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SUMMARY

Neural glutamate homeostasis is important for health and disease. Ischemic conditions, like stroke, cause
imbalances in glutamate release and uptake due to energy depletion and depolarization. We here used the
glutamate sensor SF-iGluSnFR(A184V) to probe how chemical ischemia affects the extracellular glutamate
dynamics in slice cultures from mouse cortex. SF-iGluSnFR imaging showed spontaneous glutamate release
indicating synchronous network activity, similar to calcium imaging with GCaMP6f. Glutamate imaging
further revealed local, atypically large, and long-lasting plume-like release events. Plumes occurred with
low frequency, independent of network activity, and persisted in tetrodotoxin (TTX). Blocking glutamate up-
take with TFB-TBOA favored plumes, whereas blocking ionotropic glutamate receptors (iGluRs) suppressed
plumes. During chemical ischemia plumes became more pronounced, overly abundant and contributed to
large-scale glutamate accumulation. Similar plumes were previously observed in cortical spreading depres-
sion and migraine models, and they may thus be a more general consequence of glutamate uptake dysfunc-
tions in neurological and neurodegenerative diseases.

INTRODUCTION

Glutamate is key for transmitting signals across excitatory syn-
apses. In the healthy brain, the extracellular glutamate concen-
trations are strictly regulated to provide the right dosage for acti-
vating synaptic glutamate receptors in a spatially and temporally
defined manner.’~ However, the underlying processes, namely
the vesicular release of glutamate from neurons, the astrocytic
uptake of glutamate through excitatory amino acid transporters
(EAATS),*® the restoration of ion gradients, and glutamate meta-
bolism® require substantial amounts of energy.’

Many pathological conditions are thought to involve dysregu-
lation or disruption of neurotransmitter homeostasis that results
in increased levels of extracellular glutamate and synaptic spill-
over." Increased glutamate concentrations can interfere with
normal synaptic transmission and plasticity. Higher doses of
glutamate may cause overexcitation, disrupt cellular Ca®* ho-
meostasis, and trigger cell death mechanisms, which is
commonly referred to as “excitotoxicity”.5'°

An extreme situation is encountered under ischemic condi-
tions, such as stroke. There, lack of blood and oxygen supply
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causes strong energy depletion, yet some aberrant neural activ-
ity persists in the penumbra, i.e., the tissue surrounding the
infarct core.”"™"® This results in prolonged and repetitive depo-
larizations, deterioration of ion gradients, uncontrolled neuro-
transmitter release, impaired neurotransmitter uptake, acidifica-
tion, swelling, and delayed cell death. These processes are
thought to involve glutamate-mediated overactivation of iono-
tropic glutamate receptors (iGluRs). Indeed, suppression of
AMPA and NMDA receptor activity, has been shown to be neuro-
protective in experimental stroke models® and NMDA receptor
activation is deemed particularly important for cell death and
survival.'*'® However, the extent to which glutamate contributes
to the acute phase of metabolic stress, e.g., by promoting
spreading depolarizations (SDs), remains controversial.'®

Until recently, glutamate levels could only be deduced by
rather indirect means, i.e., microdialysis or measurement of re-
ceptor currents.'” The development of genetically encoded fluo-
rescence-based sensors has enabled us to obtain more direct,
spatially and temporally defined information on glutamate
release and accumulation. Especially iGIuSnFR (intensity-based

glutamate-sensing fluorescent reporter)'®'® variants are now

iScience 28, 112256, April 18, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:andreas.reiner@rub.de
https://doi.org/10.1016/j.isci.2025.112256
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112256&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢ CellPress

OPEN ACCESS

widely used to investigate stimulus-evoked release and spread
of glutamate in different physiological paradigms®°~" and in dis-
ease models,”® including models of cortical SD,**' epi-
lepsy,***® depression,®* Alzheimer’s,®>>" and Huntington’s
disease.*®*°

Here, we set out to study the extracellular glutamate dynamics
during metabolic stress conditions using a defined in situ model,
in which we induced brief chemical ischemia in organotypic slice
cultures from mouse cortex. Previous work had shown that this
model recapitulates key features of the ischemic penumbra,
such as reversible ATP depletion from cells and an increase in
intracellular Na* and extracellular K* concentrations.*'™* In
this study, we measured neuronal activity and changes in the
extracellular glutamate concentration to study how glutamate
release and uptake are altered in energy-scarce conditions.

Imaging of SF-iGluSnFR(A184V) expressed on the surface of
neurons showed different types of glutamate dynamics, namely
global synchronous network activity and atypical local glutamate
events. The latter are reminiscent of recently described “plume-
like” events.®' Brief chemical ischemia resulted in a transient
loss of synchronous network activity, yet a strong increase in
the occurrence of plumes and pronounced extracellular gluta-
mate accumulation. Plumes were favored by blocking glutamate
uptake and they were suppressed by inhibiting iGluRs, which
points to a feedforward mechanism, in which elevated levels
of glutamate trigger plume-like glutamate release events. The
emergence of plumes deserves further investigation, as they
might also occur under less severe pathological conditions.

RESULTS

Chemical ischemia in an organotypic slice model

To investigate the effects of metabolic stress on the extracellular
glutamate dynamics, we prepared cortico-hippocampal slice
cultures from mice and expressed the genetically encoded fluo-
rescent glutamate sensor SF-iGIuUSNFR(A184V)'® under control
of a synapsin promoter (hSyn1) using recombinant adeno-asso-
ciated virus particles (rAAVs). After 14-21 days expression
in vitro, sensor fluorescence was seen throughout all cortical
layers (Figure 1A). Healthy slices showed spontaneous, synchro-
nized activity, as seen by spikes in fluorescence intensity (0.19 +
0.11 Hz, mean + SD, n = 11 slices; Figures 1B-1H) that occurred
globally across the whole imaged region. This epileptiform
network activity is characteristic for slices of this age*>*® and
was also observed by neuronal Ca®* imaging using GCaMP6f
(Figures 11-1M, 0.16 + 0.10 Hz, mean + SD, n = 8 slices).

To mimic energy restriction as it might occur in the ischemic
penumbra, we induced transient chemical ischemia by removing
glucose and adding 2 mM 2-deoxy-D-glucose and 5 mM sodium
azide to block glycolysis and mitochondrial electron transport,
respectively (Figure 1B).*” After 2-5 min, we switched back to
normal Ringer’s solution. Inducing chemical ischemia for 2 min
caused a transient decrease of the intracellular ATP concentra-
tion, as seen by a 18.8 + 2.6% fluorescence ratio decrease of
the FRET-based ATP sensor, ATeam1.03YEMK (“ATeam?)*448:4°
compared to baseline levels (mean + SD, n = 39 cells in 4 slices;
Figure S1). Inducing chemical ischemia for 5 min strengthened
the drop in the ATeam fluorescence ratio to 54.1 + 8.0% (n =
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23 cells in 3 slices). The neuronal ATP levels recovered as the
ATeam ratio returned to the initial baseline within ~10 min after
washout (Figure S1).

Energy restriction had pronounced effects on the SF-
iGIuSnFR signals. Within 2 min after inducing chemical
ischemia, the global fluorescence signals reporting synchro-
nous activity had fully ceased in all regions. Still, somewhat
later, a sustained increase in SF-iGluSnFR fluorescence was
seen, which started locally and eventually spread across
extended areas of the slice (Figures 1B-1D and Video S1).
We attribute this signal increase to an overall increase in extra-
cellular glutamate concentration, since SF-iGIuSnFR does not
respond to any other neurotransmitters.’® In addition, control
experiments confirmed that (1) SF-iGIuSnFR is minimally
affected by the applied azide and that (2) acidification of the
extracellular space, which often accompanies ischemia,”®
would decrease rather than increase the baseline fluorescence
and signal amplitude (Figure S2A).

The half-maximal signal rise in glutamate accumulation (50%
rise) was observed 4.03 + 0.92 min after inducing ischemia
(mean + SD, n = 11 slices). The fluorescence increase started
and was most pronounced in more central regions of the slices.
At the peak of the accumulation, the relative fluorescence
increase of the responding area was AF/F = 0.31 + 0.19
(mean + SD, n =11 slices; Figure 1G). In some cases, the fluores-
cence intensity during accumulation exceeded the signal
changes associated with synchronous activity. In some areas
the intensity was even as high as during a control application
of a highly saturating glutamate concentration (10 mM) (Fig-
ure S4). However, regions that responded most strongly to
bath-applied glutamate, showed no or little glutamate accumu-
lation during ischemia (Figures S4B and S4C). This indicates
that the observed glutamate accumulations might depend on
the degree of bath coupling (see Figures S5-S7 and STAR
Methods), i.e., deeper or more dense regions of the slice, which
have less bath exchange, may show more glutamate accumula-
tion during ischemia.

Upon reperfusion with normal Ringer’s solution the glutamate
accumulation decayed within 4.21 + 2.67 min (time to half-
maximal signal decay; mean + SD, n = 11 slices). Global syn-
chronous events reappeared 7.28 + 1.45 min after washout
(mean + SD, n = 11 slices). The decreased signal amplitudes at
these late time points (Figure S8D) might be in part attributable
to changes in the SF-iGIuSnFR fluorescence properties, since
a run-up of the baseline intensity and decreased event ampli-
tudes were also seen in 40 min control recordings without
inducing chemical ischemia (Figure S9) and also HEK cell exper-
iments (Figure S3).

Besides extracellular glutamate accumulation, chemical
ischemia resulted in a strong increase in neuronal GCaMP6f fluo-
rescence, which indicates extensive Ca®* loading (see also
Video S2). The onset of neuronal Ca2* loading (3.38 = 1.17 min
to half-maximal signal rise, mean + SD, n = 8 slices) and duration
(Figures 1K and 1L) were comparable to extracellular glutamate
accumulation (Figures 1E and 1F). After reperfusion with stan-
dard Ringer’s solution synchronous activity returned (first events
4.94 + 0.92 min after washout, mean + SD, n = 8 slices) albeit with
slower decay times (Figure S8E).
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Figure 1. Optical probing of chemical ischemia in organotypic slice cultures from mouse cortex

(A) SF-iGluSnFR(A184V) widefield imaging of cortical layers. Scale bar: 200 um.

(B) Relative fluorescence changes (AF/F) of selected regions (a-c in A) show a reversible loss of global synchronous activity and large-scale glutamate accu-
mulation upon inducing chemical ischemia (no glucose, 2 mM 2-deoxy-D-glucose and 5 mM sodium azide for 2-5 min).

(C) Glutamate accumulation during chemical ischemia (AF/F image, region as in A).

(D) Temporal AF/F profile along the line region d in (A).

