pl1Technologies) in the skull over the cerebellum (0.7 mm burr holes). If the mouse was to be used
659  for stimulation as well, we also placed two additional wire electrodes (same material and size)
660  epidurally about half a millimeter apart along the posterolateral edge of the craniotomy. We
661  prefabricated all electrodes with gold pins to facilitate easy attachment to a recording preamplifier
662  or stimulus isolator. We next placed a cranial window to plug the craniotomy and affixed the
663  window and electrodes to the skull using dental acrylic (C&B Metabond, Parkell) along with a
664  stainless steel headplate (Models 3 and 4; Neurotar). We closed the skin to headplate using tissue
665  adhesive (Vetbond, 3M).

666

667  Two-Photon Imaging and Electrophysiology

668  We performed resonant scanning (30 Hz, 512x512 pixels) two-photon imaging on mice during
669  acute induced seizures. We used a two-photon microscope (HyperScope, Scientifica) equipped
670  with a pulsed tunable infrared laser system (InSight X3, Spectra-Physics) and controller software
671  (Scanlmage, Vidrio Technologies). We selected 1000-1010 nm wavelengths for excitation (Fig.
672 1C) and separated the emissions by a dichroic mirror (565LP, Chroma) with band pass filters
673  (ET525/50m-2p and ET620/60m-2p, Chroma), collecting the light using GaAsP and multi-alkali
674  red-shifted photomultiplier tube, respectively. Beginning one month following surgery to allow
675  for adequate GECI expression, we head-fixed the mice in a carbon fiber airlifted chamber (Mobile
676 ~ HomeCage, Neurotar), positioned under a long working distance 16x objective (water-immersion,
677  N.A. 0.80, Nikon). We connected the EEG electrodes to an AC preamplifier and a data acquisition
678  system (Sirenia, Pinnacle Technologies). For DC recording, on the day of a recording session, a
679  reference electrode (1-mm diameter Ag/AgCl pellet, Model E205, Harvard Apparatus) was placed
680 in the nuchal muscle of the mouse under isoflurane anesthesia. A micromanipulator (Kopf
681  Instruments) was affixed to the crossbar of the headplate holder. We stereotaxically inserted a
682  long-shank pulled glass electrode (I mm diameter with ~70 um at the tip, 1 — 3 MQ when filled
683  with the following solution: 125 mM NaCl, 2.5 mM KCI, 1.25 mM NaH>PO4, 26 mM NaHCOs3,
684 20 mM d(+)-glucose, 2 mM CaCly, and 1.3 mM MgCl) through the access port at a 45° angle into
685  the cortex to a depth of 100-300 um below the pial surface. DC signals were recorded through a
686  patch clamp amplifier, a digital data acquisition system, and software (MultiClamp 700B, Digidata
687  1550B, and pClamp, respectively, Molecular Devices). Both EEG and DC signals were recorded
688  at 2 kHz, with a 0.5-300 Hz bandpass filter for the EEG and with a 500 Hz low-pass filter for the
689  DC recordings. EEG was continuously recorded while DC recording and two-photon imaging were
690  triggered by a TTL pulse generated in the EEG recording system immediately before either PTZ
691 injection or electrical stimulation.

692
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693  Acute Seizure Model

694  We subcutaneously injected PTZ (40-50 mg/kg; P6500, Millipore-Sigma; sterile saline diluent)
695  and recorded for 20-45 min depending on the course of the seizure. All but one PTZ injection
696  resulted in at most one generalized seizure per recording session. We performed multiple seizure
697  experiments within the same subject provided the seizures were not fatal, with sessions separated
698 by at least a week to circumvent the effects of kindling®2.

699

700  Electrical Stimulation

701  We performed electrical stimulation using a waveform and function generator (EDU33210A
702 Keysight, USA) to drive a stimulus isolator (DS4 or DS5, Digitimer, UK) attached to the
703 chronically implanted electrodes. Typical stimulation parameters were 50% duty cycle bipolar
704  pulses with amplitudes of £200 pA at 2 kHz for 10 s. We stimulated the mice 30-40 s following
705  the start of image acquisition and would acquire 10-15 min of data depending on the course of the
706  CSD. To evaluate the threshold for inducing CSD with RNS style parameters we created
707  waveforms in MATLAB and then used the generator to drive them. We began stimulation at the
708  lowest setting and proceeded to increase current with each subsequent stimulation periods (25, 50,
709 100, 250, 500 and 750 pA) until CSD was induced, interwoven by 2-minute washout periods.
710  Following CSD we had a 20 min washout before the trial was repeated within the same subject.
711 For post-ictal simulation-induced CSD experiments we performed electrical stimulation
712 using the same approach as above in a subset of animals during seizures occurring without CSD.
713 Inthese recordings we waited 5 min following the end of the seizure to ensure a CSD did not occur
714 naturally and to acquire a baseline post-ictal spiking. We then stimulated to induced CSD and
715 recorded for at least an additional 5 min.

