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ABSTRACT  
 
Microglia continually surveil the brain allowing for rapid 
detection of tissue damage or infection. Microglial 
metabolism is linked to tissue homeostasis, yet how 
mitochondria are subcellularly partitioned in microglia and 
dynamically reorganize during surveillance, injury 
responses, and phagocytic engulfment in the intact brain are 
not known. Here, we performed intravital imaging of 
microglia mitochondria, revealing that microglial processes 
diverge, with some containing multiple mitochondria while 
others are completely void. Microglial processes that 
engage in minute-to-minute surveillance typically do not 
have mitochondria. Moreover, unlike process surveillance, 
mitochondrial motility does not change with animal 
anesthesia. Likewise, the processes that acutely 
chemoattract to a lesion site or initially engage with a 
neuron undergoing programmed cell death do not contain 
mitochondria. Rather, microglia mitochondria have a 
delayed arrival into the responding cell processes. Thus, 
there is subcellular heterogeneity of mitochondrial 
partitioning and asymmetry between mitochondrial 
localization and cell process motility or acute damage 
responses. 
 
INTRODUCTION 
 
Microglia are the most dynamic cell in the central nervous 
system1,2. As the resident innate immune cell, their 
functions span tissue surveillance to pathological responses. 
They do this by continually extending and retracting their 
highly branched processes to probe the environment for 
infection or injury. In the case of a focal injury, microglia 
display immediate process chemotaxis, effectively 
barricading the injury site to prevent further damage to the 
parenchyma3,4. Subsequent microglial phagocytosis 
mediates engulfment and clearance of cellular debris, 
ultimately facilitating a return to homeostasis from this 
inflammatory injury. Microglia are also capable of 

performing phagocytosis without inflammatory stimuli via 
specialized phagocytic receptors that recognize damaged or 
dying cells or cell compartments5–9. Together, surveillance, 
chemotaxis, and phagocytosis involve radical 
morphological changes in microglia, but our understanding 
of how the internal cellular architecture changes alongside 
these cell behaviors is incomplete.  

Mitochondria are signaling hubs involved in many 
processes ranging from cell metabolism, calcium handling, 
cell death and proliferation, and the generation of reactive 
oxygen species (ROS)10,11. Mitochondrial subcellular 
localization influences these multifunctional roles and their 
proximity to other organelles or positioning near cell-cell 
contacts enhances their ability to integrate and respond to 
intracellular and extracellular stimuli10. Mitochondria are 
highly dynamic organelles capable of transport throughout 
the cell mediated by the cytoskeleton, and changing shape 
through fission and fusion events, each of which have been 
linked to the metabolic state of the cell10,12–14.   

In aging and neurodegeneration microglial function is 
dysregulated, potentially contributing to the pathology 
rather than helping the system return to homeostasis2,15–24. 
In this state, microglia exhibit mitochondrial dysregulation 
shown by increased ROS emission, mitochondrial DNA 
damage, and metabolic dysfunction24–27. Additionally, 
inflammatory environments alter mitochondrial shape in 
microglia in vitro, which coincides with a microglial 
bioenergetic shift and an increase in pro-inflammatory 
cytokine release28–31. Moreover, targeted manipulation of 
distinct mitochondrial genes within microglia has revealed 
diverse roles for mitochondria in microglial physiology and 
pathology32–36. However, it remains to be explored how 
mitochondrial shape and motility change as microglia 
perform surveillance, phagocytosis, and respond to injury 
in the healthy brain.  

In this study, we define the microglia mitochondrial 
dynamics at homeostasis to provide a baseline of the 
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mitochondrial phenotype as microglia carry out their 
multifaceted functions. To investigate microglia 
mitochondria, we generated a triple transgenic mouse with 
microglia and their mitochondria endogenously labeled 
with separate fluorescent markers. This enables us to study 
mitochondrial morphology and motility in live animals 
while maintaining microglia in their native 
microenvironment. Together our data establish the 
dynamics and morphometrics of microglia mitochondria in 
vivo and indicate heterogeneity of process function within 
a single microglial cell. 

 
RESULTS 
 
Mitochondrial morphometrics in mouse 
neocortical microglia 
 
Inflammatory stimuli shift the bioenergetics of cultured 
microglia which coincides with a morphological change of 
mitochondria in microglia28–31. However, mitochondrial 
morphometrics (content, shape, and subcellular 
distribution) and motility have not been characterized in 
microglia in the healthy, live, and intact brain. To visualize 
mitochondria specifically within microglia we generated a 
triple transgenic mouse line, Cx3cr1-creER: Ai9: PhAM, 
enabling dual fluorophore expression in the cell cytoplasm 
(Ai9) and mitochondrial matrix (Dendra2) driven by 
tamoxifen inducible cre recombination (Fig. 1a, 
Supplementary Fig. 1a, b, and Supplementary Movie 1). To 
make the brain optically accessible for intravital imaging, 
cranial window surgeries were performed over the 
somatosensory cortex (Supplementary Fig. 1a). 
Immediately after the surgery, high resolution optical 
images were taken, then the microglia cytoplasm and 
mitochondria were 3 dimensionally (3D) segmented 
(Supplementary Fig. 1c). Using the volumes extracted from 
the 3D segmentations, we found the mitochondrial to 
cytoplasmic volume fraction in the whole cell and the 
compartments: soma and processes to be respectively 
~10%, 17%, and ~8% (Fig. 1b). The soma contained 
relatively few but large mitochondrial networks by volume 
while the mitochondria occupying the processes were 
smaller in volume but greater in number (Fig. 1a, c). 
Mitochondrial shape was also determined within these 
cellular compartments with circularity and aspect ratio 
measurements as mitochondrial morphology has been 
correlated to metabolic fitness13,37. The circularity of the 
soma and process mitochondria showed no difference; 
however, the aspect ratio showed that the process 
mitochondria were more elongated than the soma 
mitochondria (Fig. 1f).  

 
To determine where mitochondria reside within microglia, 
sholl analysis was done on the cytoplasmic and 
mitochondrial segmentations. The microglia branching 
complexity increased as the density of branching increased 
(peaking at ~20um away from the cell center) and then 
dropped when moving to the tips of the processes; however, 
this peak increase in complexity was not observed with the 
mitochondrial sholl analysis which linearly decreased when 
radiating away from the cell center to the tips of the 
processes (Fig. 1d). To measure this in a different way, the 
mitochondrial occupancy in individual primary processes 
was determined. A primary process was identified from the 
branch shooting off from the soma and all connected 
branches (see primary processes labeled in different colors 
in Fig. 1e). Like the sholl analysis, mitochondrial 
occupancy linearly decreased moving from the soma to the 
tips of the primary processes (Fig. 1e). Therefore, the 
complexity of the microglia cytoplasm does not dictate 
where there will be an increase in mitochondria presence. 
These analyses establish the baseline for mitochondrial 
morphometrics in the healthy intact brain and can serve as 
a reference as to how mitochondrial morphometrics may 
change in neuroinflammatory and neurodegenerative states.   
 

