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Astrocytes are known to respond to various perturbations with oscillations of calcium, including to cellular injury. Less is known about astrocytes’ ability to detect DNA/nuclear damage. This study looks at changes in calcium signaling in response to laser-induced nuclear damage using a NIR Ti:Sapphire laser. Primary astrocytes derived from genetically engineered mice expressing G6Campf genetically encoded calcium indicator were imaged in response to laser induced injury. Combining laser nanosurgery with calcium imaging of primary astrocytes allow for spatial and temporal observation of the astrocyte network in response to nuclear damage. Nuclear damage resulted in a significant increase in calcium peak frequency, in nuclear damaged cells and astrocytes directly attached to it. The increase in calcium event frequency observed in response to damage and the transfer to neighboring cells was not observed in cytoplasm damaged cells. Targeted astrocytes and attached neighboring cells treated with Poly (ADP-ribose) polymerase inhibitor have a significantly lower peak frequency following laser damage to the nucleus. These results indicate the increase in calcium peak frequency following nuclear damage is poly (ADP-ribose) polymerase dependent.
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INTRODUCTION
A major function of astrocytes is to maintain homeostasis; they can sense changes within the surrounding environment and scale their response based on the severity of the sensed insult. Astrocytes respond to axon injury, cell death, and many other forms of brain injury through a process of reactive astrogliosis [1]. In previous studies we have utilized laser irradiation to mimic mild CNS damage and followed the response of astrocytes where laser ablation resulted in cell death of a targeted astrocyte within a network of cells [2, 3].
Earlier reports on astrocytes that focus on induced DNA damage have been caused by ionizing radiation or cytotoxic drugs, where the severity of DNA damage were primarily monitored by comet assays, a gel electrophoresis technique [4–11]. The extent of astrocytes’ ability to respond to DNA damage is largely unknown. One study by Schneider et al. suggests that astrocytes exposed to ionizing radiation lack functional DDR signaling due to the repression of ATM transcription [12]. There is a much better understanding of the DNA damage response (DDR) in other cell types, including observations of non-irradiated cells mimicking the response of laser-irradiated cells. Previous studies have described this phenomenon known as radiation-induced bystander effects (RIBE), where non-irradiated cells behave similarly targeted cells [13]. Our goal in this study is to better understand the ability of astrocytes to respond to induced DNA damage both in laser-damaged cells and non-irradiated cells within the astrocyte network.
Calcium Signaling in Astrocytes
One known mechanism astrocytes use to signal and respond to perturbations of the CNS is through calcium oscillation. Previous studies demonstrate that astrocytes are able to transmit a response to non-stimulated neighboring cells with calcium elevation passing as intercellular calcium waves [14–17]. These waves of calcium are transmitted through cellular networks by direct transmission through gap junctions [17–19] and indirectly through extracellular ligand/gliotransmitter binding of membrane receptors on neighboring cells [20].
Cytosolic calcium concentrations oscillate within cells and are a means of intercellular communication, and span to the molecular level with the binding and activation of proteins in many signaling pathways. Information is held within frequency and amplitude of calcium oscillation [21–23]. Calcium oscillations are complex both temporally and spatially, waves travel through cells, and signal fluctuations within subcellular and intercellular regions [23]. Further complexity derives from calcium crosstalk with other signaling pathways.
The progressive generation of calcium imaging tools has resulted in improvement over conventional indicators like Fluo4 or Fura-2 that nonspecifically label all cells [24, 25]. Recently, Dong, Othy et al. have taken advantage of calcium sensors like calmodulin to generate genetically encoded calcium indicator Salsa6F. Salsa6F genetically engineered mice express a ratiometric protein with calcium sensitive green GCamp6F, and calcium insensitive tdTomato [26].
