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Abstract 23 

Microglia are the primary resident innate immune cells of the central nervous system (CNS). 24 

They possess branched, motile cell processes that are important for their cellular functions. To 25 

study the pathways that control microglial morphology and motility under physiological and 26 

disease conditions, it is necessary to quantify microglial morphology and motility precisely 27 

and reliably. Several image analysis approaches are available for the quantification of 28 

microglial morphology and motility. However, they are either not automated, not freely 29 

accessible, and/or limited in the number of morphology and motility parameters that can be 30 

assessed. Thus, we have developed MotiQ, an open-source, freely accessible software for 31 

automated quantification of microglial motility and morphology. MotiQ allows quantification 32 

of a diverse set of cellular motility and morphology parameters, including the parameters that 33 

have become gold standard in the microglia field. We demonstrate that MotiQ can be applied 34 

to in vivo, ex vivo, and in vitro data from confocal, epifluorescence, or two-photon 35 

microscopy and we compare its results to other analysis approaches. We suggest MotiQ as a 36 

versatile and customizable tool to study microglia. 37 

Brief 38 

MotiQ is an open-source software for automated quantification of microglial motility and 39 

morphology. MotiQ can be applied to in vivo, ex vivo, and in vitro data from confocal, 40 

epifluorescence, or two-photon microscopy. MotiQ is not limited to microglia - it can also be 41 

applied to other cell types. 42 

Introduction 43 

Microglia are the parenchymal tissue resident macrophages of the central nervous system. In 44 

the intact adult brain, microglia are highly ramified and have a complex three-dimensional 45 
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(3D) branch structure. Intravital two-photon microscopy in mice with microglia-specific 46 

expression of enhanced green fluorescence protein has shown that microglial cell branches are 47 

highly motile and continuously undergo extension and retraction 48 

(Davalos et al., 2005; Nimmerjahn et al., 2005). This motility enables microglia to perform 49 

the surveillance of their environment to then execute their functions, including limiting 50 

synaptic excitability (Badimon et al., 2020), partial phagocytosis of synaptic structures 51 

(Weinhard et al., 2018), synaptic pruning during development and in disease 52 

(Hong et al., 2016), and formation and maintenance of synapses (Miyamoto et al., 2016). It 53 

has been estimated that the cortical parenchyma is completely scanned by microglia every few 54 

hours (Nimmerjahn et al., 2005).  55 

Microglial morphology and motility change during systemic inflammation 56 

(Gyoneva et al., 2014), in neurodegenerative and neuropsychiatric diseases 57 

(Bolmont et al., 2008; De Picker et al., 2021; Franco-Bocanegra et al., 2021), upon aging 58 

(Conde and Streit, 2006; Hefendehl et al., 2014), and in response to specific deletions of 59 

microglial receptors 60 

(Pagani et al., 2015; Sipe et al., 2016; Madry et al., 2018; Merlini et al., 2021). To study the 61 

pathways that underlie these changes and to determine their functional impact, it is necessary 62 

to precisely and reliably analyze microglial cell motility. Over the past years, a set of 63 

parameters for microglial morphology has become standard, such as the surface area to 64 

volume ratio (e.g., (Orr et al., 2009; Madry et al., 2018; Plescher et al., 2018)), the total 65 

length of the process tree as well as the numbers of branches and tips (e.g., 66 

(Nimmerjahn et al., 2005; Hefendehl et al., 2014; Erny et al., 2015)), or the convex hull 67 

around the cell (e.g., (Fontainhas et al., 2011; Baron et al., 2014; Fernández-68 

Arjona et al., 2017)). Current analysis approaches (i) are only partly automated (Fernández-69 

Arjona et al., 2017; Young and Morrison, 2018), provide low throughput, (ii) rely on manual 70 

tracing of cells (Cătălin et al., 2017; Paris et al., 2018; Basilico et al., 2019; Sun et al., 2019), 71 
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(iii) are limited to a two-dimensional (2D) analysis (Cătălin et al., 2017; Fernández-72 

Arjona et al., 2017; Kluge et al., 2017; Madry et al., 2018; Young and Morrison, 2018; Kyria73 

zis et al., 2019), and/or (iv) use custom-written lab-specific software, with which a limited 74 

number of microglial parameters can be determined 75 

(Abdolhoseini et al., 2016; Kluge et al., 2017; Madry et al., 2018; Paris et al., 2018; Kyriazis 76 

et al., 2019). Commercial image analysis software such as Imaris (Bitplane) has been used in 77 

previous studies, but these commercial solutions are not available to every lab due to cost 78 

considerations, and often use proprietary algorithms. 79 

Here, we introduce MotiQ, a versatile and open-source software for the automatized and 80 

comprehensive quantification of microglial motility and morphology in 2D and 3D 81 

microscopic image series. In addition to data from two-photon microscopy, MotiQ is 82 

applicable to a variety of other microscopic data sets and allows for the quantification of a 83 

broad set of over 60 parameters of microglial morphology, motility and signaling. MotiQ is a 84 

freely-accessible resource for microglia research and represents an open-source platform for 85 

researchers to establish standards for microglial quantification. 86 

Results 87 

MotiQ workflow 88 

We primarily developed MotiQ to quantify microglial morphology and motility in 3D time-89 

lapse images acquired by in vivo two-photon microscopy. For open access and high 90 

applicability MotiQ is composed of modular ImageJ plugins. The source code, all plugins, and 91 

a manual are freely accessible online (https://github.com/hansenjn/MotiQ). MotiQ allows two 92 

types of analyses: a more rapid 2D analysis of maximum-intensity projections (Fig. 1a), and a 93 

more comprehensive analysis of original 3D z stacks (Fig. 1b). Both MotiQ quantification 94 

approaches are performed with a three-step workflow using the plugins (1) MotiQ cropper for 95 
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single-cell image generation, (2) MotiQ thresholder for image segmentation, and (3) MotiQ 96 

2D analyzer or MotiQ 3D analyzer for quantification. This three-step plugin format allows to 97 

replace or adapt individual steps, to include additional plugins in the workflow, or to use 98 

individual MotiQ plugins for applications other than microglial cell analysis.  99 

The first plugin, MotiQ cropper, aids in the selection of single microglia from recordings, and 100 

generates images comprising one individual microglial cell (for technical details see 101 