Mitochondrial morphometrics in human 
neocortical microglia   
 
To determine if the microglial mitochondrial 
morphometrics were consistent across species we used a 
publicly available human electron microscopy dataset 
(H01) that was collected from 1 mm3 of the temporal 
cortex38. We selected 6 microglia to segment and confirmed 
their identity based on nuclear ultrastructure and cell 
cytoplasmic morphology39, then created 3D segmentations 
of the cytoplasm, nucleus, and mitochondria (Fig. 2a, 
Supplementary Fig. 2 and Supplementary Movie 2). The 
mitochondria to cytoplasmic volume fraction in the whole 
cell, soma, and processes was between ~2.5% and ~3.5% 
(Fig. 2a, d). We also found that the mitochondria in the 
soma were larger in volume but fewer in quantity, whereas 
the mitochondria in the processes were smaller in volume 
but greater in quantity (Fig. 2b, c, e). Moreover, the sholl 
analysis showed that mitochondria are more abundant at the 
cell center and linearly decrease to less abundance at the 
process tips (Fig. 2f). Not only are these findings consistent 
with the mouse mitochondrial morphometrics, but this 
electron microscopy dataset also provides the resolution to 
distinguish individual mitochondria and validates our 
findings made with the resolution capabilities of 
fluorescence microscopy.
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Figure 1: Mitochondrial morphometrics in mouse neocortical microglia  
a) In vivo image of mitochondrial labeling (green) in microglia (magenta) in the upper layers of the mouse somatosensory cortex. The 
images on the bottom show mitochondrial partitioning in 1 microglia (left image), representative soma from three separate microglia 
(middle images) and the two processes cropped from the first microglia as indicated and numbered. b) The mitochondrial to cytoplasm 
volume fraction for a subset of microglia that were segmented in 3D. Values are shown for the total cell, the soma, and the processes. 
Each dot in the graph represents 1 cell. c) Differences in the average mitochondrial network volume and number of mitochondrial 
networks between the soma and processes. d) 3D segmentation of a single microglia and its mitochondria and morphological analysis 
via Sholl reveals increased process complexity (magenta line) at 20 microns from the cell center but linear mitochondrial signals (green 
line) radiating from the center of the cell. e) The mitochondrial occupancy along the length of a microglial primary process in 10% bins 
starting from the center of the cell (0-10%) and going to the tip of the process (91-100%) (n = 117 primary processes from 14 cells from 
6 mice, error bars indicate s.e.m.) f) Mitochondrial circularity and aspect ratio in the soma and processes. (for (b-f), n = 14 cells from 6 
mice, paired two-tailed t-test, the line is at the mean ± s.e.m for error bars or error bands.)    
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Figure 2: Mitochondrial morphometrics in human neocortical microglia   
a) 3D reconstruction of a microglial cell (gray or blue), its nucleus (yellow), and all its mitochondria (red) taken from a sample of human 
neocortex. The images on the right show examples of electron micrographs taken through the soma or single processes that were used 
for cell and organelle segmentations. b) 3D renderings of microglial soma showing examples of perinuclear mitochondria. c) Some 
microglial processes contain many mitochondria and others are completely void as shown by the reconstruction (left) and the electron 
micrographs (right) of the indicated regions. d) The mitochondrial to cytoplasm volume fraction for the microglia that were segmented 
in 3D. Values are shown for the total cell, the soma, and the processes. Each dot in the graph represents 1 cell e) Differences in the total 
mitochondrial volume and number of mitochondrial networks between the soma and processes (paired two-tailed t-test). f) Sholl analysis 
reveals increased process complexity (gray line) at 20 microns from the cell center but linear mitochondrial signals (red line) measured 
from the center of the cell (for (d-f), n = 6 cells, error bars or bands indicate s.e.m.).  
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Mitochondria are heterogeneously partitioned 
throughout microglia processes 
 
By qualitative observation it was apparent that some 
processes had little to no mitochondria while other 
processes had many mitochondria in both mouse and 
human neocortical microglia (Fig. 3a, b and Supplementary 
Fig. 3a). To represent this quantitatively the mitochondrial 
volume in each primary process was plotted against the 
primary process length, and indeed, primary processes from 
the same cell had similar lengths but varied in their total 
mitochondrial volume (Fig. 3c). To determine if the 
mitochondrial shape differed in these primary processes, 
we used the mitochondrial volume to separate the primary 
processes in two groups, designating primary processes as 
having high (>67.1 µm3) or low (<67.1 µm3) mitochondrial 
volume (Fig. 3d). We then compared the shape of the 
mitochondria in each group. This analysis revealed that the 
primary processes with low mitochondrial volume had 
more circular mitochondria compared to processes with 
high mitochondrial volume that had more elongated 
mitochondria (Fig. 3e and Supplementary Fig. 3b). Given 
these data, mitochondria are not uniformly distributed in 
mouse or human microglia, raising the question of whether 
there is a functional difference between these processes.  
 
 
Microglial branches and processes lacking 
mitochondria are more motile  
 
To investigate mitochondrial localization and microglial 
process behavior we next assessed mitochondrial 
positioning and motility as microglia carry out their 
canonical surveillance function. To do this, mice were 
imaged every 1 minute for 30 minutes to enable minute-to-
minute tracking of mitochondria in microglia (Fig. 4). First, 
the stability of 100 branches across 25 cells was assessed. 
A tracked branch defined as “stable” was present at 0 min 
and 30 min, and a “lost” branch was present at 0 min but 
gone at 30 min. Twenty-eight percent of branches were lost 
and 72% were stable (Fig. 4a). Of all branches assessed, at 
0 min, half contained mitochondria (Fig. 4a). Notably, there 
was a greater percentage of lost branches that did not have 
mitochondria (Fig. 4a), suggesting that processes lacking 
mitochondria are more motile. Since much of the 

surveillant motility occurs at the tips of processes1,40 we 
quantified the number of tips that contain mitochondria and 
found that only 17% do, supporting the idea that 
mitochondria are less likely to be present in motile 
processes (Fig. 4b).  
 
Next, to determine overall motility we quantified the 
percent increase in area taken up by the cytoplasm and 
mitochondria at 0 min and in a temporal projection 
containing all 30 time points (seen as 0à30min in Fig. 4c). 
The mitochondria to cytoplasmic fraction significantly 
decreased in the temporal projection compared to 0 min 
(Fig. 4c, d). Comparably, the percent change in area 
fraction of only the cytoplasm (~60%) is significantly 
greater than the mitochondrial percent change in area 
fraction (~37%) (Fig. 4c, e). Together, mitochondrial 
motility does not match the microglia process motility 
across 30 min suggesting that mitochondria are not often 
associated with processes that are performing tissue 
surveillance.  
 