Parp–Calcium Relationship
In response to single and double strand DNA breaks, poly ADP-ribose polymerase (PARP) activation or hyperactivation causes ADP-ribosylation of DNA repair proteins at the site of damage [27]. This results in poly (ADP-ribose) (PAR) polymer modifications. Bentle et al. describe calcium and PARP as critical regulators in response to ROS-induced DNA damage, resulting in changes to metabolism and the DNA repair processes. Additionally, in vivo induced DNA damage demonstrates that PAR can concentrate calcium ions and extracellular matrix calcification. Muller et al. directly linked DNA damage with calcium signaling and redistribution [28].
Here we quantified the calcium response of the astrocyte network to laser-induced nuclear damage and investigated the relationship of PARP and calcium in response to nuclear damage. In vitro astrocyte model is known for the transmission of calcium elevation in response to cellular injury to network cells [2, 18]. We found that nuclear damage specifically alters the whole cell calcium dynamics not only in the damaged cell, but also in the attached neighboring cells in a PARP-dependent manner. Our results reveal that Ca2+ mediates inter-cellular transmission of PARP signaling, which is dependent on the position of the cell within the network relative to the nuclear damaged cell.
METHODS
Primary Astrocyte Cultures
Cortical astrocytes were dissected from mice expressing GFAP-Cre Salsa6f, described in detail by Dong et al [26]. Salsa6F utilizes GCaMP6f genetically encoded ultrafast highly sensitive cytoplasmic calcium indicator [29]. Dissected primary astrocytes were plated onto gelatin coated 35 mm glass bottomed imaging dishes as previously described in Wakida et al. [30]. Cells were stored at 37°C at 5% CO2 prior and during imaging.
This study was carried out in accordance with the principles of the Basel Declaration and recommendations of the University of California, Irvine Institutional Animal Care and Use Committee. The protocol was approved by the University of California, Irvine Institutional Animal Care and Use Committee.
Microscopy
A Zeiss Axiovert 200M Microscope with a 40 × 1.3 NA phase contrast objective and a Hamamatsu Camera Orca-R2 CCD will be used to take time-lapse, phase contrast, and fluorescence images at 2 s imaging intervals. Fluorescence images of GCaMP6f signal were acquired utilizing an Exfo XCite light source combined with a green HQ 525–50 fluorescence filter set (Chroma). Cells were incubated in an Ibidi stage incubation system maintaining cultures at 37°C, 5% CO2, and 70% humidity during imaging. Pre images were acquired approximately 5 s prior to laser irradiation; The post image acquired immediately following laser irradiation was approximately 5 s following laser shutter closure.
Laser Nanosurgery
The Coherent Mira 900 Ti:Sapphire laser emitting 800 nm pulses of 200 fs pulse width at an emission rate of 76 MHz was used to precisely damage cells at desired regions of interest (ROI). A Zeiss 40 × 1.3 NA phase contrast objective was used, resulting in a damage region spanning approximate 0.8 um. Robolase, a custom coded computer software run in LabVIEW software, was used to control both laser and microscope components. Laser power and exposure time was controlled using a Uniblitz shutter controller and Glan Thompson polarizer fixed in a rotary mount, controlled by an ESP 300 motion controller. The Uniblitz shutter was opened allowing laser exposure to the targeted region for a 10 pulse at an average intensity of 3.4 × 108 W/cm2. A schematic diagram of the experimental setup is displayed in Supplementary Figure S1. Further details of this setup were previously published [2, 30].
PAR Immunofluorescence Staining
Primary astrocytes plated on gridded coverslip in 35 mm imaging dish coated with polylysine were targeted within the nucleus with previously discussed laser settings. Cells were fixed with 4% paraformaldehyde within 30 min of laser damage. Cells were then placed in 3% TritonX in PBS blocking buffer with 5% BSA. Astrocytes were stained with anti-PAR polyclonal antibody (rabbit, 4336-BPC-100, Trevigen) and 4′,6-diamidino-2-phenylindole (DAPI) 300 nM DAPI stain solution (Thermo Fisher). Following staining, targeted cells were imaged for PAR (450 nm excitation, 510 nm emission) and DAPI signal (358 nm excitation, 463 nm emission).