Supplementary Note 1 and the Manual provided on the GitHub page). We implemented this 102 

user-dependent single-cell selection approach to realize the analysis of microglia under 103 

pathological conditions, e.g., Alzheimer’s disease (AD), where microglia and their cell 104 

processes are densely packed and closely interlaced at cell border (Condello et al., 2015), 105 

which renders automated single-cell detection imprecise. This challenge is commonly 106 

addressed by manual tracing approaches, in which a trained investigator traces the individual 107 

processes of a single cell, which can be time consuming 108 

(Gyoneva and Traynelis, 2013; Baron et al., 2014; Cătălin et al., 2017; Paris et al., 2018; Basi109 

lico et al., 2019; Sun et al., 2019). In contrast, in MotiQ cropper a region of interest (ROI) that 110 

contains an individual cell is selected. The cell detection and process tracing itself is then 111 

fully automated based on the other MotiQ plugins. The single cell selection with MotiQ is 112 

therefore faster than careful manual tracing, since the user does not need to precisely track 113 

individual processes but only needs to roughly encircle a ROI. Additionally, by guiding the 114 

user through z stacks and time frames, by transferring selections from image to image, and by 115 

automatically saving the resulting single-cell image and metadata pertaining to the selected 116 

regions of interest (ROIs), MotiQ cropper renders the whole process more time-efficient. The 117 

output image, together with corresponding metadata, can be used to retrospectively validate 118 

the selection process.  119 
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The next step in the MotiQ workflow is image segmentation, which is accomplished using 120 

MotiQ thresholder (Supplementary Note 2). In other image analysis methods for microglia, 121 

such as multi-step protocols for ImageJ (e.g. (Fontainhas et al., 2011; Fernández-122 

Arjona et al., 2017; Young and Morrison, 2018), users adjust settings and threshold values to 123 

segment cells from background, image by image. Such manual multi-step workflows are 124 

time-consuming and error-prone, unless fully-automated macros are developed. MotiQ 125 

thresholder standardizes and automatizes image preprocessing and segmentation, even for 126 

users that are not able to develop computer code. MotiQ thresholder’s pipeline, including 127 

image preprocessing steps, local or global auto-threshold methods, and image segmentation, 128 

is easily customizable by the user through the plugin’s settings dialog. 129 

We implemented image preprocessing steps in MotiQ thresholder that allow to produce an 130 

image in which foreground (microglia) and background intensities are more distinguished: (1) 131 

down-scaling of image resolution, (2) rescaling the intensity histogram for better coverage of 132 

the intensity range, (3) including multiple time frames or z stacks into the histogram, and (4) 133 

converging the relationship of fore- and background pixel numbers towards equilibrium, e.g., 134 

by using maximum-intensity projections of multiple time step or z stack images. The user can 135 

select one or a combination of those methods. For a detailed description and illustration of the 136 

rationale behind these methods, see Supplementary Note 2 and Supplementary Figures 1 and 137 

2. For subsequent threshold calculation, MotiQ thresholder uses one of the intensity 138 

thresholding algorithms available in ImageJ. This threshold algorithm to be used is defined by 139 

the user, based on the best performance in separating fore- and background in the user’s 140 

images. Importantly, MotiQ thresholder performs image preprocessing and threshold 141 

calculation in an automatically generated copy of the image, while the intensity threshold is 142 

finally applied to the unsegmented, original input image. Thereby, the preprocessing methods 143 

do not result in a loss of resolution or dimension and MotiQ thresholder does not only 144 

generate a binary image but can also produce a background-removed version of the original 145 
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image, containing fully preserved fluorescence intensity information. MotiQ thresholder also 146 

allows for separate threshold calculation and application in individual time frames, which is 147 

important for time-lapse data with instable fluorescence intensity levels, e.g., due to 148 

photobleaching. Since the user may need to optimize the MotiQ thresholder settings for 149 

individual data sets, we provide default settings for the analysis of different types of data in 150 

Supplementary Table 1, which may serve as a starting point for further optimizations. 151 

In the last step of the MotiQ workflow, cell analysis and visualization are performed using 152 

MotiQ 2D analyzer or MotiQ 3D analyzer, depending on the respective image type 153 

(Supplementary Note 3). First, connected pixels are detected and bundled to individual 154 

objects via a Flood-Filler algorithm. Objects smaller than a pre-defined size are removed, 155 

which allows to remove noise pixels, falsely-detected as foreground. The remaining larger 156 

objects are considered to belong to the selected microglial cell and are quantified. In this step, 157 

the microglial cell, its cell skeleton, and its convex hull are automatically reconstructed from 158 

these objects and over 60 cellular parameters that represent microglial morphology 159 

(Supplementary Table 2), motility (Supplementary Table 3), and signaling (Supplementary 160 

Table 4) are automatically determined. We collected the major part of this list of parameters 161 

based on the parameters that have been applied to microglia in the literature and that are 162 

considered standard parameters (details below). We aimed to make the application of MotiQ 163 

as versatile as possible and allow the best comparability of output data to previous literature 164 

reports. Furthermore, MotiQ 3D analyzer contains a tool that illustrates the analysis results in 165 

3D visualizations (Figure 1a).  166 

Analysis of in vivo and ex-vivo two-photon microscopy data sets 167 

To demonstrate which microglial morphology and dynamic parameters can be determined 168 

with MotiQ, we subjected recordings from intravital time-lapse two-photon microscopy in 169 
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CX3CR1-EGFP/wt mice (Jung et al., 2000) to the MotiQ 2D and 3D analysis workflow 170 

(Supplementary Videos 1-2). 171 

The morphology of a microglial cell is predominantly characterized by its ramification, i.e., 172 

the complexity of its branch structure. Microglial ramification is measured by two main 173 

approaches: (1) by determining the relationship of cell surface to cell volume (ramification 174 

index) (e.g. (Orr et al., 2009; Madry et al., 2018; Plescher et al., 2018)) and (2) by analyzing 175 

the microglial cell skeleton (e.g., 176 

(Nimmerjahn et al., 2005; Hefendehl et al., 2014; Erny et al., 2015)). The ramification index 177 

describes the overall complexity of the microglial cell and the cell skeleton parameters 178 

provide additional information about subcomponents of the microglial process tree. 179 

