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Abstract

Background and Purpose: Ischemic injury triggers multiple pathological responses in the 

brain tissue, including spreading depolarizations across the cerebral cortex (CSD). Microglia have 

been recently shown to play a significant role in the propagation of CSD. However, the 

intracellular responses of myeloid cells during ischemic stroke have not been investigated.

Methods: We have studied intracellular calcium activity in cortical microglia in the stroke model 

of the middle cerebral artery occlusion, using the murine reporter line PC∷G5-tdT. High-speed 

two-photon microscopy through cranial windows was employed to record signals from genetically 

encoded indicators of calcium. Inflammatory stimuli and pharmacological inhibition were used to 

modulate microglial calcium responses in the somatosensory cortex.

Results: In vivo imaging revealed periodical calcium activity in microglia during the hyperacute 

phase of ischemic stroke. This activity was more frequent during the first 6 hours after occlusion, 

but the amplitudes of calcium transients became larger at later time points. Consistent with CSD 

nature of these events, we reproducibly triggered comparable calcium transients with 

microinjections of potassium chloride (KCl) into adjacent cortical areas. Further, 

lipopolysaccharide (LPS)-induced peripheral inflammation, mimicking sterile inflammation 

during ischemic stroke, produced significantly greater microglial calcium transients during CSD. 

Finally, in vivo pharmacological analysis with calcium release-activated channel (CRAC) inhibitor 

CM-EX-137 demonstrated that CSD-associated microglial calcium transients after KCl 

microinjections are mediated at least in part by the CRAC mechanism.

Conclusions: Our findings demonstrate that microglia participate in ischemic brain injury via 

previously undetected mechanisms, which may provide new avenues for therapeutic interventions.

Graphical Abstract
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Introduction

Ischemic stroke causes ionic imbalance and electrical instability in the brain due to the 

hypoxic environment. Without sufficient oxygen, neurons are unable to maintain 

homeostasis and ultimately apoptose.1 These neurons and other dying cells release 

inflammatory cytokines into the extracellular environment, triggering a vicious cycle that 

further damages surrounding tissues and leads to the clinical symptoms associated with 

ischemic stroke.2

Evolution of ischemic injury is frequently associated with a wave-like propagation of 

abnormal neural activity, termed cortical spreading depolarizations (CSD).3 CSD initiate 

from a pathologic source and spread across the cortex, disrupting the metabolic equilibrium 

and reducing cerebral blood flow. After the initial wave passes, synaptic activity is silenced 

for 5-15 minutes before the tissue stabilizes and returns to its baseline function.3 In vaso-

occlusive stroke, a depolarization propagates around the edge of the initial ischemic core, 

where cells are most susceptible to disruption.3 The tissue affected by the CSD experiences 

significant vasoconstriction, which inhibits sufficient membrane repolarization.3 This leads 
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to an increased area of infarcted core as well as a larger circumference of tissue susceptible 

to further CSD.

As damaged cerebral neurons undergo reactive depolarizations of their membranes, a 

significant influx of calcium occurs, activating the intrinsic apoptosis pathway.4-6 

Intracellular calcium overload is closely tied to the propagation of CSD, as has been shown 

in rodent models.4, 7 Cell-surface receptors on microglia receive signals of tissue damage 

and trigger an intracellular release of calcium from the endoplasmic reticulum (ER). The 

subsequent fall in calcium concentration within the ER leads to the opening of store-

operated Calcium Release-Activated Calcium (CRAC) channels, which are the principal 

route of calcium entry from the extracellular space into immune cells.8, 9 Elevation of 

cytosolic calcium through CRAC channels mediates a host of cellular responses including 

secretion of proinflammatory cytokines.10, 11

Very little is presently known about the role of microglial calcium activity in ischemic 

stroke. Here, we used a genetically encoded Ca2 indicator in a murine model,12, 13 in the 

attempt to clarify the exact role of microglial calcium signaling in stroke.

Methods

The data supporting the conclusions of this experiment are available from the corresponding 

author upon reasonable request. A detailed Methods section can be found in the online-only 

Data Supplement.