Image Analysis
ImageJ was the primary software used for image analysis [31]. ImageJ was utilized to define a region of interest within individual cells to generate calcium fluorescence pixel intensity plots from acquired time-lapse images (see Figure 1). In ImageJ, the Z project function was used to obtain the average intensity for the stack of images for each field of view. Image calculator in ImageJ was then used to subtract the average intensity from individual images within the image stack. Resulting images are presented as “change” and pseudocolored with look up table “fire.”
[image: Figure 1]FIGURE 1 | Calcium signal was observed for 200 s before the laser was exposed at the region delineated by the white ROI in frame 2, and 800 s following laser damage. We observe an increase in the frequency of calcium transience beginning approximately 150 s following laser damage. This can be observed in both the pseudo colored images in (A) and the calcium signal intensity plot in (B). The scale for LUT fire is with the brightest pixels corresponding to white, and the darkest pixels corresponding to black. Calcium transience correlates with an increases to white/yellow can be observed in the third, fifth, and seventh image. CaSiAn software was used to analyze calcium peaks, displayed as individual dots on graph (C). Red dots correspond to peaks defined before laser damage, blue dots correspond to peaks after laser damage.
Change in Fluorescence Intensity
Changes in GCamp6f signal fluorescence intensity was quantified as a change in fluorescence value dF/F. This was calculated by subtracting the average pixel intensity pre fluorescence value from the post fluorescence value divided by the prefluorescence value. Details on dF/F quantification utilizing these methods were previously published [2].
Calcium Peak Frequency Analysis
CaSiAn is an open source software used to analyze and quantify the calcium signals. Fluorescence intensity data was used to analyze individual cell’s based on two separate time intervals: “pre” and “post” intervals. The pre interval defines the section of time that occurs before the laser cut; The post interval occurs after the laser cut. The peak threshold and spike width were both set to 5% of the max amplitude and spike amplitude respectively to detect calcium peaks. CaSiAn generates plots that illustrate the identified calcium peaks in each interval (Figure 1C) [32]. Peak frequency was calculated by dividing the quantified number of peaks in a given interval divided by the duration in minutes for pre and post time intervals of each cell.
Data Compilation and Statistical Analysis
Data compilation and statistical analysis was accomplished utilizing GraphPad Prism eight software. Frequency and amplitude (dF/F) data sets for control and DNA damaged cells did not pass normality tests with values α > 0.05 (Anderson-Darling and Shapiro-Wilk normality tests). Based on the results of the normality tests, statistical significance was determined by a p-value below 0.05 using Mann-Whitney nonparametric unpaired t test. Violin plots showing the variation in cellular response were generated with the Prism software.
RESULTS
Cytosolic Calcium Response to Laser-Induced Subcellular Damage
Here we use an in vitro astrocyte model expressing a genetically encoded calcium sensor to monitor the kinetics of calcium signaling in response to laser damage. To determine how the position of subcellular injury within the cell affects calcium signaling, the laser was targeted to a submicron region either in the nucleus or in the cytoplasm, of individual astrocytes within an in vitro network demarcated by a yellow ROI (Figures 1A–3–3). GCaMP6f signal was acquired before laser irradiation for 200°s, and for 800°s following irradiation, with the laser fired at time 0 (Figure 1). The femtosecond laser conditions used in the study results in PAR accumulation at damage site in the nucleus (see Supplementary Figure S2), indicative of complex DNA damage leading to efficient PARP activation (see methods for specific laser irradiation parameter information) [33–35].