(legend continued on next page)
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A notable difference between the Ca®* and Glu dynamics was
seen in the early phase of ischemia. Here, Ca®* imaging showed
a high-frequency period, i.e., increased spontaneous activity,
1.96 + 0.88 min after inducing ischemia (mean + SD, n = 8 slices),
which coincided with the beginning of intracellular Ca®* loading
(Figures 1J and 1K). In contrast, spontaneous glutamate release
events decreased in signal amplitude and became fully unde-
tectable already 2.57 + 1.10 min before large scale glutamate
accumulation set in (mean + SD, n = 11 slices, Figures S8A-
S8C). This suggests that in the early ischemic period the amount
of glutamate released during synchronous activity decreased
and eventually became undetectable, whereas intracellular
Ca?* showed continuing oscillatory activity. During recovery a
second high-frequency Ca?* period was seen (8.51 + 2.26 min
after washout, mean + SD, n = 8 slices), i.e., around the time
when the first synchronous glutamate events reappeared
(Figures 1B-1E). Autonomous, high-frequency neuronal activity
is typically seen at intermediate depolarization levels, as also
seen in our simulations (STAR Methods; Figure S6, and Kalia
etal. °").

Taken together, these results show that the applied chemical
ischemia protocol causes transient ATP depletion and Ca2*
accumulation in neurons, transient disruption of synchronous
network activity, and yet strong glutamate accumulation in the
extracellular space.

SF-iGluSnFR imaging shows local glutamate events
under baseline conditions
Under baseline conditions, SF-iGluSnFR widefield imaging
showed global, synchronous network activity, as described pre-
viously. The signal changes were rather uniform across all
cortical layers (Figure 2, average intensity projection) and the
events had fast and rather uniform characteristics. Their kinetics
were not fully resolved by our 20 fps standard imaging rate and
bursting behavior became more apparent at 99 fps (Figure S11).
As described above, these synchronous glutamate release
events showed similar frequencies as Ca®* events (Figure 1H,M)
and appear to reflect spontaneous network activity, which is
typical for organotypic slices at this age.*>*°

Unexpectedly, the imaging data revealed also another type of
activity—local, asynchronous glutamate release events, which
were seen in baseline conditions and far more prominently dur-
ing ischemia and recovery. In the following, we characterize
these events in more detail.

Under baseline conditions (pre-ischemia), local glutamate
release events were clearly discernible from global synchronous
activity (Figures 2 and S10, and Video S3). They were asynchro-

iScience

nous, limited to small regions, and quite heterogeneous in
size and duration (Figure 2A). In order to collect these events,
we calculated maximum intensity projections over 25-100 s
(excluding frames which contained synchronous activity) and
analyzed all identifiable events in the imaged region (see STAR
Methods for details). In the field-of-view (824 x 824 pm? =
0.679 mm?), we captured local events with a median frequency
of 1.04 Hz (n = 11 slices; Figures 2E and S12), but the frequency
varied strongly between slices (0.06-4.92 Hz). Smaller, less
intense, or shorter events might have escaped our detection. In
seven other slices, we detected no plumes under pre-ischemic
baseline conditions.

The captured local events had a half-width duration of 267 +
190 ms (mean = SD; n = 296 events), i.e., most of these events
lasted considerably longer than synchronous events (Figure 2F).
The average signal amplitude AF/F of local events was 0.07 +
0.05 (mean + SD; n = 296 events), which is much lower than
typical AF/F values of synchronous activity in the same region
(Figures 2G and 2H). Still, for some local events the signal in-
crease exceeded the signal change during synchronous activity.
Based on their long-lasting but transient properties we refer to
these local events as glutamate “plumes”, a term that was
recently introduced by Parker et al.®’

Analysis of individual movies showed that plumes occurred
independently of synchronous activity (Figures 2D and S10C),
which was also confirmed by analyzing the time delays between
synchronous events and plumes (Figure S10D), and their fre-
quencies in different slices (Figure S10E).

Local glutamate events (“plumes”) have unique
properties
We next characterized the spatial and temporal characteristics of
individual plumes that we had observed under baseline conditions
(pre-ischemia). To determine plume sizes, we used the frame with
the maximal plume AF/F to measure the full-width at half-
maximum (FWHM) in x and y direction, which revealed an aspect
ratio of ~1 (1.02 £ 0.20; mean + SD, n = 296), i.e., plumes had an
overall roundish appearance (Figures 3A and 3B). Elongated
shapes were mostly obtained for small plumes, which might be
due to their less precise detection. The mean FWHM size was
17.2 + 6.4 ym (mean + SD, n = 296). Very large plumes had
FWHM sizes of 38.6 um or more. The lowest plume size was
6.44 um, which reflects our detection limit (see STAR Methods).
The rise times of individual plumes were rather fast (129 +
160 ms; 10-90% signal change, mean + SD, n = 296; Figure 3C)
and close to the temporal detection limit of our recordings. The
plume decay times were considerably slower (440 + 361 ms;

(E) Time points of loss and recovery of synchronous activity and glutamate accumulation (50% rise, maximum, and 50% decay times) for n = 11 slices.

(F) Half-width duration of glutamate accumulation.
(G) Peak AF/F of responding regions.

(H) Frequency of synchronous Glu events before, during, and after ischemia (50% decay time +10 min).

() GCaMP6f imaging. Scale bar: 200 um.

(J) AF/F trace showing increased synchronous activity before and after chemical ischemia, and neuronal Ca®* loading during ischemia.
(K) Time points of high frequency periods, Ca* loading, and recovery of synchronous activity for n = 8 slices.

(L) Half-width duration of Ca®* loading.
(M) Frequency of synchronous Ca?* activity.

In all data panels, individual data points are shown in gray, mean values in red and SD as shaded areas. Boxes show medians and 25-75% percentiles. For details

see STAR Methods.
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Figure 2. SF-iGluSnFR(A184V) imaging shows local glutamate events (“plumes”) which occur independently of synchronous network activity
A) Local glutamate plumes as seen in a maximal intensity projection (MIP; 25 s, excluding frames with synchronous activity). Scale bar: 200 pm.

B) Global fluorescence changes during synchronous activity (average intensity projection (AIP) of frames containing the event maxima; region as in A).

C) AF/F traces of four selected regions (a-d). Plumes are local, but synchronous events are seen in all regions (cf. B).

D) Time points of plume occurrence and synchronous activity. Data (A)-(D) were taken from the pre-ischemic baseline of the slice shown in Figures 1A-1D.

F) Half-width durations of plumes and synchronous activity from n = 11 slices. A Mann-Whitney U test was used for pairwise comparison, ***p < 0.001.

G) Maximum AF/F values from n = 10 slices.

H) Most plumes show smaller AF/F values than synchronous activity in the same region.

(
(
(
(
(E) Frequencies of plumes and synchronous activity from n = 11 slices under baseline conditions.
(
(
(
(

F-H), numbers in parentheses give the number of analyzed events, dashed lines show the detection limits. Boxes show medians and 25-75% percentiles, red

bars indicate the mean.

mean = SD, n = 296). A comparison of different plume parame-
ters reveals a moderate correlation between plume size and
duration (Spearman coefficient r = 0.56, 296 plumes, Figure S13),
but weaker correlations between plume size and plume intensity
(r = 0.40), and between plume intensity and duration (r = 0.36),
indeed, some short plumes showed high signal changes.

Example plumes with different characteristics are shown in
Figures 3D-3G. Cross-sections show that the highest AF/F am-
plitudes were found in the plume center. However, in large
plumes the area with maximal signal changes extended over
10 pm or more (cf. Figure 3F), which could either reflect a homog-
enous glutamate distribution or SF-iGIuSnFR saturation.

The plume properties were rather uniform across different sli-
ces (Figure S12) and their key characteristics did not significantly
change during 40 min continuous control recordings without
inducing ischemia (Figure S14). Only the plume intensity AF/F
decreased to 75%, which is similar to the signal loss seen for

synchronous events (cf. Figure S8), while the plume frequency
decreased to 56% (n = 5 slices, Figure S14).

To test whether plumes depend on action potential-driven
release we added the sodium channel blocker tetrodotoxin
(TTX). Perfusion of 0.2 uM TTX for 4 min resulted in a complete
loss of global synchronous activity, but plumes were left largely
unaffected (Figures 4A-4C and S15). Plumes were observed
throughout the recording and their size, duration, and intensity
(AF/F) remained unchanged (Figure S15). The decrease in plume
frequency was comparable to control. After TTX washout, syn-
chronous glutamate release events (and Ca®* events) returned
with increased signal amplitudes AF/F (Figure S15), most likely
due to upscaling.®® Plume size was slightly increased, but the
other plume characteristics remained unchanged.

We next aimed to strengthen network activity by inhibiting
GABA, receptors with 3 uM (GBZ).>® Indeed, GBZ addition inc-
reased the signal amplitudes of global synchronous glutamate

iScience 28, 112256, April 18, 2025 5
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release events and Ca®* signals (Figure S16), probably by
reducing inhibitory inputs.®* However, also this manipulation
did not change plume frequency or individual plume parameters
compared to baseline (Figures 4E and S16).

Next, we tested the role of glutamate uptake by adding TFB-
TBOA, which blocks the glutamate transporters EAAT1, EAAT2,
and to some extent also EAAT3.°® Impaired glutamate uptake
should prolong the synchronous glutamate transients and might
affect network activity, '82%?4°557 put it might also affect plumes
directly. As expected, addition of 1 uM TFB-TBOA (Figures 5A-
5D) had pronounced effects on synchronous activity resulting in
prolonged glutamate events, more bursting behavior, and larger
event amplitudes (n = 7 slices). The frequency of synchronous
events temporarily decreased in most slices (Figure S17B). The
same effects were seen when monitoring Ca®* influx (n = 5 slices;
Figure S17C). Notably, TFB-TBOA had a strong effect on the
occurrence (induction) of plumes: TFB-TBOA resulted in a 6- to
73-fold increase in plume frequency at times at which synchro-
nous event frequencies were decreased and it induced plumes
in three slices that had not shown plumes before (Figures 5A,
5B, and S17, and Video S6). Plume intensity (AF/F) or decay times
(Figure 5C) were not affected by TFB-TBOA, but a minor increase
in rise time and a clear increase in plume size (1.3-fold increase in
FWHM; Figure S17) was observed.

The strong frequency increase in plume occurrence seen with
TFB-TBOA suggested that elevated extracellular glutamate con-
centrations themselves might contribute to the induction of
plumes. This prompted us to test whether plume induction was
dependent on iGIuR activation. Indeed, inhibiting AMPA and
NMDA receptors by coapplying 50 uM GYKI 53655 and 25 uM
D-APS5, respectively°®°° caused a strong reduction in plume fre-
quency within 4 min (to 25 =+ 13%, mean + SD, n = 4 slices) that
returned to control levels after washout (Figures 5E-5G and
S18). The addition of only D-AP5 to just block NMDA receptors re-
sulted in a lower decrease to 37 + 7% (after 4 min, n = 4 slices)
(Figure 5l).