More specifically, the 2D ramification index is defined as the ratio of the cell contour to the 180 

circumference of a circle with the same cell area as the respective cell (Fig. 2a) and the 3D 181 

ramification index is defined as the ratio of the cell surface area to the surface area of a sphere 182 

with the same volume as the respective cell (Fig. 2b). For skeletonization and analysis of the 183 

resulting cell skeleton, we implemented the ImageJ plugins Skeletonize3D and 184 

AnalyzeSkeleton (Arganda-Carreras et al., 2010) in MotiQ, allowing to quantify a variety of 185 

cell skeleton characteristics (Supplementary Table 2), including number of tips, number of 186 

branches, and total tree length (Figure 2c and d). Other morphological parameters that are 187 

included in MotiQ are the brain area (2D) or brain volume (3D) spanned by a microglial cell, 188 

i.e., spanned area (Fig. 2e) or spanned volume (Fig. 2f), which are defined as the size of the 189 

cell’s convex hull and represent the territory of an individual cell. Thus, these parameters 190 

reveal the potential influence of the microglial cell on the surrounding brain parenchyma. As 191 

a measure for cell polarity i.e., the asymmetric distribution of processes from the soma, the 192 

vector from the cell’s center of mass to the center of the convex hull is included in MotiQ 193 

(Fig. 2e and f).  194 
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In addition to morphological parameters, we included parameters in MotiQ that represent 195 

dynamic changes of the microglial cell and its process tree. For example, MotiQ allows 196 

determining the number and area (2D) or volume (3D) of individual microglial process 197 

extensions and retractions in consecutive time steps (Fig. 2g and h). Individual extensions or 198 

retractions are defined as objects consisting of a group of connected pixels that newly emerge 199 

or disappear in an image compared to the previous time step. The parameter shape dynamics 200 

is the sum of the total extended and retracted area (2D) or volume (3D) and serves as a 201 

measure for the overall change of the microglial cell shape. Furthermore, as a read-out for the 202 

interaction of a microglial cell with its environment, MotiQ allows to determine the scanned 203 

area (2D, Fig. 2i) or scanned volume (3D, Fig. 2j), which are defined as the brain area or the 204 

brain volume that is occupied by a microglial cell and its processes over a longer time span. A 205 

similar parameter, called “volume fill”, has been applied in 2D before 206 

(Nimmerjahn et al., 2005) for a whole stack of images containing many cells, demonstrating 207 

that microglial motility allows microglia to sample the brain volume over time. We introduce 208 

this parameter for single cells as a measure for microglial scanning activity and add that the 209 

scanned area or volume is subdivided into the static area or volume, in which the cell is 210 

present in all analyzed time frames (usually the soma and larger primary cell branches), and 211 

the dynamic area or volume, in which the cell compartment is only transiently present (Fig. 2i 212 

and 2j). The scanning activity of the cell is determined as the percentage of the scanned area 213 

or volume that is dynamic. 214 

To test whether MotiQ sensitively detects changes in morphology and motility, we next 215 

analyzed microglia before and after stimulation in ex-vivo time-lapse two-photon microcopy 216 

recordings from acute cerebral slices with MotiQ. Acute slice preparations have been used to 217 

study microglial responses to extracellular stimuli such as extracellular adenosine 218 

triphosphate (ATP) (Fontainhas et al., 2011; Dissing-219 

Olesen et al., 2014; Matyash et al., 2017). We perfused cerebral slices with ATP to induce a 220 
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change in microglial morphology and motility. We then analyzed the microscopic data with 221 

MotiQ 2D and 3D (Fig. 3). We sensitively and reliably detected ATP-induced changes in 222 

morphology and dynamic parameters, such as an increase in the ramification index (Fig. 3c 223 

and d), number of branches, tree length (Fig. 3e and f), spanned area (2D, Fig. 3g) or volume 224 

(3D, Fig. 3h), shape dynamics (Fig. 3i-j), and microglial scanning parameters (Fig. 3i-l). 225 

Analysis of histological data sets 226 

Since morphometric end-point analysis of microglia in fixed tissue is one of the most 227 

commonly used techniques in microglia research, we next analyzed confocal images of 228 

immuno-fluorescently labeled Iba1-positive murine microglia in fixed cerebral (Fig. 4a-d) and 229 

retinal (Fig. 4e-h) tissue sections. For both data sets, we used MotiQ to reconstruct microglia 230 

and analyze their morphological characteristics. To further illustrate the range of applications 231 

of MotiQ, we additionally analyzed confocal images of immuno-fluorescently GFAP-positive 232 

astrocytes (Fig 4i-l) and Iba1-positive human microglia (Fig. 4m-p). Here we show that 233 

MotiQ could be also used to analyze a broad range of other cell types. 234 

Fully-automated analysis of histological data sets 235 

MotiQ 3D Analyzer can automatically separate microglial cells without user-dependent cell 236 

selection by MotiQ cropper. This is, however, only reliably applicable to high-resolution 3D 237 

microscopy data with a high stack depth, as in these data sets, cells next to each other can be 238 

clearly separated and there are cells that are completely inside the stack so that their entire 239 

process tree can be continuously reconstructed. To demonstrate the high-throughput MotiQ 240 

analysis, we subjected a whole confocal image of immuno-fluorescently labeled Iba1-positive 241 

murine microglia in fixed cerebral tissue sections to the MotiQ workflow without MotiQ 242 

Cropper (Fig. 5 a). In this workflow, MotiQ 3D Analyzer was set to track all particles by 243 

overlap in the image and analyze each particle separately (see Supplementary Note 3). Indeed, 244 

MotiQ could user-independently separate and reconstruct individual cells in the stack (Fig. 245 
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5b) and revealed their morphological characteristics (Fig. 5c). To scrutinize the validity and 246 

accuracy of this approach, we also subjected the same data set to two other established 247 

methods for quantifying microglial morphology: (1) An automated analysis approach based 248 

on the commercial software Imaris (Fig. 5d) 249 

(Gyoneva and Traynelis, 2013; Gyoneva et al., 2014; Hefendehl et al., 2014) and (2) a 250 

manual tracing of the individual cells 251 

(Baron et al., 2014; Cătălin et al., 2017; Basilico et al., 2019; Sun et al., 2019) based on the 252 

Simple Neurite Tracer plugin for Fiji (Longair et al., 2011; Arshadi et al., 2021) (Fig. 5d). Of 253 

note, approach 2 required a trained observer about 30 minutes of user interaction per cell. 254 

Importantly, the resulting output parameters significantly correlated with the respective 255 

MotiQ parameters (Fig. 5d, e), showing that MotiQ output parameters are qualitatively 256 

comparable to these other approaches. 257 

Analysis of in vitro live-cell data sets 258 

Next, we tested whether MotiQ can be applied to data sets from cultured microglia. The 259 

morphology and motility of cultured murine or human microglia can be imaged in a 2D 260 

culture system on plastic or glass surface (Honda et al., 2001; Koizumi et al., 2007) or using 261 