We observed an increase in calcium transients following laser irradiation targeted at a central position in the nucleus (Figure 1A yellow ROI). GCaMP6f signal is displayed in the top row of Figure 1A. Supplementary Movie S1 demonstrates the dramatic fluctuations of calcium observed in response to nuclear damage of the astrocyte network portrayed in Figure 1A. A small number of spontaneous calcium events are observed prior to laser damage, which is commonly known to occur in astrocytes. We observe an increase in the number of calcium transience following laser damage. To highlight fluctuations in calcium fluorescence, row two labeled as “change” displays changes in calcium signal from the average intensity (see methods for full description). Row three displays “change” images pseudocolored with look up table “fire” where dark pixels correspond to the lowest fluorescence intensity (black, blue) and light pixels (white/yellow) correspond to high fluorescence intensity. Supplementary Movie S2 is a time-lapse movie of the pseudocolored images displayed in row three that dramatically highlights the changes in calcium signal over time. Row four of Figure 1A is a magnified inset of the targeted nucleus, highlighting the changes in calcium fluorescence in the region immediately surrounding the induced nuclear damage (region of row four corresponds to yellow rectangle in first image of row 3). A plot of average pixel intensity from the entire targeted cell (presented in Figure 1A) is displayed in Figure 1B. Dotted lines delineate the position in time each image corresponds to along the plotted pixel intensity. Figure 1C displays the peaks detected from the intensity plot in Figure 1B using CaSiAn software.
To better understand how calcium propagates intracellularly and intercellular pathways between astrocytes, we have plotted calcium fluorescence intensity from multiple regions within a contiguous astrocyte network. Figures 2A,B displays intensity plots for multiple subcellular regions of the targeted cell. Regions were picked adjacent to the nucleus (perinuclear/PN) and in distal regions near the cell periphery (distal/D). We observe a trend of perinuclear regions displaying larger variations in intensity when compared to corresponding distal regions within the same cell. We additionally observe that individual peaks vary greatly between subcellular positions. When comparing subcellular positions (rectangles in Figure 2) to signal acquired from the whole cell (outline of cell corresponding to fluorescence in Figure 2), we find that the whole cell signal includes a majority of peaks from subcellular traces at lower amplitudes. All future analysis discussed is based on calcium signal from the entire cell. Using signal from the whole cell, we compare the signal from the damaged cell to signal to neighboring cells within the astrocyte network. We observe variation in signal between all cells, in both the intensity plots and time lapse movies (Supplementary Movies 3 and 4).
[image: Figure 2]FIGURE 2 | Intracellular and intercellular variation in calcium intensity plots. (A,B) Intensity plots from multiple locations in the same cell are displayed for 200 s prior to laser damage (time 0) and 800 s following time 0. Perinuclear (PN) positions demonstrate peaks with higher amplitudes and variation. Distal (D) positions demonstrate peaks with smaller amplitude changes. Whole cell traces include a major peaks observed in subcellular positions. (C,D) Intensity plot comparisons for contiguous astrocytes within the network demonstrate a large variation in position of peaks over time. Peaks are observed to vary both between subcellular positions and throughout the network.
To determine if the subcellular position damaged by the laser can affect calcium signaling, we compare laser damage to nuclear and cytoplasm regions to controls. Control irradiation diagramed in Figure 3A corresponds to the laser being exposed to an extracellular region devoid of cells. Figures 3B,C diagram the position of irradiation for nuclear damage and cytoplasm damage in cells, respectively. Calcium signals can vary greatly between astrocytes, thus we display calcium intensity plots from four representative cells, displayed in the second column of Figure 3. Intensity profiles are displayed for three categories of irradiation: control, nuclear targeted, and cytoplasm targeted. Random calcium transients are depicted as spikes in the calcium intensity plots prior to laser irradiation. There is an increased number of calcium peaks observed after time 0 in nuclear damaged cells, not present in control or cytoplasm damage categories.
[image: Figure 3]FIGURE 3 | Calcium signaling of astrocytes responding to laser injury. Three types of injury induced (A). Control, (B). Nuclear Damage, (C). Cytoplasm Damage. Calcium signal traces from four representative astrocytes from each damage type. All three categories display a small increase in amplitude at time 0, time of laser exposure. (D). Analysis of calcium intensity plots by changes in amplitude and frequency before vs. after laser damage. The amplitude violin plot displays the change in amplitude before vs. after laser damage as dF/F values for individual cells with induced nuclear damage. No statistical difference was observed between the three categories. Violin plot displaying the variation in frequency observed for individual cells before vs. after laser damage. Nuclear damage resulted in a significant increase in peak frequency following laser damage (p = 0.0006), compared to control laser damage, depicted by the asterisks (** defined as p < 0.01). When compared to control, the change in peak frequency did not increase significantly following cytoplasm damage.