“Plume-like” glutamate events contribute to glutamate
accumulation during chemical ischemia
Having observed and characterized plumes in pre-ischemic
baseline conditions, we next asked how these events change
upon inducing chemical ischemia and how they contribute
to the observed large-scale accumulation of glutamate (cf.
Figures 1B-1G). For this, we analyzed different episodes leading
up to glutamate accumulation and during recovery, as shown for
a typical example in Figures 6A-6C, S21, and S22.

As described previously, the onset of the ischemic period was
characterized by a loss of global synchronous activity some time
before extracellular glutamate accumulation occurred (Fig-
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ure 6B). After synchronous activity had ceased, more and
more plumes were detected (Figure 6C). Over time, regions
with a high incidence of plumes showed a gradual fluorescence
increase. When the global glutamate accumulation had reached
50% of the maximal accumulation (AF/F), the plume frequency
had increased 7.0-fold compared to baseline (5 s or 25 s time
windows, n = 11 slices, Figure 6D). Eventually, the central re-
gions reached a maximum fluorescence signal, which also
meant that individual events became indiscernible, possibly
due to sensor saturation in these regions (Figure 6C). However,
plume-like dynamics were still seen at the edges of these regions
and plumes were abundantly detected in less saturated regions
(see Videos S1 and S7). High plume activity was also uncovered
when the fluorescence intensity gradually decreased during re-
covery (decay). The plume frequencies only decreased later,
about 4 min after the accumulation had decayed to the 50%
mark. Around that time also global synchronous release events
reappeared (Figure 1E). Eventually, the plume frequency re-
turned to baseline levels (Figure 6D). Control measurements
without inducing ischemia showed a steady decrease in plume
frequency over 40 min (Figure S14).

Chemical ischemia also had pronounced effects on plume size
and duration. The plume size increased 1.4-fold, from 18 £ 7 um
before ischemia to 25 + 10 pm during ischemia (at 50% rise,
mean = SD) (Figure 6E). Plume half-width duration increased
from 317 + 331 ms before ischemia to 576 + 592 ms (mean =
SD) (Figure 6F). The longer duration was attributable to both,
longer rise and longer plume decay times (Figure S22). Despite
the post-ischemic normalization of plume frequency, the plume
size and also plume duration remained elevated at later time
points, suggesting that persistent changes in glutamate homeo-
stasis might have occurred.

These data suggest that local, plume-like events contributed
to glutamate accumulation during chemical ischemia. Plumes
are apparently favored by ischemic conditions, as a high number
of plumes became observable along with significant changes in
their properties. Notably, plumes persisted during periods of
maximal energy depletion, while synchronous network activity
did not.

A notable observation is also provided by slices, which
showed regions with elevated glutamate concentrations after
cultivation (Figures 6G and S21). In the vicinity of these “defect”
regions, atypically large plumes were already observed at a high
rate before inducing chemical ischemia (Figure 6G). Later, during
chemical ischemia, these defect regions acted as nuclei for sus-
tained glutamate accumulation (Figure 6H).

Since we had found that plumes can be suppressed by in-
hibiting iGIuRs (Figures 5E-5I), we used this to test their contribu-
tion to extracellular glutamate accumulation during chemical

Figure 3. Spatial and temporal characteristics of local plumes
A) Example plume with AF/F cross-sections. Scale bar: 25 pm.

B) Aspect ratio and mean full-width at half maximum (FWHM) obtained from AF/F images at the peak maximum for n = 296 plumes from 11 slices pre-ischemia
see also Figure S12). Boxes show medians and 25-75% percentiles, red bars indicate the mean.
C) Rise and decay times (10-90%) obtained from AF/F traces of individual plumes. Boxes show medians and 25-75% percentiles, red bars indicate the mean.

(D-G) Depiction of four individual plumes with different spatial and temporal characteristics. AF/F time traces (left) obtained from the circled regions. Spatial
profiles at different time points (right) are based on the boxed regions. Time zero reflects the plume maximum. For image processing see Figure S13. Scale bars:

25 um.
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Figure 4. Plumes after blocking network activity with TTX or strengthening network activity with GBZ

(A) Plumes remained detectable after addition of 0.2 uM TTX (maximal intensity projections, 50 s each with traces of selected plumes). Scale bar: 200 pm.

(B) Plume frequency at selected time points (n = 5 slices, purple) in comparison to control recordings without TTX (n = 5 slices, black). Data points are shown in
light color, means in dark with SD as shaded areas. Mann-Whitney U tests were used for pairwise comparison of individual time windows to control (cf. Fig-

ure S14), ns not significant, *p < 0.05.

(C) Synchronous activity was suppressed by TTX. For details see Figure S15.

(D) Plumes before and after addition of 3 uM GBZ. Scale bar: 200 um.

(E) GBZ did not change the plume frequency (n = 3 slices, purple) compared to control (n = 5 slices, black). Statistics and data representation as in (B). For other

parameters see Figure S16.
(F) GBZ strengthened synchronous activity.

ischemia. Indeed, pre-application of both 50 pM GYKI 53655 and
25 uM APS5 for 4 min strongly suppressed the plume frequency
increase and glutamate accumulation during 5 min chemical
ischemia (Figures 7A-7E), whereas pre-application of 25 uM
AP5 had a partial effect (Figures 7C-7E). Both, plumes and gluta-
mate accumulation, were seen when we induced a second con-
trol chemical ischemia after removing the iGIuR inhibitors. This
suggested that iGluRs play a key role in driving plume formation

8 iScience 28, 112256, April 18, 2025

and that plumes may contribute to the accumulation of gluta-
mate in metabolic stress conditions.

DISCUSSION
In this study, we used chemical ischemia in organotypic slices to

investigate how metabolic stress affects network activity and
glutamate homeostasis. Previous work in this paradigm had
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Figure 5. Plume characteristics after blocking glutamate uptake with TBOA or inhibition of iGluRs

(A) Addition of 1 uM TFB-TBOA increased the number of plumes (maximal intensity projections, 25 s each with traces of selected plumes). Scale bar: 200 pm.
(B) Plume frequency at selected time points (n = 4 slices, purple) in comparison to control recordings without TBOA (n = 5 slices, black). Individual measurements
are shown in light color, means in dark, and SD as shaded areas. Mann-Whitney U tests were used to test for pairwise comparison of individual time windows to
control, *p < 0.05.

(C) Plume 10-90% decay times for the indicated time windows (n = 7 slices). Boxes show medians and 25-75% percentiles, red bars indicate the mean. Numbers
in parentheses give the number of analyzed events. Mann-Whitney U tests were used for pairwise comparison of individual time windows to control (gray; cf.
Figure S14), Kruskal-Wallis tests were used to test for differences between the six different time windows, followed by Dunn’s test (purple), ns not significant,
*p < 0.05, **p < 0.01, **p < 0.001.

(D) Synchronous activity during the experiment. For quantifications see Figure S17.

(E) Addition of 50 uM GYKI 53655 and 25 uM D-APS5 reduced the number of plumes (maximal intensity projections, 50 s each with traces of selected plumes).
Scale bar: 200 um.

(F) Plume frequency at selected time points (n = 4 slices, purple) in comparison to control recordings without blockers (n = 5 slices, black).

Statistics and data representation as in (B); ns not significant, *p < 0.05, *p < 0.01.

(G) Plume 10-90% decay times for the indicated time windows.

Statistics and data representation as in (C).

(H) Synchronous activity was abolished by iGIuR block. See also Figure S18.

(I) Addition of just 25 uM D-AP5 reduced the plume frequency partially (mean with SD, n = 4 slices, see Figures S19 and S20).

Two-sample t tests were used for pairwise comparison of individual time windows to control, ns not significant, *p < 0.05, *p < 0.01.
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shown that brief energy depletion causes strong, yet reversible
effects, namely astrocyte depolarization, increases of intracel-
lular Na* and extracellular K* concentrations,”'™* and intracel-
lular ATP depletion.** Additional measurements with the fluores-
cent ATP sensor ATeam1.03"EK performed here (Figure S1), in
combination with earlier in situ calibrations*® and assuming a
resting ATP concentration of 2.8 mM,** indicated that inducing
chemical ischemia for 2 min resulted in a transient decrease in
ATP concentration by ~1.2 mM. Inducing chemical ischemia
for 5 min caused a ~2.6 mM decrease in ATP concentration,
i.e., almost complete ATP depletion. Still, neurons almost fully
regained their pre-ischemic ATP levels. Similarly, all other effects
investigated here, i.e., the effect of chemical ischemia on
neuronal network activity, neuronal Ca?* loading, and extracel-
lular glutamate dynamics, were mostly reversible (Figure 1).
This suggests that our protocol mimics mild to moderate tran-
sient metabolic stress as it is encountered in the penumbra of
an infarct core.'*47:%°

Monitoring synchronous network activity with SF-
iGluSnFR before and during chemical ischemia

Widefield SF-iGIluSnFR(A184V) imaging reported on global syn-
chronous network activity similar to GCaMP®6f (Figures 1B,1H,
1J, 1M, S8, and S9). As expected, the measured glutamate tran-
sients decayed faster than the intracellular GCaMP6f signals.
These events were not fully resolved at our imaging rates of 20
fps and 99 fps and some measured AF/F peak intensities may
thus remain underestimated. The fast kinetics are in line with
the high temporal resolution of SF-iGluSnFR(A184V) and
were also reported for measurements of evoked release
events.'9?"?*25 Some events showed clear bursting behavior
(Figure S11).

Our SF-iGluSnFR(A184V) measurements of synchronous ac-
tivity were sensitive enough to detect an increased glutamate
release upon recovery from TTX applications (Figures 4C and
S15B). This increase could be either explained by rapid upscal-
ing of synaptic glutamate release or network effects. Similarly,
neuronal Ca®* influx was strongly increased after TTX treatment
(Figure S15C). Also, blocking GABAA receptors with gabazine
increased the amount of released glutamate (Figures 4F and
S16). This can be explained by either higher burst frequencies,
prolonged bursts, and/or inclusion of more neurons into the
network due to disinhibition.®’ In the early phase of gabazine
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addition, the latter two explanations appear to be more likely,
since the highest signal amplitudes were observed while the
event frequency was still low.