Mice

Generation of the Cre-dependent GCaMP5- and tdTomato-expressing (PC∷G5-tdT) mouse 

line has been described previously.12 The Aif1(Iba1)-IRES-Cre (Iba1-Cre) strain has been 

also described and characterized earlier.13 The Cx3cr1-CreER animals14 were purchased 

from the Jackson laboratories. Focal cerebral ischemia was induced in 8-to-12-week-old 

mice by permanent MCA occlusion with silicon-coated filaments.15 Further details on 

breeding, surgical procedures and histological staining with 2,3,5-triphenyltetrazolium 

chloride (TTC) are provided in the online-only Data Supplement. All experiments were 

reviewed and approved by the University of Utah and University of Virginia IACUC 

Committees.

Cranial window surgery and two-photon imaging

In deeply anesthetized animals, skin and periosteum were removed from the skull and a 3-4 

mm diameter circle was drilled in the right parietal bone. The skull flap was gently removed 

with fine forceps and a circular glass coverslip was placed over the exposed dura and sealed 

around the edges with superglue. A metal pin headpost was attached to the parietal bone and 

the exposed bone was covered with dental cement.15 Next, some animals were subjected to 

MCAo or sham procedures approximately 2 h prior to imaging. Lightly anesthetized animals 

were then mounted on the microscope stage and cortical microglia were imaged with Prairie 

Ultima IV at 0.2 Hz and 1,000 × 1,000 pixel resolution, or Olympus FVMPE-RS at 2.5 Hz 

and 500 × 500 pixel resolution. In both settings, the pulsed infrared lasers were tuned to 920 

nm and emitted light was captured by green and red channel detectors.
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Induction of CSD and Drug Administration

Chemical induction of CSD was performed through burr holes drilled over the visual cortex, 

posterior to the cranial window. After mounting the mouse on the imaging platform, a fine-

tip glass micropipette filled with 1M KCl was loaded in the programmable Nanoject injector 

and lowered into the burr hole using a precise micromanipulator. One hundred nL of 1M 

KCl was expelled into the cortex 1 min after the initiation of high-speed imaging and the 

resulting CSD were recorded with 1.05 NA, 25X lens and 2x zoom. Some animals received 

lipopolysaccharides (LPS) i.p. at 1 mg/kg 12 h before imaging, or saline. Another group 

received CRAC channel inhibitor CM-EX-137-SDD at 25 mg/kg or vehicle via p.o. gavage 

4 hours before imaging. The details on drug preparation are provided in the online-only Data 

Supplement.

Image processing and Analysis

The two-photon imaging T-series were analyzed with Imaris 9.5. The mean green 

(GCaMP5) fluorescence intensities, indicating intracellular calcium ([Ca2+]i) changes over 

time, were calculated in microglial somata detected with red (tdTomato) fluorescence. The 

traces were analyzed with custom scripts written in Python and plotted with OriginPro 7.5. 

These methods are explained further in the online-only Data Supplement.

Statistical analysis

Unless otherwise stated, all results are reported as mean ± SD and statistical tests were 

considered significant when p < 0.05. Statistical calculations (Student’s t-test, ANOVA) 

were performed as appropriate with GraphPad Prism.

Results

A robust in vivo reporter system to monitor microglial calcium activity

To investigate intracellular calcium levels in cortical microglia, we used crosses of 

Iba1(Aif1)-IRES-Cre (hereafter referred to as Iba1-Cre) mice with Polr2a-inserted 

GCaMP5G reporter, PC∷G5-tdT 12, 13. We hypothesized that acute ischemic stroke 

dysregulates intracellular microglial calcium activity, with calcium transients corresponding 

with and contributing to CSD. To address this question, we used an in vivo imaging 

approach through sealed craniotomy over the somatosensory cortex of the right hemisphere. 

In this setting, the Iba1-Cre; PC∷G5-tdT reporter system conveniently labels the Aif1/Iba1 

cell lineage, involving meningeal macrophages and parenchymal microglia, with the 

structural reporter tdTomato and calcium indicator GCaMP5G (Figure 1A-C).12 Sparse 

neuronal labeling observed in deep cortical layers does not appreciably interfere with 

microglial cell specificity in the cortical plate.13

Ischemic stroke induces waves of calcium activity in microglia

After the cranial window implantation, we performed middle cerebral artery occlusion 

(MCAo) using intraluminal filaments inserted in the right internal carotid artery. 