To quantitatively compare characteristics from the observed changes in calcium signaling from laser damage, we analyzed the intensity plots for amplitude of the peak at time 0 and frequency of peaks change. Amplitude changes of individual cells are depicted as a dF/F value. This value compares the intensity of calcium signal before laser exposure subtracted from the intensity after laser exposure, then divided by the intensity before laser exposure. Peak frequency data is calculated for individual cells by dividing peaks per minute observed after laser exposure by peaks per minute observed before laser exposure.
Laser exposure results in an immediate calcium transient across all three categories, peak at time 0 corresponding to a majority of dF/F values greater than 0. The average dF/F for control cells 0.18 (n = 29); The average dF/F for nuclear damaged cells is 0.2 (n = 29); The average dF/F for cytoplasm damaged cells 0.17 (n = 19). Because the amplitude and number of spikes vary between astrocytes, we use a violin plot to display the distribution of observed signals. The violin plots for amplitude display a similar median, with the widest region surrounding the median (region with highest probability of observations). The variation of dF/F was not significant when comparing control astrocytes to nuclear damaged (p = 0.62) and cytoplasm damaged (p = 0.29) cells.
To assess if the increase in calcium events was significant, we compared the number of peaks derived by CaSiAn software (Figure 1C) divided by the minutes of observation time for two periods: pre laser exposure and post laser exposure. For nuclear damaged cells, we observed average peak frequency of 26.5 mHz in the period prior to irradiation, and an increase in average peak frequency of 43 mHz following nuclear damage. Because there is variation in calcium activity throughout the population of astrocytes observed, we divided the post irradiation frequency by the pre irradiation frequency for individual cells. The average change in peak frequency for control astrocytes is 0.8204 (n = 28), 1.46 for nuclear damaged cells (n = 33), and 1.12 for cytoplasm damaged cells (n = 17). The violin plot in Figure 3C displays the distribution of the observed changes in peak frequency, with a marked increase in nuclear damaged cells in control and cytoplasm damaged. Nuclear damaged cells displayed a significant increase in peak frequency compared to control (p = 0.0006) and cytoplasm damaged cells (p = 0.026). There was no significant increase in peak frequency for cytoplasm damaged cells when compared to control cells (p = 0.39), thus the increase in frequency was specifically observed in nuclear damaged cells. Astrocytes signal nuclear damage via the rate of cytoplasmic calcium transient events, but not in amplitude of the peak.
Calcium Signaling Through Astrocyte Network
We next investigated whether the increase in calcium transient events are limited to the targeted cell, or if the changes in calcium signaling propagates to surrounding cells that form the astrocyte network. Cells within a given network are classified based on their physical location relative to the damaged cell, as diagrammed in Figure 4A. We categorized the astrocytes within observed networks into three groups: damaged, attached, and networked. Any cell that directly shares membranous junctions with the damaged cell is classified as an attached cell. Any cell that is directly sharing membranous junctions with an attached cell but not directly in contact with the damaged cell is classified as a networked cell. Intensity plots of four representative cells are displayed for each category for nuclear damage in Figure 4B and for cytoplasm damage in Figure 4C. We observed an increase in peak frequency in nuclear damaged astrocytes with an average change in peak frequency of 1.46 (n = 33). In astrocytes attached to nuclear damaged cells, the average change in peak frequency was 1.26 (n = 45). In control cells, the average change in peak frequency was 0.8204 (n = 28). Networked nuclear damaged cells also displayed an increase peak frequency 1.44 (n = 27). Attached cells displayed a significant increase with p = 0.0043, networked cells with p = 0.06 just short of a significant increase. However, the trend of increased peak frequency in nuclear damaged, attached, and networked cells demonstrate that the increased calcium signaling propagates throughout the astrocyte network and is not limited to the nuclear damaged cell (Figure 4D).