As expected, blocking glutamate uptake with TFB-TBOA had
pronounced effects on synchronous events (Figure S17). Half-
width duration, decay times and event amplitudes were strongly
increased, all of which can be explained by reduced EAAT-medi-
ated glutamate uptake.’®?°?* In some slices, TFB-TBOA
eventually reduced the frequency of synchronous events (Fig-
ure S17), which indicates that synaptic transmission became
impaired. Blocking iGluRs with GYKI 53655 and D-APS5 resulted
in a complete loss of network activity, which, after washout,
continued with enhanced glutamate transients at low frequency
(Figures 5H and S18). In summary, we find that SF-iGluSnFR
(A184YV) faithfully reports on synchronous network activity in slice
cultures, which could be further utilized to study e.g., network
maturation or regulation of epileptiform activity.

We next focused on how synchronous activity was affected by
chemical ischemia. Synchronous SF-iGIuSnFR signals were lost
upon transient energy depletion (Figure 1), which was mostly due
to a loss of signal amplitude. The signal amplitudes gradually
decreased, while in some slices the event frequency increased
in this period (Figure S8). This suggests that energy restriction
has an immediate effect on the amount of released glutamate.
This is not surprising given that vesicle filling, docking and
replenishment are energy-costly processes.” An alternative
explanation may be an initial hyperpolarization as described for
anoxic depolarizations.®” However, using GCaMP6f imaging
we found no disruption of synchronous Ca®* activity before
turning into high frequency Ca®* influx and intracellular Ca**
loading. Oscillatory behavior like this has also been described
for the onset of anoxic depolarizations,®® where network de-
synchronization may occur and above-threshold depolarization
can cause short periods of cell autonomous high-frequency
firing, (e.g.,°"; Figure S6) before ion gradients deteriorate and
firing is lost.

Our 2-5 min chemical ischemia protocol was short enough to
allow for recovery of synchronous activity in all slices (Figures 1
and S8). Post-ischemic glutamate transients showed increased
decay times, yet a bias due to lower signal intensities cannot
be excluded. However, also post-ischemic Ca* events, despite
having similar signal intensity, showed increased decay times,
which indicates that the chemical ischemia protocol might

Figure 6. Plumes become more frequent and pronounced during chemical ischemia and are associated with “defect” regions

(A) Glutamate accumulation during chemical ischemia. Scale bar: 200 pm.
(B) AF/F trace of the responding region.

(C) Localization and size of plumes (white circles, full-width) in different time windows during the “rise” of glutamate accumulation and “decay” period. The
glutamate accumulation is shown in the background (minimum intensity projections, 5 s each). In addition, the respective plume frequency is given. The analyzed
time windows are indicated on the right. See also Figure S21. Scale bar: 200 pm.

(D) Plume frequency. Individual data points are shown in light colors, means in dark, and SD as shaded areas.

(E and F) Plume size and duration (see also Figure S22). Numbers in parentheses give the number of analyzed plumes. Boxes show medians and 25-75%
percentiles, red bars indicate the mean. Mann-Whitney U tests were used for pairwise comparison of individual time windows to control (ctrl; gray cf. Figure S14),
Kruskal-Wallis tests were used to test for differences between the six different time windows, followed by Dunn’s test (purple). ns not significant, *p < 0.05,
**p < 0.01, **p < 0.001.

(G) Example of a slice that showed high baseline intensity and glutamate fluctuations after culturing. Unusually large and frequent plumes were observed in the
vicinity of these “defunct” regions. Scale bar: 200 pm.

(H) Regions with high plume-incidence acted as nuclei for ischemic glutamate accumulation. Shown are AF/F maximal intensity projections (MIP) of different time
windows (10 s or longer periods on the right). See also Figure S23. Scale bar: 200 pm.
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Figure 7. Chemical ischemia in the presence of iGIuR inhibitors and graphical summary

(A) SF-iGIUSNFR signal change upon inducing chemical ischemia in the presence of iGIUR inhibitors (50 uM GYKI 53655 and 25 uM D-AP5; left) followed by a 2™
chemical ischemia without inhibitors (right). Minimum intensity projections (25 s) of glutamate accumulation with plume localization (circles; full-width) and plume

frequencies. Scale bar: 200 um.
(B) Corresponding AF/F trace.

(C) Half-width duration of ischemic glutamate accumulation in the presence of blockers (GYKI 53655 + AP5 (n = 5 slices) or just AP5 (n = 4 slices)) and after wash-
out. Boxes show medians and 25-75% percentiles, red bars indicate the mean. Mann-Whitney U tests were used for pairwise comparison to control (gray, cf.
Figure 1G) and comparison with and after using blockers (black); ns not significant, *p < 0.05, **p < 0.01.

(D) Peak AF/F of the observed glutamate accumulations. Data representation

and statistics as in (C).

(E) Plume frequencies at the indicated time points (purple). Individual data points are shown in light colors, means in dark, and SD as shaded areas. The black/gray
curves show the data of previous chemical ischemia experiments (cf. Figure 6D).

(F) Summary of observed plume frequency changes: The number of plumes was low in baseline conditions, but increased upon blocking glutamate uptake with
TBOA, and it was reduced upon inhibiting iGluRs with GYKI 53655 and/or AP5. Chemical ischemia caused a strong increase in plume frequency, which was

strongly reduced by adding GYKI 53655 and AP5.

(G) Model: plume formation seems to be at least partially driven by elevated extracellular glutamate concentrations and iGIuRs, i.e., by an “auto-catalytic”

recruitment of additional glutamate sources.

have caused some persisting effects, e.g., extracellular space
changes due to cell swelling®*®* and/or impairment of astrocyte
function.®**” During recovery, synchronous Ca?* events
showed another high-frequency period, around the time when
the first glutamate events began to reappear. Apparently,
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network activity resumed, although the amount of released
glutamate had not reached normal levels yet. SF-iGIuSnFR var-
iants with higher affinity or improved synaptic localization®”-%®
may provide higher sensitivity to capture these processes in
more detail.
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Plumes are atypical glutamate release events which are
rarely seen under normal conditions

Besides synchronous activity, SF-iGluSnFR(A184V) widefield
imaging revealed locally confined yet heterogeneous glutamate
release events. We refer to these events as “plumes”, which re-
flects their spontaneous occurrence, slow kinetics and relatively
large size (Figures 2 and 3). This term was recently introduced by
Parker et al.,®"®° who observed a similar phenomenon in
2-photon in vivo imaging experiments in a familial hemiplegic
migraine type 2 (FHM2) mouse model with reduced astrocytic
Na*/K*-ATPase function.

Glutamate plumes showed remarkable features. Plumes were
not correlated with network activity but occurred locally and
randomly. In line with this, the plume frequency was not strongly
decreased, when we suppressed network activity with TTX
(Figures 4A, 4B, and S15), nor did it increase, when we strength-
ened network activity by adding gabazine (Figure S16). Plumes
occurred in the presence of TTX, i.e., they did not require Na,
channel activation, which distinguishes them from action poten-
tial-driven synaptic glutamate release. Also, the heterogeneity of
plumes, their relatively large size (FWHM 17.2 + 6.4 um) and long
duration (several hundred milliseconds) sets them apart from
synaptic release events. The slow kinetics of plumes are partic-
ularly striking. Plumes decayed more slowly than the transients
associated with synchronous network activity, although the
latter had higher overall signal amplitudes and report on syn-
chronous and bursting release from thousands of synapses
across the whole slice. Also published measurements of evoked
release with various iGIuSnFR variants show much faster decay
kinetics than plumes.'92"?%26 Spontaneous release events®® or
miniature events, which are also TTX-insensitive, give rise to
even faster iGIuSnFR signals.?”"°

The amount of glutamate that is released in individual plumes
is hard to estimate, since SF-iGluSnFR(A184V) is a non-ratiomet-
ric sensor, the resolution in z dimension was limited, and gluta-
mate calibrations were difficult to perform in situ (Figure S4).
However, based on the affinity of SF-iGIuSnFR(A184V) (reported
ECso = 2.1 uM),"® it seems likely that during plumes the gluta-
mate concentration reached hundred nanomolar to low micro-
molar concentrations. Given the large size and slow decay of
plumes, it seems unlikely that this amount of glutamate origi-
nates from single sources, such as synaptic boutons of individual
neurons. More quantitative insight might be provided by mea-
surements with additional low-affinity SF-iGIuSnFR variants, im-
aging with higher spatial resolution, or modeling, also taking
glutamate buffering by SF-iGIuSnFR into account.”’ In any
case, we presume that plumes either originate from very large in-
dividual glutamate sources like astrocytes and/or multiple cells
within a region, possibly linked by a feedforward mechanism.

Support for a feedforward mechanism comes from our exper-
iments, in which we artificially increased the glutamate levels by
blocking glutamate uptake. When we used TFB-TBOA to block
EAAT1-3, the plume frequency increased 6- up to 73-fold
(Figures 5B and S17). Besides this, TFB-TBOA caused a sus-
tained 1.4-fold increase in the mean plume size, whereas plume
half-width duration, decay time and intensity (AF/F) remained un-
affected. The fact that TFB-TBOA had a direct effect on plume
frequency but less on plume characteristics indicates that
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increased glutamate concentrations are important for plume in-
duction/formation (Figures 7F and 7G), whereas EAAT function
appears to be less relevant for plume termination and dissipa-
tion/removal of the released glutamate.

Last, the number of plumes was rapidly reduced upon inhibit-
ing iGluRs, namely AMPA and NMDA receptors, by adding GYKI
53655 and D-AP5, respectively (Figures SE-5G). This supports
the findings obtained with TFB-TBOA and suggests that gluta-
mate itself is a key driver for plume formation by activating iGIuRs
(Figures 7F and 7G). Once more, this distinguishes plumes from
miniature release events, which should be insensitive to iGIUR
block. When we just blocked NMDA receptors, which are acti-
vated by low micromolar glutamate concentrations,” with
D-AP5 we found a partial reduction in plume frequency (Fig-
ure 5l), which suggests that also AMPA receptors and possible
also mGluRs contribute to plume induction. This might also
explain why Parker et al. found no frequency reduction of gluta-
mate plumes in FHM2 mice, where the glutamate concentrations
might be even higher.*

It should be noted that plumes were observed under baseline
conditions, albeit rarely. The observed frequencies were low and
varied between slices (Figure S12), and a substantial fraction of
slices showed no plumes. In general, low iGIuSNFR expression
densities could limit the capability to detect plumes.