Histological staining performed at the end of each experiment determined that infarcts 

developed in the right hemisphere, striatum, thalamus and other brain regions of the MCAo-
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treated mice, but not in sham controls (Figure 1D and Figure I in the online-only Data 

Supplement). The lightly anesthetized mice were then mounted on the stage of a 

multiphoton microscope and intravital recordings were performed in a series of imaging 

sessions corresponding to the early hyperacute (0 - 6 h) and late hyperacute (6 – 24 h) 

ischemic stroke.16 Initial recordings revealed periodical calcium events that propagated 

through the field of view in a directional manner. These waves of calcium activity were 

clearly observed in the parenchymal microglia (Figure 1A and C) but did not elicit calcium 

activity in meningeal macrophages in a directionally progressive fashion (Figure 1B). In 

order to quantify the frequency of microglial calcium waves during the acute stroke, we 

imaged three mice subjected to MCAo over 20 hours after occlusion. Through this period, 

the recording sessions were evenly distributed in three imaging blocks, totaling 5 hours of 

imaging per animal. In the stroked animals, 18 wave-like calcium activities were recorded 

during the combined 15 hours of imaging, while no such events were observed during an 

equivalent recording period in the sham controls (Figure 1D). Thus, the average interval 

between calcium waves in the stroked animals was 50 minutes. In these experiments, 

microglial calcium events had a slightly decreasing frequency (8 events during the first 6 

hours, 6 events during 6 - 12 hours after occlusion, and 4 events during 12-20 hours after 

stroke. In contrast, calcium amplitudes in later on tended to be more pronounced (Figure 1C 

and Videos I-III in the online-only Data Supplement). However, insufficient numbers at each 

time period precluded rigorous statistical analysis.

High speed imaging reveals temporal dynamics of microglial calcium transients

In order to achieve greater temporal resolution of the calcium transients during the wave 

activity, we used multiphoton imaging system with a high-speed resonant scanner.15 Similar 

to the previous experiment, the Iba1-Cre; PC∷G5-tdT reporter animals were permanently 

occluded with intraluminal filaments to induce ischemic injury, and imaged via sealed 

craniotomy over the ipsilateral somatosensory cortex. High speed recordings of spreading 

calcium activity in the late hyperacute phase were acquired (Figure 2). In the settings of 

these imaging experiments, the shifts of baseline green fluorescence along the propagating 

wavefront were clearly detectable (Figure 2A, C).17 It has been previously shown that these 

shifts are intrinsic optical signals (IOS) associated with hemodynamic responses to CSD.18 

The correlation between electrophysiological and IOS signals during CSD has been 

addressed,19 and further refinements suggested that the delay between the peak of 

depolarization and the associated cerebral blood flow response is at the order of several tens 

of seconds.20 We noticed that the peak of microglial calcium loading ([Ca2+]i transients) 

always displayed a further delay relative to the IOS wavefront. We measured the kinetics of 

this lag in two independent animals undergoing late hyperacute CSD and found it to range 

between 1.95 s and 3.91 s (Figure 2B and D). It was followed by robust calcium transients 

averaging 15 s duration. In agreement with previous experiments, these calcium amplitudes 

were more pronounced than calcium activity recorded during the early hyperacute phase.

Microglial calcium waves can be induced with KCl microinjections

Because the patterns of calcium waves were consistent with CSD pathology, we tested if 

microglial calcium can be induced with potassium chloride (KCl) application. 

Microinjections of KCl in the cerebral cortex have been shown in numerous studies to 
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reliably induce CSD.4, 7, 20, 21 To study CSD-associated microglial calcium in a greater 

detail, we stimulated cortex with microinjections of KCl through burr holes in the visual 

cortex, and recorded the responses in the somatosensory cortex area (Figure 3A). These 

stimuli elicited a similar calcium waves in the imaging area with approximately 60 s delay 

after the application. These waves, detected as IOS wavefronts, were propagating at the 

velocity of 6.7 ± 1.99 mm/min. In comparison, stroke induced CSD wavefronts were 

propagating at similar but somewhat slower speeds (4.9 ± 1.71 mm/min) (Figure 1B and 

Video III and IV in the online-only Data Supplement). Unlike stroke-associated CSD waves, 

KCl-induced wavefronts traveled along the same trajectory from the site of microinjection. 