 
Mitochondrial motility in microglia is not altered 
by animal anesthesia  
 
Past work has shown that microglia surveillance behavior 
changes under different physiological states41,42, thus we 
next determined if different physiological states also alter 
mitochondrial motility in microglia. To do this, we imaged 
mitochondrial motility in the same microglia as they 
transitioned from awake to anesthetized conditions. 
Animals were first imaged awake for 30 min, then switched 
to isoflurane anesthesia and imaged for another 30 min (Fig. 
5a, c). The change in process area fraction showed that 
microglia were significantly less motile during wakefulness 
compared to when the mice were under isoflurane 
anesthesia (Fig. 5a, b, Supplementary Fig. 4), consistent 
with previous reports41,42. However, mitochondrial tracking 
showed that the mitochondrial displacement and percentage 
of motile mitochondria were both unchanged in the awake 
and anesthetized conditions (Fig. 5d and Supplementary 
Movie 4). Thus, arousal state does not affect mitochondrial 
motility, again suggesting a disconnect between microglial 
process surveillance and mitochondrial motility.  
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Figure 3: Mitochondria are heterogeneously partitioned throughout microglial processes 
a) In vivo image of 1 microglia from the mouse cortex (center image) with single regions cropped that represent processes without 
mitochondria (left images) and with mitochondria (right images) as indicated by number labels 1-4. b) 3D rendering of 1 human cortical 
microglia (center image) from EM segmentations of microglial cytoplasm (gray), mitochondria (red) and nucleus (yellow). Cropped 
images of processes 1 and 2 represent little to no mitochondria (left image) and many mitochondria (right image), respectively. c) 3D 
renderings of in vivo (top) and EM (bottom) microglia with respective scatter plots of the total mitochondrial volume in each primary 
process against the primary process length. All dots in the plots represent 1 primary process. Blue dots show the mitochondrial volume 
in the primary processes of the 3D rendered microglia. Primary processes containing relatively high mitochondrial volume (P1), and 
low mitochondrial volume (P2) are indicated in the 3D renderings and the graphs. In vivo data, n = 117 primary processes from 14 cells 
from 6 mice. EM data, n = 34 primary processes from 6 cells from 1 human. d) Primary processes from the in vivo data were designated 
with high (>67.1 µm3, 19 primary processes) or low (<67.1 µm3, 98 primary processes) mitochondrial volume by k-means clustering (k 
= 2; n = 117 primary processes from 14 cells from 6 mice). e) Mitochondrial circularity and aspect ratio in primary processes with high 
(n = 19 primary processes) and low (n = 62 primary processes) mitochondrial volume. Primary processes lacking mitochondria were 
excluded from the analysis (unpaired two-tailed t-test, the line is at the mean ± s.e.m for error bars). 
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Figure 4: Microglial branches and processes lacking mitochondria are more motile  
a) Manual tracking of microglia processes (cyan lines) and mitochondria (red lines) over 30 min suggests incongruency between the 
two. An example of a branch that is maintained and one that is lost with mitochondria present in the branch that is maintained. Pie charts 
showing the percentage of branches that are stable/lost along with the percentage of branches that contained mitochondria at the 
beginning of the 30 min time-series.  The bar chart compares the stability of the processes that had mitochondria compared to the 
processes of that did not have mitochondria. (n values indicated in the figure, Fisher’s exact test). b) Percentage of microglial process 
tips that contained mitochondria. c) Temporal projections from 0 min to 30 min were used to compare microglia cytoplasmic 
reorganization relative to mitochondrial motility in an entire cell. The number box insets show examples across the 30 min time-series. 
d) Mitochondria to cytoplasmic area fractions in temporal projections (0à30min) compared to time point 0 min indicating that 
mitochondria do not move as much as the cytoplasm. e) Mitochondria have a lower change in the area occupied relative to the cytoplasm 
from 0 min to 30 min. For (d) and (e), n= 25 cells from 4 mice; paired t-tests; dotted lines in (e) represent the median.  
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Figure 5: Mitochondrial motility in microglia is not altered by animal anesthesia 
a) Single time point and temporal projection in vivo images of the same microglial cell when the animal was awake or anesthetized with 
isoflurane. b) The change in cytoplasmic area fraction from the first time point to the 30 min temporal projection shows that microglial 
process surveillance is greater under the isoflurane condition. c) Example time-series showing cytoplasmic and mitochondrial channels 
in microglial cell imaged in an awake mouse (top) and under isoflurane anesthesia (bottom). Temporal projections show microglial 
process coverage and mitochondrial coverage over the 30 minutes. The images to the right show the overlap of the mitochondrial 
channels at 0 min and 30 min and visualization of motile mitochondria (yellow tracks). d) Unlike the increase in process motility under 
isoflurane anesthesia (b), mitochondrial displacement (top) and the percentage of mitochondria per cell that move above a displacement 
threshold of 3 microns (bottom), do not significantly change in the isoflurane condition. For (a-d), n = 18 cells from 6 mice; paired, 
two-tailed t-tests.   
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Microglial processes acutely responding to a laser 
lesion do not contain mitochondria  
 
Given that mitochondria were often not found in surveilling 
motile microglia processes, we next assessed mitochondrial 
motility in the context of microglial pathological response 
to acute tissue damage by a laser lesion. A 30 min time-
series was acquired before the laser lesion, and immediately 
after the lesion a 45 min time-series was taken to capture 
the microglia and mitochondrial response to the lesion (Fig. 
6). To quantify the response, the changes in fluorescence of 
the cytoplasmic and mitochondrial signals were measured 
in a region of interest (ROI) around the lesion site, 
excluding the lesion area (Fig. 6b). As expected1,3, multiple 
microglia processes immediately responded to the laser 
lesion; these processes arrived around the lesion site within 
minutes and sustained their presence for hours (Fig. 6c, d, 
e and Supplementary Movie 5). Unexpectedly, 
mitochondria were not in the processes that responded to 
the lesion within the 45 min timeframe (Fig. 6c, d, e and 
Supplementary Movie 5). To determine if mitochondria 
arrive later, an image was taken at 1 hour and 6 hours after 
the lesion. At 1 hour, there was still little to no mitochondria 
at the lesion site (Supplementary Fig. 4), but at 6 hours 
mitochondria occupied the processes extending to the 
lesion site (Fig. 6c, d, e). Therefore, microglia that 
immediately chemotax to the site of acute tissue damage do 
not have mitochondria, rather the mitochondria have a 
delayed arrival into the processes responding to the lesion.  
 
 
Mitochondria are delayed in their arrival to 
microglial processes engulfing dying neurons 
 
Finally, we investigated the mitochondrial dynamics and 
subcellular localization when single microglia clear 

apoptotic neurons. Targeted two-photon chemical 
apoptotic ablation (2Phatal) involves photobleaching 
nuclear dye to trigger apoptotic death of neurons (Fig. 7a)5. 
Nuclear condensation can be observed post-2Phatal (Fig. 
7a) and the neuronal corpses are cleared by microglia 
within 24 hours5,6. Therefore, 2Phatal serves as a valuable 
method to track mitochondria as microglia undergo the 
transition from recognition to early engagement, and then 
finally engulfment of a targeted neuron. An example of 
individual microglia actively clearing neuronal corpses 6 
hours after 2Phatal can be seen alongside stable microglia 
that maintained their location and morphology in the 
parenchyma (Fig. 7a).  
 