716

717  Histology

718  Following experiments, all subjects underwent transcardial perfusion (4% paraformaldehyde
719 (PFA) in phosphate buffered saline (PBS), 4°C; 32% PFA stock solution, Electron Microscopy
720 Solutions, cat no. 15714) and their brain tissue was extracted. The brains were further fixed
721  overnight in 4% PFA (4°C) and then cryoprotected for 36 hours in 30% sucrose (in PBS, 4°C).
722 The tissue was serially sectioned using a freezing microtome (Spencer Lens Co. equipped with a
723 Physitemp BFS-40MPA Controller and platform) at 40 um thickness (coronal) and stored in PBS
724 at 4°C.

725 For triple immunofluorescence, free-floating sections were rinsed in PBS, blocked in PBS
726  solution containing 4% normal donkey serum (NDS), 4% normal goat serum (NGS) and 0.1%
727 Triton-X for 30 minutes at room temperature. After rinses in PBS, sections were then incubated
728  overnight at 4°C with a combination of chicken anti-GFP (1:100, GFP-1020, Aves Labs, Davis,
729  CA, USA), mouse-anti-mCherry (1:200, AE002, Abclonal, Woburn, MA, USA), and rabbit anti-
730  SERCAZ2 (1:50, A1097, Abclonal, Woburn, MA, USA) in PBS containing 2% NDS and 2% NGS.
731  Sections were rinsed in PBS and incubated in a PBS solution containing Alexa Fluor 488-
732 conjugated goat anti-Chicken IgG (1:1000, Invitrogen A-11039, ThermoFisher Scientific,
733 Waltham, MA, USA), Alexa Fluor 594-conjugated donkey anti-mouse IgG (1:1000, 715-585-150,
734 Jackson Immunoresearch Laboratories, West grove, PA, USA) and Alexa Fluor 647-conjugated
735  goat anti-rabbit IgG (1:500, 111-607-008, Jackson Immunoresearch Laboratories, West grove, PA,
736 USA) secondary antibodies and 2% NDS/2% NGS for 1 hour at room temperature. Sections were
737  rinsed with PBS, then mounted on glass slides, dried and cover slipped with hard set mounting
738  medium containing the nuclear marker, DAPI (Vectashield, H-1500, Vector Laboratories,
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739 Burlingame, CA, USA). Images were captured using a Leica SP8 upright confocal microscope
740  and LASX software. Immunofluorescence image processing, including projections and orthogonal
741  view generation, was performed using FIJI%3.

742

743 Image Processing

744  We performed imaging pre-processing using the Suite2P software package®® with integrated
745 Cellpose®®, performing motion registration, region of interest (ROI) detection and calcium
746  transient extraction of soma and surrounding neuropil. We additionally manually curated the
747  candidate ROIs to ensure they were from cell bodies and not overlapping with any major blood
748 vessels. We background subtracted the raw fluorescence traces taking the global minima of the
749  neuropil transients for each recording as a proxy for the background signal. We also generated
750  clean somatic signal by subtracting 70% of the surrounding neuropil signal from the somatic ROI
751  signal to remove out-of-plane contamination® and adjust for photobleaching. We normalized the
752 traces as AF/Fo, using the mean of the first 30 s of recording as baseline fluorescence (Fo). Finally,
753 we double-reverse filtered the traces using an adaptive filtering routine (1 Hz, Butterworth lowpass
754 filter, order 3 to 5) that preserves the phase of the signal prior to processing.

755

756  Data Analysis

757  For baseline recording spike detection we employed a peak detection heuristic to select all
758  transients at least four standard deviations above baseline. We computed the average spike trace
759  with pooled standard deviation, aligning all the detected transients by their point of maximum
760  slope. The change in calcium level during each spike was taken as the difference between the
761  average signal during half-second windows before and after the recruitment time.

762 For recruitment time detection during seizures, we used our previously reported automated
763  approach?®. In brief, the approach uses the mean population calcium trace along with EEG (in this
764  study we also used DC) to find PIS, seizure and CSD onsets in the recordings and defines detection
765  windows around these events. It then searches the individual traces within these windows for local
766  maxima in the integral of their slope, indicative of rapid and sustained increases in cytosolic
767  calcium that occur during recruitment to these seizure related events. These increases must exceed
768  an event and channel specific threshold above baseline for the cell to be considered recruited to
769  the event. All individual cell recruitments are then indexed by the point of steepest slope, being
770 generally accepted as a recruitment time for seizures”®°7, and the point least likely to be perturbed
771 by filtering. For processing the RCatchER signal, we inverted the transients, enabling our
772 algorithm, originally designed to find increases in cytosolic calcium, to find the decreases in signal.
773 With the majority of recordings and events we used the clean somatic traces for detection. We also
774  adapted this method to determine recruitment times of CSD offset. However, due to lower signal-
775  to-noise ratio during the offset of CSD and during TSD, we needed to use the somatic traces before
776  neuropil subtraction for event detection. Additionally, for determining the offset of CSD a few
777 modifications to the approach were implemented given the gradual rather than rapid nature of the
778  change being measured. Namely we filtered the traces to 0.05-0.1 Hz and searched for the local
779  minima/maxima of concavity to estimate the beginning of the offset calcium change.