As additional evidence that the calcium waves are linked to CSD pathology, we measured 

voltage with extracellular micropipette inserted close to the field of two-photon imaging and 

found that microglial calcium waves correlated with direct-current potential deflection (data 

not shown).

LPS stimulus amplifies microglial calcium transients during CSD

Next, we asked if peripheral inflammation can mimic the effects of stroke-associated sterile 

inflammation on progressive increase of microglial calcium activity. The mice were injected 

with LPS 12 hours before the imaging experiment. CSD were induced with KCl as before, 

and the elicited waves were recorded and analyzed. The wavefront velocity in the LPS-

treated animals did not significantly differ from saline controls, or stroke mice (6.9 ± 1.10 

mm/min; p = 0.06, one-way ANOVA; n=6 to 9 cells from 3 mice per group) (Figure 3B, 

Video III-V in the online-only Data Supplement). Microglial cell soma size increased by 

27% after LPS treatment, although not significantly (269.6 ± 30.45 μm3 to 343.7 ± 31.46 

μm3; p = 0.1) (Figure 3C). Calcium transients in 15 LPS-affected microglia responding to 

CSD in three different animals were analyzed and compared to controls. We found that 

peripheral inflammation significantly increased microglial calcium activity by three different 

metrics. The maximum peak intensity (F/F0) increased in activated microglia by 47% (2.06 

to 3.03, p = 0.025), the peak duration increased by 16% (14.9 ± 0.92 s to 17.3 ± 0.68 s; p = 

0.04) and the area under the curve (AOC) measure increased by 59% (28.8 ± 4.14 AU to 

45.8 ± 4.06 AU; p = 0.007). (Figure 3D). These results demonstrate that an inflammatory 

state drives enhanced microglial calcium activity in vivo.

CSD-induced microglial calcium transients are sensitive to CRAC channel inhibition

Finally, we tested if the calcium influx in CSD-affected microglia is mediated by the store-

operated calcium channels (SOCE), also known as calcium-release activated calcium 

(CRAC) channels. These channels open after depletion of calcium from intracellular stores, 

permitting calcium entry and sustained [Ca2+]i signaling in numerous cell types especially in 

the immune system.8 We selected the highly selective inhibitor developed by CalciMedica, 

CM-EX-137.9 This compound has been previously shown to reduce microglial activation 

and microglial-induced cell death in traumatic brain injury,22 but in vivo imaging 

experiments on microglial calcium activity have not been conducted. To increase specificity 

in this study, we performed these measurements in mice of Cx3cr1-CreER; PC∷G5-tdT 

genotype, as the tamoxifen-inducible Cx3cr1-CreER driver is highly specific for microglia.
14 The healthy, naive animals received CM-EX-137 per oral gavage 4 hours before the 

induction of CSD and imaging. Three CSD were induced in the cortex of each animal, using 
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the same KCl microinjection paradigm as before. The 3 most highly responding cells were 

analyzed during each CSD, every time in a different location in the cranial window. The 

depth of imaging ranged from 100 μm to 200 μm below the meningeal surface. The results 

are summarized in Figure 4, and Figure II and Video VI-VII in the online-only Data 

Supplement. We found a 20% decrease in microglial [Ca2+]i peak intensity (F/F0) in the 

CM-EX-137 treated animals compared to controls (0.61 ± 0.05 to 0.49 ± 0.03, p = 0.04). 

The duration of calcium transients also decreased by 10% (16.4 ± 0.84 s to 14.9 ± 0.63 s), 

although not significantly. Furthermore, the AOC values were decreased in CM-EX-137 

treated mice by 26.7% (10.64 ± 1.01AU to 7.80 ± 0.57 AU) at a significance level of p = 

0.014 (unpaired two-tailed t-test; n=26 to 30 cells from 3 mice; two males and one female in 

each group). Thus, these results demonstrate that the CRAC mechanism is at least in part 

responsible for calcium activity in microglia during CSD.