Stages of microglial engagement were tracked at 3, 6, and 
24 hours post-2Phatal and defined as 1) no engagement, 2) 
partial process cup formation, 3) process engulfment, and 
4) soma engulfment (Fig. 7b). At 3 hours all nuclei were 
partially condensed with most microglia forming a partial 
process cup around the nucleus; of the microglia processes 
surrounding the nucleus, half were lacking mitochondria, 
and half had less than 50% mitochondrial presence (Fig. 7b). 
As the microglia engagement increased to full process or 
soma engulfment at 6 and 24 hours, there was also an 
increase in mitochondrial presence within the process or 
soma engulfing the corpse (Fig. 7b, Supplementary Fig. 6). 
Fluorescent intensity measurements showed that microglia 
engagement gradually increased as observed in Figure 7b 
(Fig. 7c, Supplementary Fig. 6). However, mitochondrial 
presence in the cytoplasm surrounding the nucleus was not 
significantly increased until 6 hours after 2Phatal (Fig. 7c). 
Overall, some mitochondria may arrive 3 hours post-
2Phatal, but mitochondrial presence became evident at 6 
hours and was sustained when microglia were fully 
engulfing the dying cell. These findings emphasize a lack 
of mitochondrial presence in microglia processes during the 
initial stages of phagocytic engulfment of dying neurons. 
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Figure 6: Microglial processes acutely responding to a laser lesion do not contain mitochondria  
a) A region lacking microglia was chosen for a focal laser lesion (white outlined arrow). After the lesion, a 45min time-series was 
captured and at 6 hours an image was taken. b) A donut ROI was used to measure the change in fluorescence of the microglia and 
mitochondrial signals before and after the lesion within the defined ROI. c) Time-series showing the immediate chemotactic microglia 
process response to the site of the lesion, but little to no mitochondria response in the same time period. d) Fluorescence intensity 
measurements of the cytoplasmic and mitochondrial channels before and after the laser lesion. e) Cytoplasmic fluorescence signals are 
significantly different from baseline at both 45 min and at 6 hours while mitochondrial signals are not different at 45 min and but show 
a significant difference at 6 hours after the lesion (for (d-e) n = 7 lesions from 6 mice; one-way ANOVA; mean and s.e.m. are represented 
as error bands in (d) or bars in (e)). 
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Figure 7: Mitochondria are delayed in their arrival to microglial processes engulfing dying neurons 
a) Labeling of nuclei (gray) and microglia (magenta) indicating cells that were targeted for 2Phatal (yellow arrows) before and 6 hours 
after the initiation of cell death. At 6 hours microglia are regularly found to engulf the condensed nuclei of the targeted cells. Nuclei 
were intentionally targeted on one side of the field of view and microglia that are not engaged in phagocytosis remain ramified (red 
arrows). The images on the right show an example of nuclear dye photobleaching and the characteristic condensation and clearance of 
targeted neuronal nuclei. b) Time-series showing the engulfment and clearance of a targeted cell (yellow arrow) revealing early 
cytoplasmic cup formation that lacks mitochondrial labeling followed by full engulfment and microglial repositioning on top of the 
dying cell. The graphs show scoring of the nuclei (gray), cytoplasm (magenta) and mitochondria (green) at each time point showing that 
mitochondrial presence lag behind the initial formation of a phagocytic cup. c) The fluorescence intensity of the cytoplasm and 
mitochondrial channels surrounding targeted cells showing that while cytoplasmic signals significantly change at 3 hours and remain 
elevated, mitochondria show increased abundance at 6 hours. For (b-c) n = 27 cells from 6 mice; one-way ANOVA; mean and s.e.m. 
are represented as error bars in (c). 
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DISCUSSION 

In this study, we defined microglia mitochondrial 
morphometrics and motility in the live intact brain by 
intravital optical imaging. We found that mitochondria are 
not uniformly distributed in both mouse and human 
microglia processes with some processes containing many 
mitochondria while others had very few. Surprisingly, most 
of the processes that engage in minute-to-minute 
surveillance do not have mitochondria. Likewise, as 
microglia respond to a laser lesion, the processes that 
immediately chemotax to the lesion site do not have 
mitochondria, nor do the processes that initiate the initial 
stages of engulfment of an apoptotic neuron. Rather, the 
mitochondria have a delayed arrival into the microglia 
processes responding to injury. Additionally, mitochondrial 
motility was unaltered by the arousal state (awake or 
anesthetized) of the animal even though the microglial 
process motility was affected. Together, this study presents 
the heterogeneity of mitochondrial subcellular distribution 
in microglia during surveillance, chemotaxis, and 
phagocytic responses.  

A broad look at mitochondrial distribution in neocortical 
microglia showed that more mitochondria resided at the cell 
center and decreased towards the tips of the processes 
consistent with previous findings from the murine retina32. 
These observations contradict previous findings from in 
vitro studies as cultured microglia generally have more 
fragmented mitochondria spread evenly throughout the 
cell28–30. Our analysis also found that human cortical 
microglia showed similar mitochondrial partitioning and 
morphometrics, namely that some microglia processes are 
completely devoid of mitochondria (Fig. 1 and Fig. 2). 
Together, these data emphasize the importance of defining 
mitochondrial dynamics while microglia are maintained in 
their native microenvironment, as culture studies do not 
closely model the complex CNS environment.  

Mitochondria have phenotypic and proteomic differences 
across organs11. However, the uneven distribution of 
mitochondria in microglia with some processes containing 
little to no mitochondria and others being filled with 
mitochondria (Fig. 3) contrasts the mitochondrial 
distribution seen in other neural cells in the brain. For 
instance, mitochondria occupy almost all the complex 
arborizations of neurons43,44 and astrocytes45. As neurons 
consume most energy in the body and astrocytes are highly 
involved in their metabolic fitness it makes sense that 
mitochondria would be situated in all parts of the cell. We 
expected the radical morphological changes microglia 
undergo during surveillance, chemotaxis, and phagocytosis 
would require mitochondrial support for the energetic 
demand of those processes. However, we found that more 

motile microglial processes performing surveillance were 
less likely to contain mitochondria compared to the stable 
processes (Fig. 4). Another brain cell that undergoes 
extensive morphological changes is the oligodendrocyte 
precursor cell (OPC) as it differentiates into a myelinating 
oligodendrocyte46. At the stage when OPCs begin to form 
myelin, the arborizations are filled with mitochondria, but 
when the oligodendrocyte matures, mitochondria are 
concentrated in the soma and are mostly lost in the myelin 
sheaths47. The OPC to oligodendrocyte differentiation 
process takes days to weeks while microglial 
morphological changes can occur in a matter of minutes to 
hours. Therefore, the reorganization of internal cellular 
architecture may require time to manifest as microglial 
morphology changes. Indeed, although microglial 
processes reached the site of acute tissue damage (within 
10 min, Fig. 6) or to an apoptotic neuron (within 3 hours, 
Fig. 7), the mitochondria did not arrive within those 
processes until several hours after the injury (Fig. 6 and Fig. 
7). Other studies show that mitochondria follow or occupy 
tips of regenerating axons48, the leading edge of migrating 
cells49–51, and in the tips of filopodia52. Whereas we rarely 
see mitochondria in the tips of surveillant processes or in 
the microglial processes that are performing chemotaxis to 
the site of injury (Fig. 4 and Fig. 6). Thus, microglia 
orchestrate mitochondrial subcellular distribution and 
motility differently from other migratory cells or other cells 
undergoing shape changes.  

One explanation for the differences between cell types is 
that actin polymerization is mainly thought to drive 
microglial surveillance and the immediate chemotaxis to 
the site of acute tissue damage4,53. However, mitochondria 
are primarily transported along microtubules13. Given that, 
it is likely that the timing of mitochondrial arrival into the 
processes during the final stages of full engulfment is 
linked to actin vs microtubule cytoskeletal rearrangements 
occurring during the microglial injury response. In the 
developing zebrafish, centrosome orientation and 
microtubule organization determine which microglia 
process will engulf an apoptotic neuron54. These 
experiments revealed that it takes time for the centrosome 
to travel through the cell and enter the branch that will 
perform phagocytosis54. This supports the hypothesis that 
there is a selectivity to internal structure reorganization and 
functional heterogeneity in the microglia processes of a 
single cell. Future studies can explore the interplay between 
mitochondrial dynamics and cytoskeletal organization as 
microglia carry out their multifaceted functions.  