3D culture systems, in which microglia are cultured in a 3D matrix, such as Matrigel 262 

(Orr et al., 2009) or collagen (Haw et al., 2014), in co-culture with other CNS cells 263 

(Takata et al., 2017) or in cerebral organoids (Ormel et al., 2018). Here, we acquired time-264 

lapse images of GFP-positive murine primary microglia in a 2D culture system using 265 

epifluorescence microscopy, and in a 3D Matrigel culture system using spinning disc confocal 266 

microscopy. We added ATP during the imaging experiments to induce changes in microglial 267 

morphology and motility.  268 

We subjected the data set of each experimental design to the MotiQ 2D or 3D analysis 269 

workflow (Fig, 6; Supplementary Videos 3-4). Here, we selected slightly adapted MotiQ 270 
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thresholder settings for optimized image segmentation (Supplementary Table 1). Again, with 271 

MotiQ we sensitively detected experimentally-induced changes in microglial morphology and 272 

motility, i.e., in cell polarity (Fig. 6c and i), shape dynamics (Fig. 6d and k), and scanning 273 

activity (Fig. 6e and l). Of note, directionality parameters (Fig. 6m and f) are also 274 

implemented in MotiQ and can be used when studying chemokinesis or chemotaxis. 275 

Since the image segmentation step in MotiQ fully preserves fluorescence intensity 276 

information of the cell, MotiQ can also be used to quantify cellular fluorescence intensity 277 

levels, kinetics, and distribution. This allows for a direct correlation of microglial morphology 278 

and dynamics with cellular fluorescence parameters. As more chemical and genetically 279 

encoded fluorescent indicators become available for signaling molecules such as protons, 280 

calcium or second-messengers, MotiQ can be used for studying signaling pathways that 281 

underlie cellular morphology and motility. To demonstrate such correlative measurements of 282 

morphology, motility and fluorescence kinetics, we generated time-lapse images of primary 283 

murine macrophages expressing the genetically-encoded calcium sensor GCaMP3 during 284 

high-dose ATP treatment (5 mM). We then analyzed an exemplary data set using MotiQ 285 

(Supplementary Video 5), which revealed a temporal correlation of a transient 286 

intracellular/cytosolic calcium increase (Fig. 7a) with changes in macrophage ramification 287 

(Fig. 7b) and scanning activity (Fig. 7c) during ATP perfusion. 288 

Analysis of microglia in a mouse model of Alzheimer’s disease 289 

Finally, we assessed the applicability and accuracy of MotiQ on a bench-mark data set. We 290 

chose to analyze the morphology and motility of microglia in the APP/PS1 mouse model of 291 

AD (Jankowsky et al., 2003). It has previously been shown that microglia in AD mouse 292 

models show reduced ramification and motility (Bolmont et al., 2008; Koenigsknecht-293 

Talboo et al., 2008; Krabbe et al., 2013; Plescher et al., 2018) in particular when in vicinity to 294 

Abeta plaques (Bolmont et al., 2008; Plescher et al., 2018). Thus, we aimed to test whether 295 
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MotiQ can reliably reveal these pathological changes, as well. We obtained acute cerebral 296 

slices from APP/PS1 CX3CR1-EGFP/wt mice and “wild-type” CX3CR1-EGFP/wt mice, 297 

acquired images with a two-photon microscope (Fig. 8a and b), and subjected them to MotiQ 298 

analysis. MotiQ 3D analysis revealed a significant reduction of ramification (Fig. 8c) and tree 299 

length (Fig. 8d) in plaque-associated and plaque-distant microglia, while plaque-associated 300 

microglia were mostly affected, in line with previous reports in another AD mouse model 301 

(Plescher et al., 2018). Similarly, MotiQ analysis revealed impaired microglial motility in 302 

APP/PS1 CX3CR1-EGFP/wt mice, especially at the plaque, reported by the MotiQ 303 

parameters shape dynamics (Fig. 8e) and scanned area (Fig. 8f). We next sought to compare 304 

these results to a previously decribed manual approach for quantifying microglial motility 305 

(Nimmerjahn et al., 2005; Bolmont et al., 2008): A trained observer tracked the position of 306 

individual microglial process tips manually for all cells. This showed that process extensions 307 

and retractions were slower in the AD mouse model, especially at the plaque (Fig. 8g and h). 308 

Importantly, the results from manual tracking correlated with the motility parameters 309 

determined with MotiQ analysis (Fig. 8i and j). 310 

Discussion 311 

Due to the paucity of freely accessible and easy-to-use standard tools for image analysis of 312 

microglia, approaches for the quantification of microglial morphology and dynamics have 313 

largely varied between studies to date, making comparison of data difficult. To fill this gap, 314 

we developed the open-source ImageJ-based software MotiQ that enables the quantification of 315 

more than 60 parameters of microglial morphology, motility, and fluorescence kinetics. We 316 

furnished MotiQ with a modular structure so that each individual MotiQ plugin can be 317 

potentially used for different approaches. For example, MotiQ thresholder is a flexible tool 318 

for image preprocessing and segmentation that offers a variety of thresholding approaches. 319 
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MotiQ thresholder automatizes image preprocessing and segmentation workflows, fosters 320 

reproducibility by logging the individual image preprocessing and segmentation steps, and is 321 

readily applicable to other data and workflows.  322 

In MotiQ we integrated several parameters that have become standard for the quantification of 323 

microglial morphology and motility to allow the best comparability of output data to previous 324 

studies. For example, the parameter ramification index, which describes the overall 325 

complexity of a microglial cell, has previously been used by us 326 

(Fülle et al., 2018; Plescher et al., 2018; Schmöle et al., 2018) and others and is similar to the 327 

described parameters surface area-to-volume ratio 328 

(Orr et al., 2009; Gyoneva and Traynelis, 2013) or cell circularity (Fernández-329 

Arjona et al., 2017). Parameters that characterize the microglial process tree have been 330 

previously used in several studies to quantify microglial morphology changes (Fontainhas et 331 

al., 2011; Baron et al., 2014; Hefendehl et al., 2014; Erny et al., 2015; Catalin et al., 2017; 332 

Kluge et al., 2017; Fulle et al., 2018; Plescher et al., 2018). The parameters spanned area 333 