Discussion

In this study, we provide evidence that ischemic injury, produced by MCAo in the mouse 

brain, triggers CSD in a recurring and progressive fashion. Moreover, we show for the first 

time that these CSD bring about frequent calcium transients in microglia (Figure 1). These 

novel findings and the underlying experimental framework open up new possibilities to 

isolate and evaluate this aspect of stroke pathology, as a first step towards new medical 

interventions.

CSD are well-documented clinical complications of stroke, subarachnoid hemorrhage, 

traumatic brain injury and migraine.3, 23-25 First described in human patients almost twenty 

years ago,26 CSD are becoming better characterized and understood in intensive care units.
27-31 Although anecdotal evidence exists for several mechanisms of CSD suppression in the 

clinical setting,32, 33 a more in-depth investigation of the cellular and molecular aspects 

underlying this pathology will have to turn to animal models.

Mouse lines expressing genetically encoded indicators of calcium have enabled major 

advances in understanding brain cell activity in normal function and disease. The 

characterization of microglial intracellular activity has trailed behind other cells types. Two 

major reasons have been the lack of suitable tools and the generally lower frequency of 

microglial signals.13 Several groups have successfully recorded microglial calcium activity 

in vivo with other indicators of calcium,34, 35 but the Polr2a-based PC∷G5-tdT reporter 

possesses several distinct advantages including the robustness of GCaMP5 expression and 

inclusion of structural reporter tdTomato in the Cre-positive cells.12 With two different 

induction strategies, using the constitutive Iba1-Cre and tamoxifen-inducible Cx3cr1-CreER, 

we have characterized microglial responses to CSD. Reproducibly, these cells display a 

distinct delay of [Ca2+]i rises relative to the passing wavefront detected as IOS shift (Figure 

2). The shifts in IOS are due to hemodynamic changes associated with depression following 

CSD.20 Further delay of microglial calcium activity after this wavefront, 2 to 4 seconds in 

our measurements, reveals that microglial calcium transients undoubtedly lag behind 

neuronal [Ca2+]i influx. Neuronal calcium was shown to precede the wave of glutamate 

release following CSD, but lagged behind interstitial K+ elevation.4 Conversely, astrocytic 

calcium activity was also delayed relative to neuronal responses, trailing the glutamate 
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release.4 It is thus possible that microglia are more similar to astrocytes with regard to 

timing of CSD-associated [Ca2+]i dynamics. The primary stimulus triggering microglial 

[Ca2+]i activity remains to be determined, but ATP released from neurons and/or astrocytes 

is a likely candidate. With respect to [Ca2+]i duration, microglial cell soma transients had 

relatively homogeneous distribution, peaking around 15 s (Figure 3D and Figure 4A through 

C). In contrast, CSD-induced neuronal [Ca2+]i transients last more than one minute.4

We also demonstrate that peripheral inflammation increased microglial calcium activity by 

more than 50% during CSD (Figure 3D). This is in line with our previous work showing 

increased frequency of spontaneous [Ca2+]i transients in inflamed microglia.13 The 

progression from the early to the late phase of hyperacute ischemic stroke appears to 

provoke a similar amplification of microglial calcium activity (compare Videos I and II in 

the online-only Data Supplement). The precise mechanism of this exacerbation is presently 

not understood, but it might be due to upregulation of CRAC channel subunits such as Stim1 

and Orai1.22 Further molecular profiling will be required to establish the exact mechanisms 

underlying enhanced calcium influx in activated microglia.

The patterns of microglial [Ca2+]i transients during stroke-induced CSD, especially in the 

late hyperacute phase, represent the most widespread intracellular activity observed in 

microglia thus far. In this setting, even if the transients are initiated in the distal processes, 

they spread across the entire microglial cell, almost invariably including the soma (Videos II, 

III and V in the online-only Data Supplement). We have therefore focused our [Ca2+]i 

analyses on GCaMP signals in microglial cell bodies, which we have determined most 

accurately represented microglial responses in this pathology. Others have recently noted 

that microglial somatic calcium activity is rare, even under seizure conditions.35 This 

underscores the importance of blocking the CSD-associated [Ca2+]i activity that has been 

shown to activate calcineurin, leading to nuclear translocation of the NFAT transcription 

factor, which in turn orchestrates multiple inflammatory responses and phagocytic 

transformation.22

The role of microglia in stroke and CSD has been investigated by several other authors. 