Parker et al., who performed 2-photon in vivo imaging exper-
iments reported that plumes were mostly absent in wild-type an-
imals but detected plumes in FHM2 mice, mostly in superficial
cortical layer 1, but also layer 2/3.%' They further showed that
the occurrence of plumes was related to a reduced number of
astrocytes and EAAT2 (GLT-1) expression in these regions. Simi-
larly, our organotypic slice cultures may not fully recapitulate the
situation encountered in healthy brain tissue in vivo. For instance,
reactive astrocytes, which may have reduced glutamate uptake
capacity, can be overly present in slice cultures, mainly on the
surface.””"*

Parker et al. suggested that plumes depend on vesicular
release from neurons,®’ but further investigations seem war-
ranted. We here did not test the effect of Ni?*, since it is a
broad ion channel blocker that also inhibits iGluRs, which we
found to be important for plume induction. Also with other
pharmacological manipulations, such as increasing cytosolic
Ca®* levels or blocking endocytosis/exocytosis altogether, it
is difficult to exclude indirect effects and it is also impossible
to dissect the contributions of astrocytes and neurons. Whether
occasional cytosolic Ca®* elevations are related to plumes re-
mains to be investigated.

Besides activity-dependent vesicular release from the presy-
napse, other glutamate release mechanisms have been
described, such as vesicular glutamate release from astro-
cytes/glia,”>"" or release through other channels, such as P2X
receptors, bestrophin-1 (Best1), or Swell1.”®"° Notably, even
when EAATs are blocked with TBOA, glutamate maintains to
have a strongly depolarizing effect on astrocytes through
NMDA receptor activation and elevated extracellular K* concen-
trations.®® Plume-like release events may also be seen for other
neurotransmitters, e.g., local, yet slow, ATP release events were
recently observed in neuron-glia co-cultures and in mouse cor-
tex upon inducing inflammation.®’
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Plumes contribute to glutamate accumulation during
chemical ischemia

Chemical ischemia caused a strong increase in plume frequency
(Figure 6D) and also plume size, signal intensity, duration, and
decay times were significantly increased (Figures 6E, 6F, and
S22). As such, energy depletion elicited far stronger effects
than just blocking glutamate uptake with TFB-TBOA. This is
not surprising since ATP depletion does not only reduce gluta-
mate uptake but also disrupts many other aspects of neuronal
and astrocytic homeostasis, eventually also resulting in pro-
nounced extracellular glutamate accumulation (Figure 1).

However, it appears that plumes were a main source of extra-
cellular glutamate accumulation in our chemical ischemia exper-
iments. Synchronous glutamate release had already ceased at
this time (Figure 1E) and regions with high plume activity were
the first to reach plateauing signals, which most likely reflect
sensor saturation (Figure 6). Plumes reappeared in these re-
gions, as soon as the extracellular glutamate concentration
began to drop in the recovery phase. At the edges of these satu-
rated regions, plumes were visible throughout the ischemic
period. Apparently, plumes persisted throughout energy deple-
tion, which indicates that the underlying release mechanisms
are not strongly reliant on continuous energy supply. At later
stages the plume frequency normalized, but plume sizes and du-
rations remained increased compared to pre-ischemic condi-
tions, which again points to some persistent changes, as
described earlier for synchronous activity.

Another link between plumes and glutamate accumulation was
found in slices with defect regions. There the defect regions clearly
served as nuclei for further glutamate accumulation (Figure 6G).

Quite strikingly, the presence of GYKI 53655 and D-AP5, sup-
pressed the occurrence of plumes as well as ischemic glutamate
accumulation (Figure 7). Just blocking NMDA receptors with
D-AP5 had again a partial effect on plumes and some glutamate
accumulation was seen (Figures 7C-7E). Overall, this experiment
demonstrates that glutamate itself plays a driving role for gluta-
mate accumulation in the acute ischemic phase and it further
supports the impression that plume-like events are a major
contributor to this accumulation.

Glutamate plumes may have broader pathological
significance

Glutamate accumulation has long been considered to be a key
factor in ischemia and cortical spreading depolarizations
(SDs),'>'€0 the latter also occurring in the context of brain
injuries, migraine, and epilepsy. Indeed, previous in vivo SF-
iGluSnFR measurements demonstrated wave-like glutamate ac-
cumulations after SD induction through focal KCI applica-
tion.?®% In our case, the whole tissue is energy deprived, which
results in a slower and more sustained glutamate accumulation
with properties more similar to anoxic depolarizations.®>%? Still,
Parker et al. observed glutamate plumes also upon inducing
SDs, where plumes were observed at the initiation site before
SD onset and again in the decaying glutamate wavefront.®" How-
ever, it should be noted that it remains debated how much
elevated extracellular glutamate levels contribute to SD initiation
and spreading, also in comparison to extracellular K* waves,
cellular depolarization, and Ca2* elevations.'®°
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Our data indicate that increased extracellular glutamate con-
centrations can trigger more glutamate release, specifically, in
the form of plume-like events. We further found that this mecha-
nism operates under energy-scarce conditions and in the absence
of network function. It thus has the ability to mediate large-scale
glutamate accumulation in the acute phase of metabolic stress.

Plumes may also occur in the context of more subtle disbalan-
ces in glutamate homeostasis. In our slice cultures, plumes were
even observed under baseline conditions but also in FHM2
mice.®" Plumes could become significant as soon as glutamate
uptake becomes suboptimal, e.g., due to transporter malfunc-
tion, increased metabolic demands, reduced astrocyte function,
or reduced neurovascular coupling.®® Reduced glutamate up-
take, for instance, has been observed in the context of Alz-
heimer’s disease, where, in a mouse model, Ag plaques caused
a local reduction of EAATs that slowed glutamate uptake and
enhanced transients after evoked glutamate release® (see also
the studies by Zott B. et al.*® and Brymer K.J. et al.®"). Notably,
Hefendehl et al. also reported increased glutamate baseline fluc-
tuations around Ag plaques,®® which are reminiscent of the
plume-like activity we observed around defect regions (Fig-
ure 6G). Reduced glutamate uptake capacity has also been re-
ported for a model of Huntington’s disease*® and might occur
with age, as brain integrity becomes compromised. Besides
glutamate uptake pathologies, also glutamate release may be
increased (glutamatergic hyperactivity), e.g., in Parkinson’s dis-
ease or inflammations.®*

Limitations of the study

We here provide a rather phenomenological description of
plume-like glutamate release events, which become more pro-
nounced under energy scarce conditions. We found that reduced
glutamate uptake and iGIuR activation play important roles in
triggering plumes, but the cellular sources and release mecha-
nisms causing plumes remain to be identified. At present it is
questionable, whether plumes would also occur in healthy, intact
brain tissue. Due to experimental limitations of imaging with fluo-
rescent sensors we cannot provide estimates of how much gluta-
mate is released as part of individual plume-like events. Individ-
ual plumes could interfere with synaptic function or they may not
have any direct effects at all. We also did not test how the occur-
rence of glutamate plumes is related to tissue depolarization or
changes in intracellular Ca%* concentrations. However, plumes
appear to be a main contributing factor to glutamate accumula-
tion in metabolic stress conditions, i.e., chemical ischemia in
cortical slice cultures from mice, but also other release mecha-
nisms may contribute. In summary, further research on the
occurrence and relevance of plumes is warranted in other exper-
imental paradigms. Whether plumes could play a role for neuro-
logical diseases in humans, remains to be demonstrated.
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Corel Draw 2018 Corel https://www.coreldraw.com/

Origin Pro 2021 Origin Labs https://www.originlab.com/origin/

ClampFit 11.1 Molecular Devices https://www.moleculardevices.com/
pclamp11

ProFit 7.0.19 Quantumsoft https://quansoft.com/

Microsoft Excel 2019 Microsoft -
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Other

Millicell Standing Cell Culture Inserts, Millipore PICMORG50

hydrophilized PTFE membrane, pore size
0.4 pm, @ 30 mm

NucleoBond Xtra Maxi Plus EF Macherey-Nagel 740426

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were carried out in strict accordance with the institutional guidelines as well as the European Community Council
Directive (2010/63/EU). Mice (CB57BL/6) for post-mortem tissue removal were obtained from the Animal Facility of the Faculty of
Biology and Biotechnology, Ruhr University Bochum and the Zentrale Einrichtung fir Tierforschung und wissenschaftliche Tierschut-
zaufgaben (ZETT, Heinrich Heine University Dusseldorf) approved by the Landesamt flr Natur, Umwelt und Verbraucherschutz
(LANUV) according to §11 TierSchG. Animals were bred and housed under standard conditions with a 12 h light/dark cycle and
food and water provided ad libitum. All efforts were taken to minimize animal suffering. All experiments carried out at the Heinrich
Heine University Disseldorf were communicated to and approved by the Animal Welfare Office at the Animal Care and Use Facility
of the Heinrich Heine University Dusseldorf (Institutional act no. 050/05) and by the Animal Welfare Office at Ruhr University Bochum.
In accordance with the recommendations of the European Commission,®® neonatal animals (7-9 days postnatal) were killed by rapid
decapitation before preparation of brain slices. Mice of both sexes were used as no sex specific differences in brain slices cultures
were expected with respect to these experiments.

Human embryonic kidney 293 T-variant cells (HEKtsa) were cultured in Dulbeccos’s Modified Eagle Medium (MEM) supplemented
with 7% fetal calf serum at 37°C and 5% CO,. For details on the specific passaging/plating procedures please refer to the corre-
sponding method details sections (preparation of rAAV particles and SF-iGluSnFR(A148V) control experiments in HEK cells). Our
cell line was not authenticated and not routinely tested for mycoplasma.

METHOD DETAILS

Preparation of rAAV particles
PAAV.hSynapsin.SF-iGIuSnFR(A184V) was a gift from Loren Looger (Addgene plasmid #106175;'°) and pAAV.Syn.GCaMP6&f.W-
PRE.SV40 was a gift from Douglas Kim & GENIE Project (Addgene plasmid #100837;%¢). High-purity, endotoxin-free plasmids
were prepared using the NucleoBond Xtra Maxi Plus EF kit (Macherey-Nagel).