780 To determine the magnitude of calcium changes in individual cells during seizures and
781  CSD (including TSD), we computed the difference between the average signal during ten and five
782 second windows, respectively, before and after the recruitment times. For the calcium change
783  during the recruitment to PIS, we also computed the difference in calcium levels before and during
784  the spike. However, we found that using the average signal diminished the amplitude of change
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785  too much and using only the maxima left the values too subject to shot noise. Therefore, we opted
786  to further filter the traces to 0.5 Hz before taking the maxima during a one second window before
787  the spike to compare with a two second window encompassing the full spike. To determine the
788  impact of event (PIS, seizure or CSD) on calcium change we model the calcium changes using a
789  GLME with effects coding and with each recording session modeled as a random effect. Then to
790  evaluate the if there was a sustained post-ictal calcium change in an unbiased way, we determined
791  the average post ictal calcium signal in each cell over a sliding 15 s window for each seizure
792 recording. Then using the same GLME approach we modeled the impact of CSD on the post-ictal
793 calcium.

794 For determining vectors of propagation, as we previously demonstrated?® we applied a
795  spatial linear regression algorithm, with L1 regularization (originally developed to model interictal
796  events in human intracranial data)®’-38, to our data, using the positions of the cells withing the field
797  and the determined event recruitment times. We only considered statistically significant vectors
798  (p<0.05; although for nearly all of the vectors p<0.001) in our analysis, where p-values were
799  computed by comparing model residuals to spatially shuffled data sets, as in prior work 37. Speed
800  and direction of propagation were taken from these vectors for comparisons within and across
801  channels. The same recruitment times used to determine these vectors were also used to compare
802  the relative timings of recruitment to these events across channels, modeling the effect of channel
803  on recruitment time using a GLME with effects coding and with each recording session modeled
804  as arandom effect.

805 For computing the DC shift onset and offset we first smoothed the DC trace using a rolling
806  average, downsampling and interpolation. We took the local minima near the DC fall and local
807 maxima near the DC rise of the second derivative of the trace as the onset and offset times,
808  respectively. We used these times to compute the DC shift period lengths and latencies with respect
809  to the calcium changes.

810 We produced all movies and time-lapse representative frames from the motion registered
811  image stacks output of Suite2P processed using FIJI?3. We filtered the stacks using a 3D gaussian
812 filter (X-Y: 0.5 standard deviation (SD); time: 1 SD) and down sampled to 6 Hz (movie) or 1 Hz
813  (representative frames) using bilinear interpolation.

814 To examine the SWD rates in EEG, we used a bandpower-based threshold detection
815  method?® *® to find all EEG spikes in a recording. We then divided the recordings into the specific
816  periods we wished to compare. We used the same pre-ictal period as in the calcium data. We then
817  used Welch’s power spectral density to compute a spectrogram and used specific frequency
818  features to define the boundaries of the post ictal time periods being compared. The post-ictal
819  period began at the end of the seizure, defined as the point when the total power (<100 Hz) fell
820  below 5% of the maximum power achieved during the seizure. For recordings without post-ictal
821  stimulation, we ended the period 5 min later, being equivalent to when we would induce CSD in
822  the post ictal stimulation recordings. For recordings with post-ictal stimulation, we defined the end
823  of the post-ictal/pre-stimulation period as the point where a stimulation artifact EEG power (50-
824 70 Hz & 170-190 Hz) crossed 50% of its maximum power. The post-ictal/post-stimulation period
825  began when the stimulation artifact power fell below 50% of its maximum and ended 5 min later.
826  We computed SWD rates by dividing the totals spike counts during each of these periods by their
827  length of time. We then computed moving-average SWD rate curves (Fig. 6 a-b) by convolving a
828 30 s-wide Gaussian window with a binarized array of detected spike times at the original signal
829  sampling rate. Statistics were performed using non-parametric pairwise tests, namely the Wilcoxon
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sign-rank test for comparisons of two groups and the Friedman test for comparisons of more than
two groups.

Two-photon Excitation Spectra

For determining the excitation spectra of the two indicators, we imaged a mouse prepared for in
vivo imaging, expressing both XCaMP-Y and RCatchER, using the same approach as above,
except with galvo scanning (1.07 Hz, 512x512 pixels). We collected images across a series of
wavelengths (800-1250 nm; 10 nm interval) in both channels simultaneously (10 frames per
wavelength; saved as a time averaged projection). The laser attenuation was calibrated to maintain
constant power at the sample across the spectra, adjusting for wavelength-dependent laser output
and attenuation variance. Laser power and PMT gains were calibrated to prevent saturation of
PMTs at peak excitation values (XCaMP-Y: 970nm, RCatchER: 1100 nm), while ensuring
sufficient signal could be observed at 1010 nm. We recorded pre- and post-recording power
measurements and calibration frames to verify that power did not attenuate over the course of the
experiment, photobleaching did not occur and there was no degradation of the photodiodes. For
processing, we concatenated the image series using FIJI and performed ROI detection and transient
extraction using Suite2P. We background subtracted the traces (including removing
autofluorescence contamination, likely due to the older age of the mouse used), normalized these
to maximum power and performed a cubic interpolation between the discrete emission values to
produce the spectra curves.
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