Szalay and colleagues have studied the effect of microglia ablation following MCAo.36 They 

found that a near-complete ablation of microglia with PLX3397 resulted in a 60% increase 

in infarct size following MCAo.36 Cserep et al. recently proposed that microglia protect 

ischemic neurons by extending processes to their somata in a P2Y12 receptor–dependent 

mechanism.37 The same group also showed that selective elimination of microglia decreased 

the incidence and evolution of CSD in the mouse brain.36, 38 Although very interesting, 

these studies provide limited insight into targetable microglial pathways which might be 

beneficial in stroke management.

We posit that microglial calcium activity in hyperacute stroke may underlie many 

detrimental effects of activated microglia. For example, it has been shown that CSD 

stimulates microglial secretion of Il1 39 and TNF 40 TNF lowers the threshold for CSD 

induction, promoting perpetuation of CSD induction through positive feedback.40, 41 

Elevated microglial calcium in vitro has been implicated by many studies in microglial 

activation, leading to secretion of inflammatory molecules inducing neuronal death or injury.

Liu et al. Page 9

Stroke. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10, 42 Here we show in vivo that CSD-associated [Ca2+]i activity in microglia is, at least in 

part, due to calcium influx through the CRAC channels. A significant reduction of 26% in 

CSD-elicited calcium activity was achieved 4 hours after oral gavage with a CRAC channel 

inhibitor, which is compatible with hyperacute stroke interventions (Figure 4). The data 

supports the concept that treatment with a brain penetrant CRAC channel inhibitor can 

provide protection from microglial calcium overload in an animal model of stroke. This 

effect could then translate into a clinical benefit in humans who suffer an acute ischemic 

episode like stroke, a key therapeutic goal for CalciMedica, who developed a number of 

therapeutic candidates that could be adopted for stroke indication. However, additional 

preclinical studies are needed to support the clinical development of CRAC channel 

inhibitors for a variety of acute ischemic and inflammatory conditions.

We cannot exclude the possibility that the inhibitory effect of CM-EX-137 on CSD-

associated microglial calcium rises are mediated to some degree by other cell types. For 

example, Stegner and colleagues have recently shown that cortical neurons express CRAC/

SOCE channels, particularly the Stim2 and Orai2 subunits, that contribute to calcium 

overload and neuronal cell death in acute ischemic stroke.43 It is thus conceivable that 

neuronal CRAC channel inhibition may indirectly mitigate microglial calcium responses 

during CSD. Further, the incomplete inhibition of microglial [Ca2+]i transients with CM-

EX-137 may reflect the presence of other calcium influx mechanisms, such as the calcium 

permeable purinergic P2X7 channel which is highly expressed in microglia, and further 

upregulated in cerebral ischemia.44 To unequivocally address the role of CRAC-mediated 

calcium overload in ischemic stroke pathology, it is essential to perform genetic ablations of 

the key CRAC subunits in specific cell types, which we will pursue in future work.

Together, the present work lays the foundation for precise dissection of the sources and 

consequences of microglial calcium overload in stroke, in the context of the neurovascular 

unit and other cell types associated with this pathology.

Summary/ Conclusions

Distinct and modifiable microglial calcium activity is a hitherto unrecognized component of 

CSD pathology. We have demonstrated that recurrent calcium waves are common in peri-

infarct CSD. Using the KCl-evoked CSD paradigm, we have characterized calcium 

dynamics in the naïve and activated microglia. Pharmacological blockade of KCl-evoked 