(2D) or spanned volume (3D) that focus on the interaction of the microglial cell with its 334 

environment, have been used in custom-written analysis approaches 335 

(Fontainhas et al., 2011; Baron et al., 2014; Fernández-Arjona et al., 2017). In previous 336 

studies the number of process extensions and retractions (Koenigsknecht-Talboo et al., 2008) 337 

or the speed of single processes 338 

(Davalos et al., 2005; Nimmerjahn et al., 2005; Bolmont et al., 2008; Gyoneva et al., 2014; H339 

efendehl et al., 2014; Paris et al., 2018) have been – mostly manually – quantified as an 340 

important parameter of dynamic behavior of microglia. With MotiQ the number and extent of 341 

individual process extensions and retractions are automatically determined, similar to 342 

previous custom-written analysis approaches for microglial motility 343 

(Kluge et al., 2017; Madry et al., 2018), which, however, were limited to 2D analysis, in 344 

contrast to MotiQ, which provides a 3D implementation. Of note, we show that MotiQ’s 345 
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parameters for microglial morphology and motility directly correlate to results from manual 346 

process tracking, highlighting that MotiQ can automatize the manual tracking of processes 347 

while revealing functionally similar results. 348 

As novel dynamic parameters, we implemented scanning activity (2D/3D), scanned area 349 

(2D), and scanned volume (3D) in MotiQ to quantify the brain volume that is sampled by an 350 

individual microglial cell. Moreover, MotiQ offers parameters that describe the directionality 351 

of cellular movement, which are important when measuring the chemotactic response of 352 

microglia towards stimuli, especially in in vitro experiments, but potentially also in vivo. 353 

Importantly, MotiQ enables correlative studies on morphology, dynamics, and fluorescence 354 

kinetics in a cell to address the role of cellular signaling pathways using fluorescent indicators 355 

such as calcium- or pH-sensitive dyes.  356 

MotiQ can be applied to a variety of data sets, including in vivo and ex vivo two-photon 357 

microscopy of microglia, confocal end-point analysis of microglial morphology in fixed tissue 358 

sections, and epifluorescence and confocal live-cell microscopy of cultured microglia. Of 359 

note, in high-resolution images, where adjacent microglial process can be clearly separated, 360 

MotiQ could fully automatically reconstruct microglial cells without any user-dependent cell 361 

selection, while revealing similar results compared to a time-consuming manual analysis. 362 

Thus, under these conditions, MotiQ allows analyzing microglial morphology with high 363 

throughput and thereby, performing detailed morphological studies on microglia with high 364 

statistical power. 365 

Furthermore, MotiQ is not restricted to study murine or human microglia, but could also be 366 

used to characterize other glial cells such as astrocytes, or the dynamics of subcellular 367 

structures, such as neuronal growth cones or primary cilia.  368 

The only comparable widely used alternative for studying microglial morphology and 369 

dynamics is the commercial software Imaris. However, Imaris is not affordable for every lab 370 
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and the underlying code and algorithms are not freely available. In contrast, the source code 371 

of MotiQ is freely accessible (https://github.com/hansenjn/MotiQ), making the analysis 372 

procedure transparent and customizable.  373 

MotiQ offers a precise and comprehensive analysis of microglial morphology and motility. 374 

We envision that MotiQ will become a tool in microglial research used by many labs, 375 

fostering comparability of data and facilitating investigations on pathways controlling 376 

microglial morphology and the interaction of microglia with their environment. 377 

Materials and Methods 378 

Animals 379 

Lifeact–GFP (Clausen et al., 1999; Riedl et al., 2010), LysMcre (Clausen et al., 1999), 380 

Ai38GCaMP (Zariwala et al., 2012), APP/PS1 (Jankowsky et al., 2003) and CX3CR1EGFP/wt 381 

(Jung et al., 2000) mice have been described previously. C57BL/6J mice were purchased from 382 

Janvier Labs. CX3CR1EGFP/wt and Ai38-GCaMP mice were purchased from Jackson 383 

Laboratories. Lifeact-GFP mice were provided by Frank Bradke (DZNE, Bonn, Germany) 384 

with permission of Michael Sixt (IST, Austria). Mice were housed in groups on a 12-h 385 

light/dark cycle with food and water available ad libitum. Research and animal care procedure 386 

were approved by the Animal Care Committee of the district government. 387 

Human brain tissue 388 

Post-mortem tissue samples from a non-neurological non-neuropathological 62-year-old 389 

control case were obtained from the University Hospital Southampton NHS Foundation Trust 390 

as part of the UK Brain Archive Information Network (BRAIN UK), which is funded by the 391 

Medical Research Council and Brain Tumour Research. The use of human tissue was covered 392 
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by the ethical approval provided by BRAIN UK (Research Ethics Committee South Central 393 

Hampshire B, reference 14/SC/0098). 394 

In vivo two-photon imaging  395 

CX3CR1EGFP/wt mice were anesthetized with isoflurane (1.5-3% in 100% oxygen at 0.7-1 396 

l min-1). Body temperature was kept at 37°C. Hair, skin and periosteum were removed and 397 

skull was fixed in a custom-made metal frame using a cyano veneer fast/cyano veneer powder 398 

mixture (Hager & Werken, Duisburg, Germany). The metal frame was fixed in a custom-399 

made stereotactic device. A cranial window (3 mm diameter) was created using a dental drill, 400 

filled with agarose (37°C; 3% in PBS) and sealed with a cover glass (Hugo Sachs). Two-401 

photon imaging of anesthetized CX3CR1EGFP/wt mice was performed with an upright two-402 

photon microscope (Trim Scope; LaVision Biotec, Bielefeld, Germany) equipped with a 20x 403 

objective (1.0 NA, Zeiss). EGFP was excited at 870 nm with a Ti:Sapphire laser (Chameleon 404 

Ultra II, pumped by an 18 W laser; Coherent) and scanned at 516-556 nm. Laser power below 405 

the objective was 10-20 mW. Image frame rate was 1.6 s at a resolution of 993x993 pixels. 406 

Image stacks were recorded starting at ~40 µm below the pial surface of the cortex (36 s 407 

intervals, z stack size 60 µm with z slice intervals of 3 µm). 408 

Ex vivo two-photon imaging of acute cerebral slices  409 

CX3CR1EGFP/wt mice were sacrificed and decapitated and brains were immediately transferred 410 

to ice-cold aCSF (NaCl 134 mM; KCl 2.5 mM; MgCl2 1.3 mM; CaCl2 2 mM; K2HPO4 1.26 411 

mM; NaHCO3 26 mM, D-glucose 10 mM; pH 7.4; saturated with carbogene). Serial coronal 412 

cerebral sections (300 µm) were prepared using a Leica VT1200S vibratome (speed: 0.1 413 

mm/s; amplitude: 1.5 mm). Acute slices were fixed in a custom-built perfusion chamber using 414 

a harp slice grip (ALA scientific instruments) and perfused at a speed of 1.5 ml/min with 415 

aerated aCSF. Imaging was performed using the same two-photon system as described above. 416 