It is important to acknowledge that by optically imaging 
mitochondria we are limited by resolution capabilities. 
Therefore, the shape of mitochondrial networks rather than 
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individual mitochondria were analyzed. By aspect ratio, we 
found that mitochondria in the processes were more 
elongated compared to soma mitochondria, but the 
circularity measurement showed no difference (Fig. 1). The 
shape difference seen by aspect ratio was likely undetected 
by the circularity measurement since different features of 
the object are considered by these two methods to calculate 
shape (see Mitochondrial morphometric analysis in 
methods). The ultrastructure resolution from the electron 
microscopy (EM) 3D reconstructions provided 
corroborating evidence that mitochondria are more 
abundant but smaller in the processes, while in the soma, 
there are fewer mitochondria that are larger (Fig. 1 and Fig. 
2). EM allows for high resolution spatial reconstruction, but 
the tissue fixation likely affects microglial and 
mitochondrial morphologies55, explaining why many of the 
mitochondria in the EM dataset were more fragmented 
compared to the mitochondria imaged in vivo.  

Innate immune cells undergo a metabolic shift from 
oxidative phosphorylation to glycolysis in response to 
injury to effectively host a response56. Past work in vitro 
has shown that microglia switch metabolic profiles when 
exposed to inflammatory stimuli28–30,57. A challenge of 

studying microglia in the intact brain is the inability to 
thoroughly investigate microglial metabolism alongside 
mitochondrial dynamics and how these change during 
surveillance, chemotaxis, and phagocytosis. One study 
partially circumvented this limitation by removing a 
metabolic protein needed for the first step of glycolysis58, 
hexokinase2 (HK2), specifically in microglia33. They found 
that microglial process motility, velocity, and response to a 
focal lesion were all slowed in the live mouse with HK2 
knocked out33. These in vivo findings were complemented 
with metabolic profiling in primary cultured microglia, 
revealing a drop in both glycolysis and oxidative 
phosphorylation in the microglia with HK2 knocked out, 
indicating that HK2 loss left microglia energetically 
depleted33. There has been growing evidence that metabolic 
dysregulation and mitochondrial dysfunction lead to 
impaired phagocytic capacity of microglia contributing to 
neurodegenerative disease pathology and developmental 
abnormalities31,34–36,59,60. Future studies examining 
microglial bioenergetics in development, 
neuroinflammation, and neurodegeneration would benefit 
from also investigating mitochondrial morphometrics and 
dynamics using the approaches developed and employed 
here.
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METHODS 
 
Animals 
The triple transgenic mouse model used in this study, 
Cx3cr1-creER: Ai9: PhAM, was generated by breeding the 
following mouse lines together: Cx3cr1-creER (JAX 
strain# 020940)61, floxed tdTomato (JAX strain# 007909)62, 
and PhAM (JAX #018385)63. This line has conditional 
expression of cytoplasmic localized tdTomato (Ai9) and 
mitochondrial matrix localized Dendra2 (PhAM) to all 
Cx3cr1+ cells, which are predominantly microglia in the 
central nervous system. Animals used for this study were 
heterozygous for creER to prevent knock out of Cx3cr1. To 
mediate cre recombination, mice were administered an 
intraperitoneal (i.p) injection (0.05 mL) of tamoxifen 
(Sigma-Aldrich #T2859-1G) dissolved in corn oil (20 
mg/mL) every other day for 5 days (total of 3 injections) at 
weaning. Both male and female adult mice were used at 3-
6 months for the experiments64. All animal procedures were 
approved by the Institutional Animal Care and Use 
Committee at Dartmouth College (protocol number: 
00002158). All animals were housed in a temperature and 
humidity-controlled vivarium in a 12 hr light/dark cycle 
with ad libitum access to food and water. 
 
Surgical procedures 
Cranial window surgeries were performed over the 
somatosensory cortex as previously described47,65,66. 
Briefly, animals were anesthetized with an i.p. injection of 
ketamine (100 mg/kg) and xylazine (10 mg/kg) solution. 
Carprofen analgesic (50 mg/kg) was administered 
subcutaneously before, after, 24 hr after, and 48 hr after the 
surgery. A custom-made head plate was glued to the 
exposed skull and then a craniotomy was performed to 
remove a circular portion of the skull (3 mm x 3 mm). For 
2Phatal experiments, Hoechst 33342 nuclear dye (1:175) 
was directly applied to the exposed brain. The brain was 
sealed with a no. 0 cover glass allowing for intravital 
imaging. Experiments were performed 3-5 weeks post-
surgery to allow the surgery to heal and for inflammation 
to subside. However, Hoechst 33342 optimally labels 
nuclei 24 hr after topical application to the brain, therefore, 
we performed the 2Phatal experiments 24 hr after the 
cranial window surgery.  
 
Intravital imaging 
While the mouse was still anesthetized from the cranial 
window surgery, high resolution images were acquired on 
an upright confocal microscope (Leica SP8) with a 20X 
water immersion objective (Leica NA 1.0). All other 
imaging was performed on an upright laser-scanning 2-
photon microscope (Bruker Ultima) with a 20X water 
immersive objective (Zeiss NA 1.0). The cytoplasmic 

tdTomato was excited by 552 nm and 1040 nm laser 
wavelength on the confocal and 2-photon, respectively. The 
mitochondrial Dendra2 was excited by a 448 nm and 920 
nm laser wavelength on the respective microscopes. The 
Hoechst 33342 nuclear dye was excited by a 775 nm laser 
wavelength on the 2-photon. All Z-stacks were taken over 
a depth of 50-60 µm with a 1.5 µm step size between stacks. 
The imaging depth spanned layers 1 and 2 of the 
somatosensory cortex. All time-series were acquired by 
taking a Z-stack image every 1 min for a total of 30, 45, or 
60 min. For anesthetized imaging sessions isoflurane 
anesthesia mixed with room oxygen was delivered to the 
animal via the SomnoSuite, Low-Flow Anesthesia System. 
Initially, 3.5% isoflurane was used to induce anesthesia, 
then anesthesia was maintained at 1.5% isoflurane while 
imaging. Awake imaging experiments were performed by 
head fixing the mouse by the head plate in the Neurotar’s 
Mobile HomeCage that allows the mouse to move ad 
libitum on an air table. 
 
3-dimensional segmentation and rendering from optical 
images 
High resolution confocal images were used to segment 
microglial cytoplasm and their mitochondria. The image 
size was 2048 x 2048 pixels (pixel size 180 nm x 180 nm), 
and 1-3 positions were acquired per animal. A total of 14 
microglia from 9 mice were segmented. The parameter to 
choose the microglia to segment was that all cell 
compartments had to be within the Z-depth imaged. Aside 
from that, the cells to segment were randomly selected (1-
3 cells per animal).  
 
The Volume Annotation and Segmentation Tool (VAST 
Lite, version 1.4.1)67 was used to segment the cytoplasmic 
(tdTomato) and mitochondrial (Dendra2) signal in 3D. 
Images were preprocessed in FIJI68: the tdTomato and 
Dendra2 channels were split, smoothed, the look up table 
(LUT) changed to Grays, and converted from an 8-bit to 
RGB Color. The images were then imported to VAST to 
complete the segmentations. For each cell, first the 
cytoplasm was segmented to define the soma, processes, 
and primary process compartments. Then the mitochondrial 
networks were segmented and designated to the respective 
compartment they resided in. Lastly, with VAST we 
exported the following from the completed segmentations: 
1) the cytoplasmic and mitochondrial volumes and 2) 
uncompressed TIFF images at mip level 0 (indicates the 
voxel resolution in X, Y, Z: 180 nm, 180 nm, 1500 nm). 
Both were later used in mitochondrial morphometric 
quantifications done in FIJI or Excel. The raw values for 
mitochondrial volume from the optical images were likely 
overestimated due to limits in axial resolution with optical 
fluorescence microscopy in addition to the inability to 
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always resolve and separate single mitochondria from 
mitochondrial networks as mentioned in the discussion. 
Therefore, direct comparisons of mitochondrial volume 
between the optical and EM datasets cannot be made. This 
does not impact other comparisons as ratio-metric or within 
cell comparisons are accurate.    
 