rAAVs were produced in-house (Figure S25B).%” For this HEK293Tsa cells with E1+ were grown in 151 cm? cell culture dishes with
20 mI DMEM with 7% fetal calf serum at 37°C and 5% CO,. At 70% confluence plasmid triple transfections were performed. For this,
serum-free DMEM (0.5 ml) was mixed with helper plasmid (12 ng), trans-plasmid (10 pg) and the respective cis-plasmid (6 pug) before
adding polyethyleneimine (PEI) 25,000 (84 ng; 1 mg/ml stock in water) per dish. Purification of AAVs with a serotype 8 capsid was
performed similar to a published protocol.?® 72 h after transfection, cells were harvested with a cell scraper, separated from the me-
dium by low-speed centrifugation (300 g, 4°C) and resuspended in 10 ml Tris-NaCl (150 mM NaCl, 50 mM Tris HCI; room temper-
ature). Lysis was performed by six cycles of alternating freezing in dry ice/ethanol and thawing at 37°C, followed by 30 min incubation
with DNase | (1.3 mg/ml) at 37°C. In parallel, virus particles were precipitated from the medium by adding 5 ml PEG-NaCl (40% w/v in
2.5 M NaCl) and continuous shaking at 4°C (~3.5 h). Both, the lysed cells and the PEG-precipitated medium were then centrifuged for
20 min at 3700 g and 4°C. Subsequently, the supernatant of the lysed cells was used to resuspend the pellets obtained from the PEG
precipitation. After resuspension and shaking at 4°C overnight, 2.5 ml PEG-NaCl was added for at least 6 hours to precipitate the AAV
particles, the suspension was centrifuged for 20 min at 3700 g and 4°C, and the pellet was resuspended in 10 mI HBS (140 mM NaCl,
50 mM HEPES, pH 7.3). Chloroform was added at 1:1 v/v ratio to remove impurities. After low-speed centrifugation at 370 g for 5 min
at RT, the aqueous phase (without precipitate) was collected followed by 30 min of evaporation of residual chloroform. Then, the AAV
suspension was sterile filtered twice (PES, 0.22 um). Subsequently, 2.5 ml PEG-NaCl were added to precipitate the AAV particles
overnight at 4°C. After 20 min centrifugation at 3700 g and 4°C, the pellet was resuspended in 80-100 ul PBS and stored at 4°C.
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Preparation of organotypic slice cultures and transduction with rAAVs
Organotypic slice cultures were prepared from male and female CB57BL/6 mice on postnatal day 7-9 following a previously pub-
lished protocol.”* The animals were sacrificed by decapitation and the brain was quickly transferred to ice-cold Ringer’s solution
(125 mM NacCl, 2.5 mM KCI, 1.25 mM NaH,PO4, 26 mM NaHCO3;, 2 mM CaCl,, 1 mM MgCl, and 20 mM D-glucose; 95% O, and
5% CO,). The hemispheres were separated and a 45° parasagittal cut (see Figure S25A) was performed before cutting 250 um slices
using a vibratome (Leica VT1200; 1 mm amplitude, 0.9-1.0 mm/s, 15° angle) in ice-cold Ringer’s solution. Then, the hippocampus
with the adjacent cortex was excised and the slices were stored in 34°C Ringer’s solution until the second hemisphere was sliced.
Under sterile conditions, slices were washed five times in HBSS with minimal solution transfer. Finally, the slices were placed on
membrane inserts (Millicell PICMORGS50, hydrophilized PTFE, pore size 0.4 um) for cultivation according to Stoppini.?*°° The slices
were cultured at 37°C and 5% CO, in organotypic slice culture medium that consisted of 100 ml (20% final concentration) heat-in-
activated horse serum and 394 ml MEM, 2.5 ml 200 mM L-glutamine, 2.9 ml 2.5 M NaCl, 0.4 ml 2.5 M MgSQy,, 0.72 ml 2.5 M CaCly,
2.4 1l 25% ascorbic acid and 1.16 g glucose. The resulting ion concentrations in the non-serum fraction were: 138 mM Na*, 5.27 mM
K*, 3.29 mM Mg?*, 3.13 mM Ca?*, 122.1 mM CI” and 21.5 mM glucose. A full medium exchange was performed three to four times a
week. In the first 24 h after slicing, the slices, which encompassed portions of cortex and hippocampus, showed swelling. Until DIV
(day in vitro) 7 slices deswelled, became translucent and started to flatten, with some cells migrating outwards.

Slice cultures were transduced on DIV1 by adding 1 ul AAV particles (diluted 1:3, 1:5 or 1:7 in PBS) onto the center of the cortical
region. The medium was exchanged after 24-48 h.

Imaging, chemical ischemia and pharmacological manipulations

Imaging experiments were performed at DIV 14-21. Before transfer to the microscope, slices were visually assessed for flattening of
the slice and a lucid appearance. Slices with white spots, indicating necrosis, were discarded. Slices were placed in a custom-made
chamber (1 ml volume) and superfused with Ringer’s solution (see Preparation section) at 1-3 ml/min and 24°C using a peristaltic
pump (Gilson Minipuls 3) and in-line heater, respectively. The bath solution was fully exchanged in 90 s or less. The chamber was
placed under an upright microscope (Zeiss Axioscope) fitted with a 10x/0.3 water immersion objective (Zeiss N-Achroplan M27). Epi-
fluorescence excitation was provided by a xenon light source (Sutter Instruments, Lambda DG-4) with a 470/40 nm excitation filter
and a light-guide (Thorlabs, LLG3-6H), a 495 nm dichroic mirror (AHF, T495LPXR) and a 525/39 nm emission filter (Semrock, 525/39
BrightLine HC). For high-speed imaging the DG4 and light guide were replaced by a collimator-coupled LED (Thorlabs, M470L4) us-
ing the same filter set. The light intensity in the sample plane was adjusted to ~0.4 mW/mm?Z. Images were acquired at 20 fps or 99 fps
for glutamate imaging and at 10 fps for calcium imaging with an EMCCD camera (Photometrics, Evolve 512delta) at 16 bit in pre-
sequence clearing mode with 512 x 512 or 256 x 256 pixels using MicroManager2.0.°' At 256 pixels one pixel corresponded to
3.22 um.

The slices were allowed to equilibrate in the experimental chamber for 15-20 min prior to imaging with constant superfusion as
described above. Typically, 5 min baseline imaging was performed before blockers were added or chemical ischemia was evoked
by applying an ischemic Ringer’s solution (with 0 mM D-glucose, 2 mM 2-deoxyglucose and 5 mM NaNg) for 2-5 min. For pharma-
cological characterization 1 uM TFB-TBOA, 0.2 uM TTX, 3 uM GBZ, 50 uM GYKI 53655 or 25 uM D-AP5 in Ringer’s solution were
applied for 4 min. The shown application bars are corrected for the experimentally determined 1 min dead-time. Typical ischemia
or pharmacological recordings lasted up to 50 min, experiments with a second ischemia (Figure 7) up to 1.5 h. Some slices were
not further imaged, if they showed no neuronal outgrowth, weak sensor expression, no synchronous activity or larger movements
during the recordings.

ATP measurements (ATeam imaging)

Imaging of intracellular ATP changes in neurons was performed in layer II/lll of the somatosensory cortex using the FRET-based
nanosensor ATeam1.03"EMK (“ATeam”).*®*° 0.5 pul of rAAV encoding for ATeam under the neuron-specific promoter human synap-
sin1 (hSyn1, AAV2/2) were applied on the cultured slices during the first 3 days in vitro.*® The rAAV encoding for ATeam was gener-
ated at the Viral Vector Facility of the University/ETH Zurich (Switzerland). Slices were then kept in culture for at least 10 more days
until experiments were performed. A confocal laser scanning microscope (Nikon Eclipse C1) equipped with a 40x Achroplan water
immersion objective (Nikon, NA 0.8) was used to confirm neuron-specific expression of ATeam (Figure S1A). ATeam was excited us-
ing a 488 nm argon ion laser and fluorescence emission was collected at 515 + 15 nm. Maximum projections were constructed from
z-stacks (step size 1.5 um) using Fiji (ImageJ).

Prior to experiments, the glial scar on the transduced slices was removed as described.”“ Slices were placed in a bath chamber at
room temperature and were superfused at 2-2.5 ml/min with Ringer’s solution (130 mM NaCl, 2.5 mM KCI, 2 mM CaCl,, 1 mM MgCly,
1.25 mM NaH,PO4, 26 mM NaHCO3; and 10 mM glucose, bubbled with 95% O, and 5% CO,, resulting in a pH of 7.35). Fluorescence
imaging was performed using an epifluorescence microscope (Nikon Eclipse FN-I) equipped with an 40x Achroplan water immersion
objective (Nikon, NA 0.8). ATeam was excited at 434 nm using a Poly-V monochromator (Thermo Scientific/FEI) for 25-50 ms at a
frequency of 0.5 Hz. Emitted light was split at 500 nm using a W-View GEMINI image splitter (Hamamatsu Photonics), band-pass
filtered at 483/32 (eCFP, donor) and 542/27 (Venus, acceptor) and imaged with a sCMOS camera (Hamamatsu Photonics, Orca 4
LT Plus). Donor and acceptor fluorescence was collected from manually drawn regions of interest (ROls) around neuronal cell bodies
using the NIS-Elements software (Nikon). After background correction, the fluorescence ratio (Venus/eCFP, termed “ATeam ratio”)
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was calculated for each ROI. Subsequent analysis was performed using Origin 2021 software (OriginLabs). Changes in the fluores-
cence ratio induced by chemical ischemia were normalized to the baseline and are expressed as % change in the ATeam fluores-
cence ratio (Figures S1B and S1C).

SF-iGluSnFR(A148V) control experiments in HEK cells

The effect of azide and pH on SF-iGluSnFR(A148V) was tested 24-48 h after PEl-mediated transfection of HEK cells grown on plastic
coverslips.®” Fluorescence imaging (Figure S2) was performed on an inverted microscope (Leica DMi8). HEK cells were continuously
perfused with extracellular solution (138 mM NaCl, 1.5 mM KCI, 1.2 mM MgCl,, 2.5 mM CaCl, and 10 mM HEPES, pH 7.3 or pH 6.5)
by a gravity-driven perfusion system. Epifluorescence excitation was provided by a collimator-coupled LED (Thorlabs, M470L3) with
a 470/40 nm excitation filter (Chroma, ET 470/40x) and a 495 nm dichroic mirror (Chroma, T 495 LPXR). A 525/50 nm emission filter
(Chroma, ET 525/50m) was used and continuous imaging with 2 fps was performed with an EMCCD camera (Photometrics, Evolve
512delta) at 16-bit 512 x 512 pixels or 256 x 256 pixels using MicroManager2.0.°" The obtained images were processed using ImageJ
1.53t. For dose-response analysis of SF-iGluSnFR(A184V), four individual experiments at each, pH 7.3 or pH 6.5, were performed.
From each recording, the fluorescence intensities from six different cells were exported and analyzed in Excel (Microsoft). Fo was
determined individually for each application to account for signal run up or bleaching, by averaging 10 frames (5 s) before glutamate
application (0.2-1000 uM glutamate in extracellular solution at pH 7.3 or pH 6.5) and 10 frames after the signal had stabilized after
washout. Relative fluorescence intensity changes (AF/F) were calculated after averaging 10 frames at the plateau of each glutamate
application. The obtained AF/F values were normalized to the signal change obtained with 1000 uM glutamate. ECsq values were
determined by fitting the dose-response curves with the Hill equation using ProFit (Quantumsoft) with the Levenberg-Marquardt al-
gorithm and fixed Hill coefficient (n = 1) and AF/F,i, = 0. The obtained ECsq values (Figure S2C) were close to the reported value for
SF-iGIuSnFR(A184V) (reported ECso = 2.1 uM)." The relative signal changes upon reducing to pH 6.5 were calculated with Fo being
the signal at pH 7.3 in the absence and presence of saturating glutamate (100 pM). NaNsz (5 mM) in extracellular solution was applied
for 5 min. Additional HEK cell control experiments to investigate the baseline fluorescence increase of SF-iGIuSnFRA(A84V) (Fig-
ure S3) were performed on the slice setup, with the same perfusion and the same conditions as described in imaging, chemical
ischemia and pharmacological manipulations also in Ringer’s solution saturated with 95% O, and 5% CO,, but using a sCMOS cam-
era (Hamamatsu, Orca Flash 4.0 LT+). The light intensity was ~0.4 mW/mm?, if not indicated otherwise (see Figure S3C). The stability
of glutamate-induced AF/F changes was tested with 50 uM glutamate applications in Ringer’s solution (Figure S3D).