Image stacks were recorded starting 20 µm below the coronal surface of the acute cerebral 417 
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slice (30.8 s stack intervals, Z stack size 60 µm with z slice intervals of 3 µm). After 418 

recording for 10 minutes, 100 µM ATP (Sigma-Aldrich) dissolved in aCSF was washed in for 419 

40 minutes. Finally, ATP was washed out for 10 minutes. 420 

Preparation, staining and imaging of fixed tissue sections 421 

For visualization and analysis of cortical microglia, brains of 8 month-old mice 422 

(C57BL6J/C3HHeJ) were immersion-fixed in 4% PFA and microglia were stained in 100 µm 423 

thick coronal cryosections with anti-Iba1 (Wako; 019-19741; 1 µg/ml) and goat anti-rabbit 424 

Alexa Fluor® 488 (Invitrogen; 3 µg/ml). Confocal imaging was performed with a Nikon Ti-E 425 

Confocal Microscope (Nikon, Tokyo, Japan; z stack size 40 µm with z slice intervals of 1 µm, 426 

Fig. 4a) or with a Zeiss LSM 700 Confocal Microscope (Carl Zeiss, Germany; z stack size 427 

20 µm with z slice intervals of 0.5 µm, Fig. 5). Astrocytes were visualized in 40 µm thick 428 

sagittal vibratome sections from 8-12 week-old mice (C57BL/6J-RCCHsd). Astrocytes were 429 

stained in free-floating sections with anti-GFAP (Abcam; ab7260; 1:500) and goat anti-rabbit 430 

Alexa Fluor® 594 (Invitrogen; 4 µg/ml) and imaged with a Zeiss LSM 780 Confocal 431 

Microscope (Carl Zeiss AG, Oberkochen, Germany; z stack size 30-40 µm with z slice 432 

intervals of 1 µm). For analysis of retinal microglia, eyes of 3 month-old C57BL/6J mice 433 

were enucleated, fixed and stained as described previously23. Retinal whole mounts were 434 

imaged using an AxioImager.M2plus ApoTome2 microscope (Carl Zeiss, Germany). 435 

For visualization of human microglia, 50-µm-thick formalin-fixed paraffin-embedded 436 

sections from a post-mortem sample of human temporal cortex were incubated with anti-Iba1 437 

(Wako; 019-19741; 1:500) for 24 hours after heat retrieval and subsequently incubated with 438 

goat anti-rabbit Alexa Fluor® 488 (Invitrogen; 1:200, 2h), followed by 70% Sudan Black 439 

incubation to reduce autofluorescence. Counterstaining was obtained with SYTOX Orange 440 

(Invitrogen; 25 nM). Confocal images were generated in the grey matter using a Leica TCS 441 
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SP8 laser scanning confocal microscope system equipped with a 63x objective, using a 3.0x 442 

digital zoom.  Z stacks were acquired with a z-slice interval of 0.5 µm. 443 

Primary microglia 444 

Primary mixed glial cultures were generated to obtain cultured microglia as described24. 445 

Briefly, newborn CX3CR1EGFP/wt or Lifeact–GFP+/− mice were decapitated. Brains were 446 

removed and stripped of their meninges. Brains were mechanically dissociated after 447 

incubation with Trypsin-EDTA (0.05%) and cultivated in PLL-coated culture flasks in 448 

DMEM (Life Technologies, Darmstadt, Germany; supplemented with 10% FBS (Biochrom, 449 

Berlin, Germany) and 1% Penicillin/Streptomycin (Life Technologies, Darmstadt, Germany). 450 

After 5-7 days, proliferation of microglia was stimulated by adding supernatant of the murine 451 

fibroblastic cell line L929.  452 

Epifluorescence imaging of primary microglia in a 2D culture system 453 

Microglia were obtained from the culture supernatant of primary mixed glial cultures after 454 

vigorous shaking and seeded on PLL-coated 8-well plates (Ibidi, Munich, Germany) in phenol 455 

red-free and FBS-free DMEM (Life Technologies, Darmstadt, Germany; supplemented with 1 456 

% glutamate, 1 % pyruvate, 1 % penicillin/streptomycin). Cells were imaged at 37°C and 10 457 

% CO2 using an epifluorescence microscope (Nikon Ti-E, Nikon, Tokyo, Japan) equipped 458 

with a 20x objective (Nikon, Tokyo, Japan; NA 0.7) and an EGFP filter set (AHF 459 

Analysetechnik, Tübingen, Germany). 460 

Spinning-disk confocal imaging of primary microglia in a 3D culture system  461 

Phenol red-free Corning® Matrigel® Matrix (VWR, Radnor, Pennsylvania) was thawed and 462 

placed on top of 5 mm cover slips (gel thickness ~100 µm). After solidification of gel at 37°C 463 

(20-30 min), microglia (in DMEM, 10% FBS, 1% Penicillin/Streptomycin) obtained from 464 

primary mixed glial cultures of Lifeact–GFP+/− mice, were put on top of the gel in order to 465 
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enter the gel. During imaging, the prepared cover slips were continuously perfused with 466 

HBSS buffer. Imaging was performed with a spinning disk confocal microscope (Olympus, 467 

Tokyo, Japan; 60x objective; time interval 30 s; z stacks 25-35 µm with z slice intervals of 1 468 

µm). After 5 min of baseline recording, perfusion buffer was switched to HBSS containing 469 

100 µM ATP (Sigma Aldrich) for 5 min and then switched again to pure HBSS for 5 min. 470 

Primary bone marrow-derived macrophage cultures 471 

Tibia and femur of heterozygous Ai38-GCaMP:LysMcre mice were prepared and bone 472 

marrow was washed out and collected in RPMI medium. After lysis of blood cells, cell pellet 473 

was resuspended in 5 ml RPMI, passed through a 40 µm cell strainer and cultivated in RPMI 474 

medium containing 10 % FBS and 1 % penicillin/streptomycin at 37°C and 5 % CO2. Cells 475 

were used for experiments after DIV10.  476 

Epifluorescence imaging of primary macrophages 477 

Ai38-GCaMP-positive bone marrow-derived macrophages were seeded on glass cover slips 1 478 

day before experiments. Imaging was performed at room temperature and a gravity-driven 479 

perfusion system was used for continuous perfusion with a flow rate between 0.5 - 1 ml/min. 480 