To 3D render the microglial cytoplasm and mitochondria, 
MATLAB (version 24.1.0)69 and VAST were used to 
export OBJ files of the cytoplasmic and mitochondrial 
segments at mip level 0. The OBJ files were used in 3D 
Slicer70–73 to create the 3D renderings (see examples in Fig. 
1e and Supplementary Fig, 1c).  
 
Human electron microscopy dataset analysis  
To investigate mitochondria in microglia across species we 
used a publicly available human electron microscopy (EM) 
dataset (H01) available online at  http://h01-
release.storage.googleapis.com/landing.html38. This 
dataset provides a complete cellular and vascular 
reconstruction of 1 cubic millimeter of the temporal cortex, 
the largest reconstruction of the human brain to date38. The 
brain tissue was donated from a 45-year-old female who 
underwent an epilepsy-related resection surgery38. To 
access and remove the damaged tissue, surgeons needed to 
also remove a healthy, non-pathological section, a portion 
of which constitutes the H01 dataset38.  
 
The tissue was prepared as described38, sectioned at ~30 nm 
thickness, and imaged using multibeam scanning electron 
microscopy with a resolution of 4 x 4 nm2. This group 
identified the cell types and segmented their shape in 3D, 
which can be viewed in Neuroglancer38. We distinguished 
microglia from OPCs by their nuclear ultrastructure and 
cell cytoplasmic morphology39. Using Neuroglancer, we 
chose 6 microglia from cortical layer 5 to further segment 
their mitochondria. We used VAST67 to open the H01 
dataset, import the coordinates of our cells of interest taken 
from Neuroglancer, and fill the microglia cytoplasm that 
had already been automatically segmented38. We further 
segmented other microglial compartments including the 
soma, processes, primary processes, nucleus, and 
mitochondria. Mitochondria were designated to their 
respective compartment. Similar to the fluorescent 
segments, we used VAST to export the following from the 
specific bounding area of the EM segmentations: 1) the 
cytoplasmic, nuclear, and mitochondrial volumes and 2) 
uncompressed TIFF images at mip level 4 (X, Y, Z: 128 
nm, 128 nm, 132 nm). A higher mip level lowered the 
resolution such that images could be exported in a timely 
manner. These exports were later used for mitochondrial 
morphometric quantifications done in FIJI or Excel. 
 

Mitochondrial morphometric analysis  
Morphometrics in this study encompass mitochondrial 
content, shape, and subcellular distribution. Starting with 
content, all volume exports from the 3D segmentations 
were used to determine the mitochondrial to cytoplasmic 
volume fraction (%) and the total or average mitochondrial 
volume (µm3) in the whole microglia and/or by microglial 
compartment (soma and processes). Additionally, 
mitochondrial network number and the number of 
individual mitochondria were manually counted while 
segmenting the optical (mouse) and EM (human) datasets, 
respectively. For the optical dataset, if a mitochondrial 
network spanned more than one compartment, its’ volume 
was split to represent the compartment it resided in, but it 
was counted as 1 network. For the EM dataset, if a 
mitochondrion spanned more than one compartment, it was 
assigned to the one it most occupied.  
 
From the optical segmentations, mitochondrial shape was 
determined by circularity and aspect ratio: two different 
calculations to determine how circular or elongated an 
object is. A value equal to 1.0, from both circularity 
(4pi*(area/perimeter2)) and aspect ratio (width/length), 
represents an object that is a perfect circle. Therefore, as the 
value moves further from 1.0, the object becomes more 
elongated. To quantify the mitochondrial shape, 
mitochondrial segments from each microglia were opened 
in FIJI, a maximum intensity projection was made, default 
threshold applied, then the “Analyze Particles” command 
was used to automatically calculate circularity and aspect 
ratio from the shape descriptors. Circularity and aspect ratio 
consider different features of the object. Using both 
methods ensures a thorough analysis, as one calculation 
might not detect a shape difference, while the other does.  
 
Multiple analyses were used to dissect the subcellular 
distribution of mitochondria in microglia. First, a sholl 
analysis was done on the cytoplasmic and mitochondrial 
segments (from optical and EM datasets) separately. Sholl 
is used on cells with a branched morphology to determine 
the complexity of the branching. It does this by counting 
the number of intersections that branches make on evenly 
spaced concentric circles that radiated out from the cell 
center. With sholl, we wanted to determine how 
mitochondria radiate from the cell center relative to the 
microglial branching complexity. To perform sholl, 
maximum intensity projections were made from the 
cytoplasmic and mitochondrial segments in FIJI, a default 
threshold was applied, a straight line was drawn from the 
cell center to the edge of the image, and the 
“Neuroanatomy” plugin was used to execute sholl. Sholl 
parameters for the optical dataset were set to 1 µm for the 
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starting radius and step size with a 70 µm ending radius. 
Given the increased spatial resolution of the EM dataset, we 
used the following sholl parameters: 0.5 µm for the starting 
radius and step size with an 80 µm ending radius. Results 
were graphed as number of intersections against the 
distance from the cell center. Of note, to exclude 
contributions from the soma, radii 1 – 8 µm were excluded 
from the sholl graphs (Fig. 1 and 2) since the average soma 
radius of microglia is around 8 µm in the optical and EM 
datasets (data not shown).  
 
The second set of analyses determined the subcellular 
distribution of mitochondria along the length of individual 
primary processes in 10% bins. To measure the primary 
process lengths, the optical 3D segments (from the cell 
soma and the primary process cytoplasm and mitochondria) 
were first maximum intensity projected and merged into 
one image in FIJI. In the merged image, only the cytoplasm 
and soma channels were made visible. The mitochondrial 
channel was off to ensure the researcher was blind to the 
mitochondria location along the primary branch length. 
Next, a 5-pixel segmented line tool was used to trace the 
longest branch in the primary process from soma end to tip 
end such that the shortest possible path was traced. Then, 
the “Plot Profile” command was executed in reference to 
the mitochondrial channel which provided the primary 
process length (µm) and information (from gray value) on 
where mitochondria specifically reside along that length. 
To interpret this information, the length of all the primary 
processes were normalized to each other by considering the 
length as 0-100% (soma = 0% and tip of process = 100%) 
and quantifying the mitochondrial occupancy in 10% bins 
along the length of the primary process.  
 
The third set of analyses further described mitochondrial 
subcellular distribution in primary processes by scatter 
plotting the mitochondrial volume in each primary process 
(µm3) by the primary process length (µm) with both the 
optical and EM datasets. The primary process lengths of the 
human EM microglia were measured with plot profile as 
described above. Primary process length, not cytoplasmic 
volume, was used in these analyses to distinguish long 
processes from short processes. Cytoplasmic volume was 
misleading because some short processes had greater 
volume than longer and thinner processes. 
 