Computational modeling of transient chemical ischemia
The simulations are based on a computational model of a neuron and an astrocyte in a finite extracellular space that we had previ-
ously developed for a similar experimental setup.®’°® The previous model explained changes in Na*, K* and CI” concentrations as
well as cell volume. This model already included Ca®* and glutamate, but those components were not the main focus. We adapted
and used this computational model to further understand the observations reported here. The model with all compartments and
active and passive transport processes is shown in Figure S5.

The following changes were included in the model: Previously, we used a finite, closed extracellular space, while in the experiments
there is a continuous flow of solution, which refreshes the extracellular space surrounding the neuron and astrocyte (bath exchange).
To account for this exchange, we included diffusion from the extracellular space to an external bath with constant concentrations.
The extracellular space was connected to the external bath by diffusive coupling of all ions and glutamate. To model differences in
exchange rate that might be seen in different regions in the slice (thicker or more dense regions vs. thinner or less dense regions) we
choose various values for the strength of this diffusion. Further, the ATP measurements (Figure S1) gave estimates of the drop in en-
ergy that was previously unknown. Motivated by the diffusion of the bath exchange, we adopted the modelling of available oxygen as
described by Wei et al.,?® as a proxy for the available ATP as this is directly related. This model has been used in similar contexts.
Specifically, the strength of the sodium potassium ATPase (NKA) pumps indirectly depends on the available extracellular oxygen,
and the pumps indirectly consume oxygen, which is replenished through diffusion with the external bath. To simulate the response
to chemical ischemia, we lowered the oxygen level from 100% to 10% of baseline in the external bath for four minutes, and then
restored it back to 100%. The remaining 10% oxygen could account for reserve forms of energy such as lactate.

Next, there is considerable spontaneous network activity (see e.g. Figure 1), and we thus added an input (‘applied current’, Figure S6)
to the neuron every two minutes during the entire simulation (before, during, and after ischemia). This input also gives information about
neuronal excitability. Further, the GCaMP6f signals representing neuronal Ca®* (see e.g. Figure 1) suggest more Ca2* inflow than our
model showed previously. We thus increased the voltage-gated calcium permeability (‘gated Ca?**) 50-fold. Finally, for glutamate we
now implemented the full nonlinear expression for the EAAT current from®® (instead of its linearization), including two limiting terms as
in,?” which limit EAAT-mediated Glu uptake if there is too little glutamate in the extracellular space, or, if loading into vesicles is saturated.

For the simulations, we used the model by Kalia et al.,”' where also all model components i.e. those for Na*, K*, and CI, can be
found. Here we only describe the changes we made to the model, in particular for Ca®* and glutamate, and how we included diffusion.

For the neuronal or astrocytic compartment (x = n, a), we have the membrane potential V. The expression for the EAAT current
follows the model from Breslin et al.:*

Jeaar = Peaatx (€XP( — Beaar(Vx — Egaary)) — 1),

e4  iScience 28, 112256, April 18, 2025



iScience ¢? CellPress
OPEN ACCESS

where Bgaar = 0.0292 mV~ 1 Peaata = 2 % 10*7um3(ms)’1 and Peaatn = Peaata/9 to preserve a 1:9 ratio. The reversal potential is
given by:

Eurs = FL1o ([Na*]Z’[K*MH*]e[GIU]e)
2F 5\ (Na Ik ), G,

Free intracellular glutamate [Glu], is transported into a depot of vesicles with a time constant 7. until this process is saturated.
The neuronal and astrocytic NKA pumps consume energy modeled directly with oxygen as in Wei et al..?® The available extracel-
lular oxygen [O2] changes as:

dC]  ao,

at F
where ap, = 0.1656 g/mol, eo, = 7.9688 + 10~ ms~1. The baseline level we set as [Oz patn] = 58 g/mol and to model ischemia we
set Oz pan] = 5.8 g/mol from t=10 to t=14 minutes. The normal NKA pump current /yka x is modulated by oxygen as:

]
Inkax = Inkax -
NKAX ™ 11 exp((20 — [04])/3) M4

(Inkan +JInkaa)+€o, ([Ozpam)(t) — [O2]),

For completeness, we mention the active and passive calcium currents as they were not described in®'. The calcium leak currents
are given by

J _ 4Pcy F?V ([Cal, — [Ca], exp(—2FV,/RT)
cabx = TRT 1 — exp(— 2FV,/RT)
and the gated neuronal calcium current is given by
J _ 4Pcag,m?hF?V, ([Cal, — [Cal, exp(— 2FV,/RT)
Cagn = RT 1 — exp(— 2FV,/RT) '
For all extracellular ions and glutamate we add diffusion to the bath as:

dNy

at = le’onx"'B(NB - NX)7

where we vary the diffusion strength as B = 2*10%, 1*10°3, 510 ms™.

As in Kalia et al.,”" we set the volume of the neuron and astrocyteto2.0and 1.7 mm3, respectively, and then choose the volume of
the extracellular space so it initially had 20% of the total volume. The synaptic cleft and neuron and astrocyte compartments where
glutamate and calcium reside have a fixed volume of 1 um?, which is much smaller and thus negligible for the total volume. The simu-
lation code can be found at https://gitlab.utwente.nl/m7686441/focalglutamate_modelsimulations.

General properties

We investigated key components of the model by injecting currents every two minutes before we additionally induced chemical
ischemia for 4 min (Figure S6). The behavior was similar to the results obtained with the previous model.*" The neuron was excitable
under baseline conditions (see membrane potential) and maintained a normal resting potential and low Na*, CI” and Ca®* concen-
trations with significant NKA activity. Inducing chemical ischemia for 4 min resulted in deterioration of all neuronal and astrocytic
ion gradients within a few minutes along with strong depolarization. Neuronal excitability was lost as well as NKA activity. After
restoring oxygen supply, most components returned towards baseline levels and neuronal excitability was regained. The model
also shows autonomous, high-frequency neuronal activity during the onset of ischemia, namely when neuronal depolarization has
crossed the firing threshold but not reached the depolarization block, yet (see also®").

Effect of bath coupling

When we varied the diffusion strength to the bath from weak to strong (B8 = 210, 1102, 510 ms™") we found that oxygen depletion
in the extracellular space, i.e., the extent to which chemical ischemia was induced, did not vary (Figure S7A). Also, strong neuronal
Ca?* loading was seen in all conditions (Figure S7B). However, the timecourse and extent of extracellular glutamate accumulation
varied from ~75 pM (maximum at low coupling strength) to ~3 pM (maximum at high coupling strength) (Figure S7C). The other model
components showed overall similar behavior to the situation seen with weak bath coupling (Figure S6), but partial recovery was
somewhat faster with stronger bath coupling.

QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis and plume identification
The obtained images were processed using FlJI 1.53t.°* Movies acquired with 512 x 512 pixels were binned to 256 x 256 pixels by

averaging. AF/F denotes relative fluorescence changes, which were calculated with Fy as an average of 10-200 frames with no
synchronous activity. Typical time windows for analysis were 500 frames with a local Fg; in cases of low frequencies, stack sizes
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were increased up to 6000 frames. Subsequently, stacks were processed with the Imaged built-in image calculator to obtain AF/F
stacks.

Only slices with high and evenly distributed SF-iGluSnFR(A184V) baseline fluorescence across all cortical layers (>1.5-fold above
the fluorescence background) and synchronous activity before and after drug applicationwere considered for analysis (an exception
are the slices shown in Figures 6G, 6H, and S23E-S23J, which showed uneven SF-iGIuSnFR(A184V) baseline fluorescence). On
average, the brightest pixel in a given slice was only 2.90-fold brighter than the dimmest pixel (n = 56 slices), with decreasing signal
intensities towards the edges of the slices. Due to these differences in the raw iGIuSnFR(A184V) signal intensity and the thinning to-
wards the slice edges, we refrained from drawing any region-specific conclusions. Since we were interested in analyzing plumes, we
selected slices with baseline plume frequencies >0.12 Hz for control, TTX, GBZ, D-AP5 and GYKI 53655/D-AP5 recordings. For
ischemia experiments all slices had baseline plume frequencies >0.06 Hz. Around 70% of the slices showed fewer plumes below
these frequencies.

For measuring synchronous activity, as well as glutamate or Ca?* accumulations, the same responding region was used. For this as
single region of interest (polygon) was manually selected based on the corresponding AF/F projection. Synchronous events were
readily identifiable by global and rather uniform fluorescence increases, i.e. they were seen for all sensor-expressing pixels and ap-
peared without any noticeable time delay at our imaging rate of 20 fps. At 20 fps the synchronous activity remained unresolved, as the
events reflect bursts of variable duration, which also reflects the corresponding decay times (see also Figure S11). For plume anal-
ysis, maximum intensity projections (MIPs) were calculated after excluding all frames with synchronous activity by setting them to
zero intensity. The obtained MIPs served to identify possible plumes, which were manually confirmed in the corresponding image
stack. For further analysis of each plume, a circular region of interest was manually defined at the peak frame (maximal plume
intensity).

The mean AF/F of all regions of interest (synchronous activity or plumes) was exported as time series to ClampFit 11.1 (Molecular
Devices) to analyze the traces for peak frames, max AF/F, half- width (HW) duration and 10-90 % rise and decay times. Excel (Micro-
soft) was used to calculate logarithmic values for durations and rise and decay times. Plume sizes were determined in the corre-
sponding maximum intensity frame (full-width at half-maximum; FWHM) at the center of the plume in x- and y-direction (Figure 3A).
Plumes were mostly round (Figure 3B) but the size (FWHM) was calculated as an average of the x- and y-size to account for asym-
metries. Plumes were only included into the analysis, if they possessed a AF/F signal change of at least 2%, lasted >50 ms (HW dura-
tion) and were at least 2 x 2 pixels in size. Small or brief plumes might have escaped our detection, especially if they occurred during
synchronous activity; some other plumes could not be fully analyzed, e.g. when their decay overlapped with synchronous events (on
average, global synchronous events covered 3.6% of the recording time). Plumes might have been also missed during overall
increasing glutamate concentrations and were not sufficiently resolved during ischemia. We only analyzed slices with dense and
clear SF-iGluSnFR expression (overall fluorescence signal >1.5-fold above background, see above), as plumes might be easily
missed in sparsely transduced tissue.