Images were acquired every 2 s with a 20x objective (Nikon, Tokyo, Japan; NA 0.7) using an 481 

epifluorescence microscope (Nikon Ti-E, Nikon, Tokyo, Japan) equipped with an EGFP filter 482 

set (AHF Analysetechnik, Tübingen, Germany) at room temperature. A focus system (Nikon 483 

PFS, Nikon, Tokyo, Japan) was used to correct z drift. 484 

Image pre-processing 485 

Epifluorescence microscopy images of microglia in a 2D culture were pre-processed by 486 

Bleach Correction using the ImageJ plugin CorrectBleach by Kota Miura (correction method: 487 

histogram matching). Time-lapse images were registered using the ImageJ plugin 488 

MultiStackReg25. 3D images were intensity-normalized in the z direction using the ImageJ 489 
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function Enhance contrast (0.5 %; normalized). All images were pre-processed using the 490 

ImageJ function Smooth with two exceptions: (1) The confocal image of human microglia 491 

was pre-processed with Gaussian Blur (2 pixel), as it harbored a higher resolution than other 492 

images requiring a higher smoothing than performed by the smooth function; (2) The confocal 493 

image stack of Iba1-labelled microglia that was used for full-automated cell separation of 494 

individual microglia was pre-processed using the ImageJ function Subtract Background (50 495 

pixel) to reduce regional intensity differences. 496 

MotiQ plugins and microglial parameters 497 

The MotiQ analysis workflow is described in the Manual provided via the GitHub repository 498 

https://github.com/hansenjn/MotiQ. For a detailed description of all MotiQ plugins, see 499 

Supplementary Notes 1-4. MotiQ thresholder settings for image processing of data shown 500 

here are listed in Supplementary Table 1. Microglial morphological, dynamic, and signaling 501 

parameters are described in detail in Supplementary Tables 2-4.  502 

Analysis based on Imaris 503 

In Imaris, the surface module was used to select the area covered by microglia (Iba1 channel, 504 

smoothing 0.5 µm). To eliminate noise, a manual intensity threshold (18.9338) was applied 505 

and a second threshold was adjusted manually to filter for complete cells (> ~30,000 voxels). 506 

A mask was created based on the surface and used as input for filament remodeling (7 µm 507 

was set as soma size for starting points, 0.5 µm as process diameter for seed points). The 508 

thresholds for starting points (28.984) and seed points (110.201) were adjusted manually. 509 

Seed points, that were within 14 µm around the starting points and disconnected segments 510 

were removed and smoothing (0.1 µm) was applied. In order to obtain continuous processes, 511 

an automated maximal gap length (7 µm) was used. The parameters dendrite volume, dendrite 512 

area, filament length, number of dendrite branch points, number of dendrite terminal points, 513 

number of dendrite segments were chosen to compare to the respective parameter in MotiQ 514 
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(3D volume, surface, process tree length, number of junctions, number of tips and number of 515 

branches). 516 

Manual tracing of the process tree in Fiji using Simple Neurite Tracer 517 

Manual microglial process tracing was performed using the Simple Neurite Tracer plugin in 518 

Fiji (Arshadi et al., 2021). All primary branches of a reconstructed cell were combined in a 519 

shared root. The skeleton parameters cable length, number of branch points, number of tips 520 

and number of branches were used to compare the manual tracing approach to the respective 521 

parameters in MotiQ (process tree length, number of junctions, number of tips and number of 522 

branches). To determine the cellular volume, the ‘fill’ option (threshold set at 523 

0.010614749425259) was used.  524 

Manual tracking of process tips 525 

Manual tracking of the microglial process-tips was performed in ImageJ. For each clearly 526 

visible process, a trained observer set a point-ROI to the center of the process tip in each time-527 

step and noted whether the process extended or retracted in that frame. From the point-ROI 528 

the coordinates were extracted using ImageJ. The speed of the extension or retraction was 529 

then determined as the displacement of the process tip between two consecutive time-steps. 530 

Statistics 531 

Statistical analysis was performed in GraphPad Prism, Version 9.3.1. All correlations (Fig. 532 

5 d, e and Fig. 8i, j) have been tested for linearity (requirement for a Pearson correlation): A 533 

simple linear regression including a runs test was applied. No significant departure from 534 

linearity was detected for any correlation tested and thus, a Pearson correlation was used for 535 

all correlations. Column data sets (Fig. 8c-h) were tested for normal distribution using a 536 

D'Agostino & Pearson normality test. Not all conditions were normal distributed. Thus, a 537 

Mann-Whitney test was selected for statistical comparison. 538 
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Software and code availability 539 

MotiQ source code and software, along with a Manual, are available online 540 

(https://github.com/hansenjn/MotiQ, license GPL-3.0).  541 
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Figure Legends 695 

Figure 1: MotiQ workflow 696 

MotiQ offers two main approaches for microglial cell analysis: (a) 2D time-lapse image 697 

analysis and (b) analysis of 3D time-lapse image stacks. Both workflows are comprised of 698 

three steps: single-cell selection with MotiQ cropper, image segmentation with MotiQ 699 

thresholder, and cell quantification using (a) MotiQ 2D analyzer or (b) 3D analyzer. Cell 700 

volume, cell surface, cell skeleton, and the convex hull of the cell are reconstructed and 701 

analyzed and serve as a basis for the calculation of over 60 parameters of microglial 702 

morphology, dynamics, and fluorescence kinetics. MotiQ automatically generates 3D image 703 

visualizations by implementing Volume Viewer (ImageJ plugin by Kai Uwe Barthel). Scale 704 

bars = 20 µm. 705 

Figure 2: Analysis of in vivo two-photon microscopy data  706 

Selected morphological and dynamic parameters of a representative cortical microglial cell in 707 

CX3CR1GFP/wt mice imaged with in vivo two-photon microscopy and analyzed with MotiQ: 708 