Lastly, Excel was used to perform a k-means cluster (k = 2) 
using the mitochondrial volume per primary process. This 
computationally defined two groups that contained either 
high mitochondrial volume (>67.1 µm3) or low 
mitochondrial volume (<67.1 µm3). Within those 2 groups 
we determined the circularity and aspect ratio of the 

individual mitochondrial networks in each primary process 
(excluding the primary processes lacking mitochondria). 
The goal of this analysis was to determine if mitochondrial 
shape in a microglia process differs depending on the 
volume of mitochondria occupying that process. We used 
the optical mouse dataset for this analysis given the 
abundance of primary processes analyzed.  
 
Mitochondrial presence during microglial surveillance 
To determine mitochondrial presence during microglial 
surveillance, animals were imaged under isoflurane 
anesthesia 3-5 weeks after the cranial window surgery (see 
Surgical Procedures and Intravital Imaging). A 30 min 
time-series was captured from 4 mice. In FIJI, the time-
series was 3D Drift Corrected based on the tdTomato 
channel, then 25 microglia were selected also using the 
tdTomato channel. Each microglial cell was cropped, 
smoothed, then maximum intensity projected from the 5 
slices above and 5 slices below the center of the microglial 
soma. Then branches (3-6 per cell) and process tips (3-6 per 
cell) were selected (using the tdTomato channel) from each 
microglia and the following analyses were performed.  
 
We defined the branches as “stable”, present at 0 min and 
30 min, or “lost”, branch was present at 0 min but gone at 
30 min. Stable branches were considered less motile than 
the lost branches. With this we determined the percentage 
of branches that were stable or lost. To confirm that the 
branches selected had no difference in mitochondrial 
occupancy at timepoint 0 min, we determined the 
percentage of branches that contained and did not contain 
mitochondria. Then, we determined the percentage of 
branches containing mitochondria in the stable branches vs. 
the lost branches. Given that much motility occurs at the 
tips of the processes we overlayed a 5 x 5 µm2 region of 
interest (ROI) around the tip’s center and determined the 
percentage of tips that contained or did not contain 
mitochondria.  
 
Next, we quantified the area covered by the cytoplasmic 
and mitochondrial signal across the 30 min time-series by 
temporally projecting all the 30 images together 
(designated as 0à30 min). We visualized process and 
mitochondrial motility from manual tracks made in the 
FIJI’s TrackMate plugin. An increase in area fraction 
indicates motility, therefore, we aimed to quantify the 
motility by these methods to compare microglial process 
and mitochondrial motility during surveillance. Each 
cropped cell was further processed in FIJI: the cytoplasmic 
and mitochondrial channels were split, bleach corrected, 
“Li” thresholded to make a binary image with minimal 
background signal, and finally temporally projected. From 
this, area fraction from the cytoplasmic and mitochondrial 
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channels was determined from the 0 min image and the 
temporal projection 0à30 min. We determined the percent 
of mitochondrial to cytoplasmic area fraction, and the 
percent change in area fraction for each signal separately.  
 
Awake to isoflurane anesthetized imaging  
Awake to anesthetized imaging was performed 3-5 weeks 
after the cranial window surgery (see Surgical Procedures 
and Intravital Imaging). First, the animal was acclimated to 
the Neurotar Mobile HomeCage for 30 min, then a 30 min 
time-series was captured. Next, the same animal was 
removed from the awake imaging set-up and anesthetized. 
We allowed the mouse to acclimate to the anesthesia for 30 
min before locating the same position that was imaged 
during wakefulness. Then, a 30 min time-series was 
captured. Therefore, two 30 min time-series were acquired 
from the same animal in the same position: first during 
wakefulness and then during anesthesia allowing us to 
compare the same microglia and their mitochondria under 
different arousal states.  
 
Motility of microglial processes and mitochondria 
For analyzing the mitochondria and processes’ dynamics in 
awake and isoflurane anesthetized conditions, first, the Z-
stacks were registered to correct for the Z-drift with 
reference to the cytoplasmic channel. The cells to be 
analyzed were randomly selected with reference only to the 
first time point and the analyzer was blinded to the 
experimental condition. The cells were cropped, smoothed, 
and used to create Z-projections which were later 
thresholded similarly for the mitochondria and cytoplasmic 
channel. To measure the processes’ dynamics, Z-
projections of the first and last time points as well as of all 
the time points along the 30 min time-series were created 
for the cytoplasmic channel. Area fraction in the cropped 
region was measured for the first time point as well as for 
the temporal projections and the change in area fraction 
between the two was calculated.  

Mitochondria motility analysis was done only for the 
mitochondria in the processes of the selected cells and 
mitochondria present in the soma or other cells in the 
environment were cleared out. The thresholded images 
were then run in TrackMate74 with the following settings: 
the LoG detector was selected, and the estimated object 
diameter was set at 3, quality threshold at 1, and sub-pixel 
localization was checked; the simple LAP tracker was 
selected and the linking and gap-closing max distance was 
set at 3 microns, and gap-closing max frame gap at 2. The 
tracks with less than 5 spots were excluded and 
displacement was collected for each of the automatically 
tracked mitochondria networks. To correct for any 
remaining drift caused by imaging and sample motion 

artifacts, first, the mitochondria track that traveled the 
smallest distance along the 30 min time-series was 
identified. It was assumed that any displacement collected 
from this track was due to drift and therefore all the other 
displacement values were corrected accordingly based on 
this track. All the above steps were kept consistent for both 
awake and isoflurane conditions. Lastly, all the 
mitochondria displacement values of all the tracks analyzed 
in both conditions were combined to calculate the mean and 
standard deviation. Their sum (rounded up to 3 microns) 
was determined to be the displacement threshold above 
which the mitochondria tracks were considered motile.  

Laser lesion imaging and analysis  
The laser lesion experiment was performed in awake 
animals using the Neurotar Mobile HomeCage 3-5 weeks 
after the cranial window surgery (see Surgical Procedures 
and Intravital Imaging). The laser power was increased to 
~75mW for the lesion. The high laser power used for the 
lesion causes cell rupture and spillage of ATP into the 
parenchyma3. ATP then triggers a chemotactic response 
from microglia via the transmembrane purinergic P2Y12 
receptor75. This method of applying focal tissue damage 
serves as a model of acute inflammatory response by 
microglia. Before the lesion was induced a 30 min time-
series was acquired to capture baseline surveillance. In the 
same position, a laser lesion was induced in an 8 x 8-pixel 
ROI in an area with little to no fluorescent signal, then 
immediately after the lesion a 45 min time-series was 
captured. This allowed us to observe the microglial 
transition from baseline surveillance to rapid chemotactic 
response to the lesion and assess the mitochondrial 
positioning and motility throughout this process. 
Additionally, the same position was imaged at 1 and 6 
hours after the lesion to observe the progression of 
mitochondrial dynamics as microglia work to clear the 
debris. The same position was identified at each timepoint 
using the vascular morphology and cellular patterning.  
 