In all measurements, both in slice cultures and HEK cells (see Figures S3 and S9), we noted a run-up of the SF-iGIuSnFR baseline
intensity of «~20-30% over 40 min continuous imaging, which was apparently accompanied by a decrease of the signal change AF/F.
The origin of this effect is presently unclear, but it complicated our efforts to calibrate the sensor by applying defined glutamate con-
centrations. This also limits the reliability of the AF/F amplitude measurements, which often show a decrease over their 40 min time
course, as also seen in control measurements (Figure S9).

Quantification and figure representations

Figure 1 and related supplementary figures

To obtain AF/F maps of glutamate accumulations (Figures 1C, 6A, and S23C) and Ca®* accumulations during chemical ischemia,
average intensity projections of 200 frames were generated at the peak of accumulation (F). The mean resulting from average inten-
sity projections of 200 frames before and 200 frames after chemical ischemia was used for correction (Fg). For normalization of full-
length traces from selected regions (Figures 1B-1J, 6B, 7B, S4A, S9A, S9B, and S23B) the intensity Fq from the beginning of the re-
cordings was used (average intensity projections of 10-100 frames). To create pseudo-color time traces along line regions
(Figures 1D and S23B), intensity values of all pixels along a line region of interest were obtained from AF/F stacks, imported to
ClampFit 11.1 (Molecular Devices) for manual baseline adjustments (linear segments), and visualized in Origin Pro 2021
(OriginLabs) using an inverted ‘inferno’ color scale.

Responding regions, i.e. those that showed signal increase, were manually defined (single polygon) and used to calculate peak
AF/F, 50 % rise time (time from wash-in until 50 % max AF/F was reached), halfwidth duration and 50 % decay time (time from
wash-out until 50 % decay) using ClampFit 11.1. The same regions responding to ischemia were also used to analyze synchro-
nous activity in these slices (Figures 1H, 1M, S8, S9F, and S9G), however, using selected sub-stacks, which were normalized to Fq
images from these sub-stacks (see image analysis and plume identification). For frequency determinations, stack lengths were
adapted to have at least 10 events or having a maximal length of 300 s. High Ca®* event frequencies (pre- and post-ischemic
‘high’, Figures 1H and S9D) were analyzed in 30 s time windows around maximal activity.

To obtain AF/F maps of synchronous activity (Figures 2B, S4B, and S10A) maps, average intensity projections (AlPs) were obtained
from peak AF/F frames of all synchronous events within 500 frames. Here, normalization had been performed with F average intensity
projections from the beginning of the recording (Fo, 200 frames). For comparing AF/F maps of ischemia and glutamate application
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(Figure S4B), 200 frames during the fluorescence peak were averaged and normalized with the same Fy image. Ratio maps (Fig-
ure S4C) were calculated after binning to 32 x 32 pixels by dividing the AF/F map of glutamate accumulation during ischemia with
the AF/F map of synchronous activity or exogenous glutamate application, respectively. Then, all pixel values were measured
and imported to Origin Pro 2021. The three parameters were plotted pairwise with red line indicating a correlation coefficient of 1
(Figure S4D).

To quantify the signal loss of synchronous activity before the glutamate rise (Figures S8A-S8C), all events in the 150 s preceding the
loss of synchronous activity were analyzed. The AF/F values of these events were normalized using the average AF/F of synchronous
activity that was determined in each slice at the beginning of the recording. The resulting normalized AF/Fom values fluctuated but
eventually declined. For better comparison, the events were binned relative to the first event after which events permanently showed
a AF/F.om <0.5. Two 50 s bins were created before this event and two 25 s bins after this event, before spontaneous activity was lost
in all slices.

In control slices, in which synchronous glutamate and Ca®* activity and plumes were imaged over 50 min with no pharmacological
applications (Figure S9), all events were analyzed in 25-300 s time windows at the beginning of the recording and after 5, 10, 20, 30
and 40 min as described above (also shown in Figures 4, 5, and 6D-6F and corresponding Supplementary Figures).

Figure 2 and related supplementary figures

Maximum intensity projections (MIP) showing plumes (Figures 2A and S10A) were calculated from 500 frames as described in image
analysis and plume identification. Synchronous activity maps were generated as average intensity projections of peak AF/F frames of
all synchronous events within 500 frames (see above). All plumes and synchronous activity occurring in these 500 frames were
plotted as time traces (Figures 2B and S10A). For plume detection see image analysis and plume identification. Frequencies of
plumes and synchronous activity were determined for all slices subjected to chemical ischemia at the beginning of the recording
as described above. We analyzed plume half-width (HW) duration, plume intensity AF/F, and the AF/F ratio of plume intensity
compared to synchronous activity in the same region of interest (Figures 2E-2H). Dashed lines reflect the plume detection limits
based on intensity (AF/F > 2%) and HW duration (= 50 ms). For comparing plume parameters, only plumes for which all parameters
could be characterized were considered (n = 296 plumes, Figures 2F, 2G, 3B, and 3C).

To analyze the temporal correlation between plumes and synchronous activity, the time delay between each plume and the next
closest synchronous event (before or after the plume) was determined. For 189 plumes (67.7%; in total 279 plumes in 10 slices) the
closest synchronous event occurred within +5 s. For these plumes the mean time difference to the next synchronous event was
0.0034 +2.0836 s (mean = s.d.). This already indicates that plumes were as likely to occur before as after a synchronous event, which
is also reflected in the corresponding histogram (Figure S10D). Further, if plumes and synchronous events are fully independent, the
occurrence of synchronous events in relation to a plume (i.e. an arbitrary time point zero, t,) should follow a Poisson distribution, i.e. p
(synchronous event in t+dt) = p (no event at t-dt) - p (no event at t+dt). Since the shortest time delay in either direction (pre or post
plume) was determined, the effective time interval to to has to be doubled and the resulting probability divided by two for positive and
negative time delays (mirror function). Indeed, non-linear least-square fitting of a Poisson-like distribution using ProFit 7 (Quantum-
soft) to the histogram data shows a very good agreement, since the fit gives an underlying event frequency of 0.18 Hz, which is close
to the observed mean for synchronous event frequencies (0.19 + 0.11 Hz, mean = s.d., n = 11 slices; Figure 1H). A minor underrep-
resentation in the first interval can be explained by missing plumes very close to synchronous activity (based on the fitted parameters
e.g. 8 additional plumes would be expected to occur within the first 200 ms). Pearson and Spearman correlations were analyzed and
plotted with Origin Pro 2021 (Figures S10E and S13A).

Figure 3 and related supplementary figure

To show spatial and temporal characteristics of selected plumes, 8 single frames from the binned AF/F stacks were selected
(Figures 3D-3G). The corresponding time course and the spatial profile are shown for the depicted circled region (full-width plume)
and box, respectively. The spatial profiles are depicted after another 2x2 binning. Figure S13B shows unbinned AF/F data and binned
raw intensity (F) data.

Figures 4 and 5 and related supplementary figures

For pharmacological characterizations, the analysis of synchronous glutamate activity, Ca®* activity, and identification and analysis
of plumes was performed 1 min before applying blocker and at the indicated times after application by extracting the corresponding
stacks. Frequencies were determined as described above. For low event frequencies the analyzed time windows were extended
from 500 frames to 6000 frames. For high plume frequencies during TBOA application they were shortened to 100 frames.

Figure 6 and related supplementary figures

For plume analysis at the indicated time point of chemical ischemia experiments (beginning of the recording, 1 min before wash-in, at
50 % signal rise, maximum signal, 1 min before 50 % decay and 4 and 10 min after 50% decay) 500-2000 frames were extracted. The
standard plume analysis (Figures 6D-6F) was based on 100-1000 frames.

To visualize glutamate accumulation without plumes and synchronous activity (Figures 6C, S21A, and S21B, Middle and Bottom
rows), 100 frame AF/F minimum intensity projections (normalized with Fo from the beginning of the recording) were calculated and
displayed with the Imaged LUTs “Fire” and “HiLo”. To display glutamate accumulation and plumes, 500 frame AF/F maximum in-
tensity projections were used (Figures S21A and S1B, Top rows). For Figures 6G-6H, 200 frame AF/F maximum intensity projections
(normalized with Fg from the beginning of the recording) were generated to show plumes before inducing chemical ischemia (pre
ischemia) and to display the spread of glutamate accumulation from defective regions during the rise phase.
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Figure 7. Plume frequencies were determined as described in image analysis and plume identification at the beginning of the
recording, 1 min before applying iGIuR inhibitors, at the beginning of ischemia wash-in, 10 and 20 min after ischemia with inhibitors
and 1 min before wash-in, at 50 % signal rise, max signal, 1 min before 50 % decay and 4 and 10 min after 50% decay of the inhibitor-
free ischemia.

Supplementary movies

To create Videos S1 and S2 and 6-8, data were first reduced in Imaged. In each stack (16-bit raw fluorescence intensity movies, 32-bit
AF/F movies), 5 consecutive frames were averaged with the “Grouped Z Project” tool. For further reduction, the movies were con-
verted to 8-bit with the lowest and highest values in the stacks as limits. For Videos S3, S4, and S5 no averaging was performed. The
speed was adapted as indicated in the Supplementary Movie Legends during export at 10-100 fps to AVI files with JPEG image
compression. Compressed movies were imported into VideoStudio X10 (Corel) and scalebars and application markers were added.
The final movies were exported in MPEG-4 format.

Statistics

All data were statistically tested for normality (including frequencies) or log normality (for durations, rise and decay times) with the
Kolmogorov-Smirnov test (o <0.05) using Origin Pro 2021. As several datasets were not normally distributed, all experimental groups
were compared with the Kruskal-Wallis test followed by posthoc Dunn’s test (not significant ns, “p <0.05; **p <0.01; **p <0.001).
Furthermore, duration, rise and decay times and plume sizes were tested individually against a control group with the Mann-
Whitney U test (not significant ns, *p <0.05; **p <0.01; ***p <0.001). Plume frequencies of individual time windows in Figure 5l
were compared to control using pairwise two-sample t-tests (not significant ns, *p <0.05, **p <0.01). Representative AF/F images
are displayed with the ImagedJ look-up table ‘fire’ and the indicated scaling. Figures were assembled in Corel Draw 2018.

ADDITIONAL RESOURCES

The simulation code can be found at https://gitlab.utwente.nl/m7686441/focalglutamate_modelsimulations.
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