[image: Figure 4]FIGURE 4 | Calcium signal transfer through the astrocyte network in response to nuclear damage. (A) Schematic diagram of three categories of cells analyzed within the astrocyte network: nuclear damage, attached, and networked. Attached cells share a physical plasma membrane connection with the nuclear damaged (or cytoplasm) cell. Networked cells are indirectly attached to the nuclear damaged cell, but directly share a membranous connection with attached cells. (B) Representative calcium intensity plots of four cells for each category in response to nuclear damage. (C) Representative calcium intensity plots of four cells for each category in response to cytoplasm damage. (D) Violin plots of changes in peak frequency is plotted where peak frequency for each cell is quantified as a ratio of peak frequency after laser damage divided by peak frequency before laser damage. A significant increase in peak frequency is observed in response to nuclear damage for both the targeted and the attached cells (depicted by asterisk, * defined as p < 0.05). No significant changes were observed in astrocytes in response to cytoplasm damage.
For confirmation that the increased peak frequency observed in the astrocyte network in response to nuclear damage is specific to nuclear damage, we compare the peak frequency of cytoplasm damaged, attached and networked cells. Average values for change in peak frequency were similar to cytoplasm damaged cells at 1.17 (n = 17), with attached-cytoplasm damaged cells at 1.06 (n = 28) and networked-cytoplasm damaged cells 0.94 (n = 23). We observed no significant differences between cytoplasm damaged, attached to cytoplasm damaged, or networked to cytoplasm damage, thus suggesting that nuclear damage and not cytoplasm damage information is passed through the astrocyte network via the frequency of calcium peaks.
Parp-Dependent Calcium Signaling of Nuclear Damage
To understand the signalling mechanism behind the increase in calcium peaks in response to nuclear damage, we examined the role of PARP in this process. Figure 5 compares the calcium response throughout the astrocyte network with and without PARP inhibitor. Treatment with PARP inhibitor (PARPi) decreases peak frequency in nuclear damage and attached cells following laser damage. The change in average peak frequency of nuclear damaged astrocytes treated with PARPi dropped to 0.89 (n = 11) from 1.46 without PARPi (n = 33). Similarly attached astrocytes treated with PARPi had a lower change in peak frequency of 0.53 (n = 22) when compared to 1.25 (n = 56) observed in attached astrocytes not treated with PARPi. These observed decreases in peak frequencies were significant with p = 0.025 for nuclear damaged astrocytes and p = 0.009 for attached astrocytes. PARP dependent changes in peak frequency was observed networked cells, where PARPi treated networked cells displayed an average change in peak frequency of 1.27 (n = 11) vs. 1.41 (n = 27) for untreated networked cells (p = 0.39). The results suggest that nuclear damage and the consequent passage of information to adjacent attached astrocytes via calcium peaks is a PARP-dependent processes.
[image: Figure 5]FIGURE 5 | Parp control of calcium signaling of nuclear damage through astrocyte network. (A) Calcium signal traces of the astrocyte network with induced nuclear damage without Parp inhibitor showing an increase in calcium peaks following nuclear damage at time 0. (B) Calcium signal traces of the astrocyte network in the presence of Parp inhibitor (+Parpi). (C) A significantly lower change in calcium peak frequency was observed in the presence Parp inhibitor when comparing nuclear damaged cells (p = 0.025). This was not observed in networked cells, where the presence of Parp inhibitor had no effect on the change in peak frequency in response to nuclear damage.
DISCUSSION
We describe the first example of intercellular signaling in response to nuclear damage within astrocyte networks. By pairing laser nanosurgery with in vitro astrocytes expressing a genetically encoded calcium indicator, real-time tracking of calcium dynamins in response to DNA damage is achieved. Previous studies on astrocytes used either ionizing radiation or cytotoxic drugs for DNA damage induction [4–11]. By using laser nanosurgery, temporal control at a millisecond time scale allows observation and comparison of individual cells before and after damage. Previous studies utilizing lasers to stimulate or irradiate astrocytes have not specifically targeted a subcellular region within astrocytes [36–39]. This study provides the first comparison of nuclear damage to cytoplasm damage, and additionally is the first to quantify frequency changes in calcium in response to laser induced astrocyte damage.