(a) 2D ramification index, (b) 3D ramification index, (c, d) number of tips, number of 709 

branches and process tree length, (e, f) spanned area or spanned volume, and cell polarity 710 

vector length (5x magnified for better visualization), (g, h) shape dynamics and number of 711 

extensions and retractions as parameter for cell shape alteration, (i, j) scanned area or scanned 712 

volume represent the brain area or brain volume that has been occupied by a microglial cell 713 

over a selected time span (here 9 min). 714 

Figure 3: Analysis of ex vivo two-photon microscopy data  715 

2D and 3D analysis of microglial morphology and dynamics in ex vivo two-photon 716 

microscopy data of a representative microglial cell in acute cerebral slices of CX3CR1EGFP/wt 717 
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mice before and after perfusion with 100 µM ATP (blue boxes). (a, b) Spanned area (2D) or 718 

volume (3D) before (t = 5 min) and during (t = 45 min) ATP perfusion. (c, d) Ramification 719 

index, (e, f) tree length, number of tips, and number of branches, (g, h) spanned area (2D) or 720 

volume (3D), cell polarity vector length, (i, j) shape dynamics, number of extensions and 721 

retractions, and (k, l) scanned area (2D) or volume (3D) during ATP perfusion. Scale bar, 20 722 

µm. 723 

Figure 4: Analysis of cellular morphology in tissue sections  724 

(a, e, i) Maximum-intensity projections of confocal z stacks of an (a) Iba1-labeled murine 725 

cortical microglial cell, (e) Iba1-labeled murine retinal microglial cell, (i) hippocampal 726 

GFAP-labeled murine astrocyte, and (m) Iba1-labeled human microglial cell. 2D or 3D 727 

images of (b, f, j, n) reconstructed cell, (c, g, k, o) spanned volume (3D) or spanned area 728 

(2D), and (d, h, l, p) cell skeleton illustrating selected morphology parameters of (a), (e) and 729 

(i) analyzed with MotiQ. Scale bars, 20 µm.  730 

Figure 5: Fully automated analysis of cellular morphology in tissue sections 731 

(a) Maximum-intensity projection of a confocal z stack of Iba1-labeled murine cortical 732 

microglia. Scale bar, 50 µm. (b) Maximum-intensity projection of automatically detected cells 733 

after analyzing (a) by MotiQ 3D Analyzer (using a high size threshold (of 10,000 voxels) to 734 

reconstruct cells that are moreover complete in the stack). (c) MotiQ visualizations of each 735 

cell: reconstructed cell (left), spanned volume (middle), and cell skeleton (right). Scale bars, 736 

20 µm. (d-e) Direct comparison of the results obtained with MotiQ (c) to results obtained 737 

using (d) an alternative automated approach based on the commercial software Imaris or (e) a 738 

manual approach using the FIJI plugin Simple Neurite Tracer (Arshadi et al., 2021). Each 739 

data point represents one cell. MotiQ results are indicated on the x-axis. Imaris (d) or manual 740 

tracing (e) results are indicated on the y-axis. Lines show mean and 95% confidence interval 741 

of a linear regression. r and p values for a Pearson correlation are indicated. Note: Imaris and 742 
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the manual approach did not allow to detect the upper right cell in the image (a), as the cell 743 

body is not completely within the stack. Thus, this cell is missing in the correlations. 744 

Figure 6: Analysis of 2D- and 3D-cultured microglia 745 

(a-f) MotiQ 2D analysis of epifluorescence time-lapse images of a representative primary 746 

microglial cell from CX3CR1eGFP/+ mice, cultured in a 2D culture system. (a) False-colored 747 

fluorescence intensity images and (b) spanned area before (t = 0 min) and after (t = 11 min 30 748 

sec) addition of ATP (100 μM). (c) Cell polarity, (d) shape dynamics, (e) scanned area, 749 

scanning activity, and (f) directionality (= accumulated/Euclidean center of mass 750 

displacement) of a selected microglial cell after addition of ATP. (g-m) MotiQ 3D analysis of 751 

spinning-disc confocal time-lapse images of a representative primary murine microglial cell 752 

from Lifeact–GFP+/− mice, cultured in a 3D Matrigel culture system. (g) Maximum-intensity 753 

projection images during baseline recording (t = 0 min) and ATP (t = 9 min 30 s) perfusion. 754 

(h, i) Spanned volume, (i) polarity vector, (j) 3D ramification index, (k) shape dynamics, (l) 755 

scanned area and scanning activity, and (m) directionality. Insets visualize selected 756 

measurements. Scale bar = 20 µm.  757 

Figure 7: Correlative analysis of morphology, dynamics and fluorescence kinetics in 758 

cultured macrophages 759 

MotiQ 2D analysis of epifluorescence time-lapse images of a 2D-cultured bone marrow-760 

derived macrophage, expressing the genetically-encoded calcium sensor GCaMP3. (a) False-761 

colored fluorescence intensity images before and during perfusion with ATP (5mM). Calcium 762 

signals were recorded for 90 seconds before perfusion with ATP (180 s) and wash-out. (b, c) 763 

Upon ATP perfusion, a calcium signal was detected and temporally correlated to changes in 764 

the cell’s (b) 2D ramification index and (c) scanned area. Scale bar = 20 µm. 765 
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Figure 8: Analysis microglial morphology and dynamics in a cerebral amyloidosis 766 

mouse model of Alzheimer’s disease 767 

Analysis of microglial morphology and dynamics in ex vivo two-photon microscopy data of 768 

microglia in acute cerebral slices of APP/PS1 CX3CR1EGFP/wt mice or wild-type 769 

CX3CR1EGFP/wt. (a, b) Maximum-intensity projection of images from (a) APP/PS1 770 

CX3CR1EGFP/wt mice or (b) wild-type CX3CR1EGFP/wt mice. Scale bar, 50 µm. (c) 771 

Ramification index and (d) tree length, determined by MotiQ 3D analysis. (e) Shape 772 

dynamics and (f) scanned area, determined by MotiQ 2D analysis. (g-j) To verify the 773 

parameter results for shape dynamics and scanned area, for each analyzed cell, all visible 774 

processes were also manually tracked in 2D. Based on this tracking, for each cell, the average 775 

process speed of (g) process extensions or (h) retractions was determined. (i-j) Correlation of 776 

the manually determined process speeds with the MotiQ results shape dynamics (i, shape 777 

dynamics plotted alone in e) and scanned area (j, scanned area plotted alone in f). Bar plots (c-778 

h) show the median ± interquartile range, individual data points represent individual cells (n = 779 

3 animals per group; close: 9-14 cells per animal, distant: 14-17 cells per animal, wild-type: 780 

10-13 cells per animal), p values for a two-sided Mann-Whitney test indicated. Data points in 781 

(i) and (j) also represent individual cells and are colored as in (c-h). Magenta: plaque-close 782 

cells. Purple: plaque-distance cells. Dark green: wild-type cells. Lines show mean and 95% 783 

confidence interval of a linear regression. r and p values for a Pearson correlation indicated. 784 
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