CSD has indicated that CRAC channel-dependent mechanisms contribute to microglial 

calcium overload. More research is warranted to determine whether CRAC channel 

inhibition can improve outcomes in preclinical models of ischemic stroke and ultimately in 

human stroke patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Waves of calcium activity in the ischemic brain.
A, Low magnification recording (0.2 Hz) acquired in the cortical parenchyma. Left panels 

show cells labeled with tdTomato in the Iba1-Cre; PC∷G5-tdT mouse. The panels on the 

right show the progression of calcium waves triggered by ischemic injury. The wavefront is 

contoured with a dotted white line. B, Higher power recording in the meningeal plane, 

consisting of meningeal macrophages. Macrophages did not display marked calcium activity 

in response to the underlying mild calcium wave in the cortex. C, In contrast, microglia in 

the cortical plate showed strong calcium transients during the wave progression, especially 

in the later stages of ischemic injury. D, Diagram showing the distribution of calcium waves 

detected with two photon imaging in 3 stroke mice (MCAo 1-3) and 3 sham controls. The 

occurrence of waves is indicated with vertical ticks, the duration of imaging sessions is 

denoted with open boxes. A representative section of an infarcted brain and a control brain 

stained with TTC at the end of the imaging session are to the right of each group.
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Figure 2. High-speed recordings (2.5 Hz) of microglial calcium responses to the wavefront of 
depolarization during late hyperacute ischemic stroke.
A, Time-stamped images (in milliseconds) of a microglial cell cluster undergoing a wave of 

calcium activity, documenting key phases of the pathology. tdTomato (red) and GCaMP5G 

(green) signals are shown here in overlay. The dashed white line in the first frame indicates 

the wavefront of elevated intrinsic fluorescence and the white arrow shows the direction of 

progression. Three cells selected for analysis of calcium activity are numbered 1-3 and 

circled. A nearby reference area free of microglial processes was used to calculate baseline 

fluorescence intensity (b). Scale bar, 50 μm. B, ΔF/F0 traces calculated over the areas 

indicated above. The baseline trace is shown in overlay with each of the selected cells. The 

time difference between the peak of the baseline fluorescence and microglial somas was 

found to be 3.91 s in this event. C and D, Similar analysis performed in a different animal 

undergoing late hyperacute ischemic stroke (approx. 12 hours after permanent occlusion of 

MCA). Here, the delay between the rise of intrinsic fluorescence baseline and intracellular 

calcium peak in microglia was between 1.95 s and 3.51 s.
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Figure 3. Chemical induction of CSD with KCl allows accurate analysis of microglial calcium 
activity in the normal and inflamed state.
A, Relative positions of the cranial window and burr hole over the somatosensory cortex and 

visual cortex, respectively, as employed in these experiments. Also shown is the headpost 

attached to the occipital bone. B, Microinjections of KCl induced reproducible CSD waves 

at mean velocities of 6 mm/min. As shown in the bar chart on the right, the wavefront 

velocity was unchanged after LPS treatment, but differed somewhat from the stroke-induced 

CSD which tended to propagate at a slower speed. C, Two-photon images of microglial cells 

undergoing CSD-associated calcium transient after saline (left) or LPS (right) injections. 

Tmax indicates the time frame of the greatest signal amplitude in the GCaMP5 channel, the 

frames to the left show time frames captured 10 s earlier. The microglial soma size increased 

following LPS injection by 27 % (graph on the right, p = 0.102, NS). Scale bar, 50 μm. D, 

Changes in CSD-related microglial calcium activity following LPS analyzed with ΔF/F0, 

Peak Duration and AOC metrics. * indicates p < 0.05, ** p < 0.01; unpaired, two-tailed t-

test; n=15 cells from 3 mice per group. Bars represent means ± SD.
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Figure 4. Partial inhibition of CSD-induced calcium transients in microglia with selective CRAC 
channel blocker CM-EX-137.
A, Mice received 25 mg/kg CM-EX-137, or vehicle, in 200 μL p.o. The mean peak intensity 

of calcium transients during KCl-evoked CSD was reduced by 20% in the CM-EX-137 

treated animals. B, The average duration of calcium transients tended to be shorter in the 

animals receiving drug (14.89 s vs.16.39 s in controls), but the difference was not 

statistically significant. C, The mean area under the curve calculated from the GCaMP5 

fluorescence peaks was found to be significantly reduced by 26% (p = 0.012, unpaired two-

tailed t-test. n=26 cells from 3 mice for vehicle controls; n=30 cells from 3 animals for drug 

treated mice, in all panels). Horizontal lines in scatter plots indicate means ± SD.
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