Calcium Response to Laser-Induced Subcellular Damage
Astrocytes are known for displaying calcium transients with variable peak frequencies in response to extracellular triggers such as glutamate [14, 16, 17, 19, 40, 41]. In this study we observe an average peak frequency of 26.5 mHz in resting astrocytes, and an increase in average peak frequency to 43 mHz following nuclear damage. This significant increase in calcium peak frequency was specific to nuclear damage and not observed in cytoplasm damaged cells or non-irradiated control cells. The modulation of frequency is a known mechanism of calcium signaling [42]. Future studies can further elucidate how downstream calcium sensitive processes are affected by nuclear (DNA) damage. One potential change is in gene expression or transcription [43] of DNA damage response proteins that could result in minimizing apoptosis and/or the spread of nuclear damage within nervous tissue.
Calcium Signaling Through Astrocyte Network
One of the resulting benefits of specific spatial control of laser damage is the ability to observe both targeted and non-targeted cells in response to laser damage. Previous studies utilizing lasers to stimulate or irradiate astrocytes have not specifically targeted a subcellular region within astrocytes [36–39]. This study provides the first comparison of nuclear damage to cytoplasm damage, and additionally is the first to quantify frequency changes in calcium in response to laser induced astrocyte damage. The intercellular calcium signalling is similar to calcium waves observed during wound healing response [44]. Calcium likely spreads intercellularly through gap junctions, which are likely due to the generation of IP3 and subsequent release of calcium from ER stores [45, 46].
In a previous study, we demonstrated that detection of the death of a single cell propagates through the astrocyte network by means of a large amplitude change in calcium transience immediately following laser-induced photolysis [2]. By precisely controlling laser exposure, we can induce varying levels of cellular damage. We demonstrate two different mechanisms of calcium signaling: 1) amplitude changes in response to cell death and 2) changes in transient calcium peak frequency in response to nuclear damage. Quantification and analysis of calcium signal demonstrates how calcium can be both a universal and complex tool in signaling varying levels of cellular damage.
Damage induced by laser microirradiation is limited to a submicron region, serving as an optimal tool to assess the effect of damage on untargeted cells. Previous studies discuss a bystander effect observed in response to DNA damage induced by ionizing radiation, where unirradiated, neighboring cells respond similarly to targeted cells [47–51]. The use of laser microirradiation in the study of neighboring unirradiated cells would be an improved tool in assessing the potential RIBE in response to complex DNA damage due to the ability to precisely control the position of damage. With calcium as a universal secondary messenger, it differs from the bystander effect by not leading to a deleterious response of surrounding cells, but potentially serving as a warning for neighboring cells of nuclear injury or potentially as a signal to coordinate adjacent cell response to nuclear damage. This is the first example of signal transmission through an astrocyte network potentially for a concerted response to nuclear injury.
Parp Dependent Calcium Signaling of Nuclear Damage
With the known relationship of PARP and calcium to respond to ROS-induced DNA damage [27, 52], we observed a significant drop in peak frequency following nuclear damage to astrocytes in the presence of PARPi. The drop in peak frequency was also observed in cells attached to nuclear damaged astrocytes, which demonstrates PARP’s functional role in signalling nuclear damage in both the targeted cell and in the propagation of this change to surrounding attached cells.
The results presented here provide the first visualization of PARP-dependent calcium dynamics in response to DNA damage, as well as the propagation of signal to adjacent astrocytes. Propagation of signal was not observed in response to cytoplasm damaged astrocytes, potentially due to Parp1 only being activated in nuclear damaged cells. Future studies will focus on the mechanism that allows for calcium propagation through the astrocyte network, and extend the use of pharmacological blockers to inhibit intercellular propagation in response to nuclear damage. We provide evidence of astrocytes’ ability to modify the frequency of calcium dynamics as a detection mechanism of nuclear damage that can quickly spread to adjacent cells within the astrocyte network.
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