To determine when microglial processes and mitochondria 
arrive to the laser lesion, the change in fluorescence over 
time was quantified in the region surrounding the lesioned 
area. To do this the 30 min and 45 min time-series were 
preprocessed as follows: a maximum intensity projection 
was made, the tdTomato and Dendra2 channels were each 
bleach corrected, then the projection was corrected for 3D 
drift referring to the Dendra2 channel, the tdTomato and 
Dendra2 channels were split, then the lesion location was 
identified. Next, autofluorescence produced from the lesion 
was removed by clearing the all tdTomato and Dendra2 
signal in a 16 x 16-pixel ROI (double the size of the original 
8 x 8-pixel lesion), then the “Li” threshold was applied to 
the projections to create a binary image stack of each 
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channel and remove background signal. Next, a 50 x 50-
pixel ROI was centered around the cleared area, creating a 
donut ROI (Fig. 6b), and the “Time Series Analyzer V3” 
FIJI plugin was used to quantify the average fluorescent 
intensity around in the donut ROI over time. The average 
fluorescent intensities across the 30 min times-series were 
averaged for each position and channel (tdTomato and 
Dendra2) imaged. This average served as the baseline 
fluorescence for the position, and it was used to calculate 
the change in fluorescent intensity minute by minute for the 
30 min before and 45 min after the lesion was induced. The 
change in fluorescent intensity was also quantified from a 
single 6 hr time-point to determine the possible progression 
of mitochondrial arrival to the lesion site. 
 
2Phatal imaging and analysis  
Targeted two-photon chemical apoptotic ablation (2Phatal) 
experiments were performed in awake animals using the 
Neurotar Mobile HomeCage 24 hours after the cranial 
window surgery (see Surgical Procedures and Intravital 
Imaging). 2Phatal enabled us to trigger apoptotic death of 
single neurons5 in layer 2 of the somatosensory cortex. We 
observed the microglia mitochondrial response to this non-
inflammatory injury7–9 as a single microglia recognized the 
apoptotic neuron and initiated phagocytosis of the neuronal 
corpse5,6. Neuronal nuclei were identified by their granular 
morphology and large size5. 2Phatal was induced as 
previously described5,65. Briefly, an 8 x 8-pixel ROI was 
placed over the Hoechst 33342 labeled neuronal nucleus, 
the dwell time was increased to 100 µs, the laser intensity 
was increased, and then the nuclear dye was laser ablated 
for 3.2 s. This damages the DNA and triggers apoptosis5. 
One position per animal was captured and within each 
position, 1-8 neuronal nuclei were targeted. Images were 
taken before, 3 hr, 6 hr, and 24 hr after 2Phatal. The same 
position was identified at each time point using the vascular 
morphology and nuclear patterning. This is a valuable non-
inflammatory cell death method that will enable 
visualization of how the mitochondrial dynamics interplay 
with the microglial process dynamics when clearing a 
single neuron. 
 
First, we qualitatively assessed the nuclear condensation, 
microglial engagement, and mitochondrial presence at each 
timepoint imaged (before, 3 hr, 6 hr, and 24 hr). Nuclear 

condensation was defined as either normal, partially 
condensed, fully condensed, or absent. Microglial 
engagement was defined as no engagement, partial process 
cup, process engulfment, or soma engulfment. 
Mitochondrial presence was defined as absent, <50% 
present, or >50% present. These scorings of engagements 
were individually graphed to show the percentage of total 
cells presenting the specific nuclear, cytoplasmic, and 
mitochondrial phenotypes before and after 2Phatal.    
 
For a quantitative assessment of the microglial cytoplasmic 
and mitochondrial response to clearing an apoptotic neuron, 
we determined the average fluorescent intensity at each 
time point (before, 3 hr, 6 hr, and 24 hr) imaged post-
2Phatal. To perform this analysis in FIJI, a 20 x 20 µm2 
circular ROI was centered the 2Phatal targeted nuclei to 
produce a cropped image for each nucleus at each time 
point. From the cropped images, the channels (tdTomato 
and Dendra2) were split, and a default threshold was 
applied to each image. Then, a 20 x 20 µm2 circular ROI 
was overlayed on each image and the mean gray value was 
effectively quantified around the immediate vicinity of the 
target nucleus across all timepoints and in both the 
cytoplasmic and mitochondrial channels.  
 
Statistical analysis 
All statistical analyses were performed using GraphPad 
Prism (version 10.3.0) or Excel. No statistical methods 
were used to predetermine sample size, and all data was 
assumed to have a normal distribution. Sample sizes were 
based on those reported in previous publications. Statistical 
tests, cell numbers, and animal numbers are indicated in the 
figure legends for each experiment. The parameters to 
select the cells analyzed in this study were based on the 
quality of the images and that all cell compartments were 
within the imaged Z depth. The cells for the motility 
analyses were randomly selected with reference to the first 
time point of the time-series, and the data was blinded for 
awake and isoflurane anesthetized conditions. The cells 
analyzed from the EM dataset were selected based on the 
microglial identification criteria. Throughout the study, the 
analyzer only referred to the cytoplasmic channel, and not 
the mitochondrial channel, when defining ROIs to prevent 
bias to on the regions selected. No animals were excluded 
from the statistical analysis.
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Supplementary Information 
 
 

 
 

Supplementary Figure 1: Mitochondrial labeling in microglia 
a) Strategy for cre recombinase dependent conditional labeling of microglial cytoplasm and their mitochondria using floxed tdTomato 
and dendra2 fluorescent reporters. Microglia and their mitochondria were visualized in vivo using cranial window surgeries and intravital 
optical imaging. The image on the right shows an example of the labeling obtained in microglia of the superficial layers of the 
somatosensory cortex. b) Single microglia and their mitochondria. c) Fluorescent optical images and an example 3D reconstruction of 
a single microglia and its mitochondria.   
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Supplementary Figure 2: Mitochondria in human neocortical microglia 
a) 3D reconstruction of two microglia (gray), their nuclei (yellow), and all their mitochondria (red) taken from a sample of human 
neocortex.   
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Supplementary Figure 3: Heterogenous distribution of mitochondria in single microglial processes 
a) In vivo image of a single microglia showing 4 different cell processes with varying densities of mitochondria showing the 
mitochondria are not uniformly distributed throughout the cell. b) Two different microglial processes with low mitochondrial volume 
that contain punctate, circular mitochondria (yellow arrows).   
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Supplementary Figure 4: Microglial process surveillance is increased under anesthesia 
a) Images showing microglia cytoplasm at 0 and 30 min taken from an awake (top) or isoflurane anesthetized (bottom) imaging session. 
Overlay of the two time points shows microglial process reorganization during the 30 minutes. b) Change in area fraction measurements 
of the two time points shown in (a) are used as a surrogate for measurements of microglial surveillance and the graph shows significantly 
more change in area fraction under the isoflurane condition compared to the awake state showing that microglial surveillance is higher 
under isoflurane. n = 18 cells from 6 mice; paired, two-tailed t-tests.  
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Supplementary Figure 5: Microglial processes acutely responding to a laser lesion do not contain mitochondria. a) 
Time series showing the immediate chemotactic microglia process response to the site of a laser lesion (arrow), but little to no 
mitochondria response in the same time period. 
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Supplementary Figure 6: Mitochondria are delayed in their arrival to microglial processes engulfing dying neurons. 
a) Labeling of nuclei (gray) and microglia (magenta) indicating a cell that was targeted for 2Phatal (yellow arrows) before and 6 hours 
after the initiation of cell death. At 6 hours the microglial cell is engulfing the condensed nuclei of the targeted cell. The images on the 
right show the cytoplasm and mitochondria in the same microglia during the engulfment with very little mitochondrial presence at 3 
hours during the initial stages of phagocytic engulfment.  b) Two additional examples of phagocytic engulfment of dying neurons 
(yellow arrows) and the delayed presence of mitochondria in the phagocytic cup that forms around the condensed nuclei. 
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Supplementary Movies 
 

Supplementary Movie 1: Mitochondrial labeling in mouse neocortical microglia 
Z-stack showing labeling of microglia and their mitochondria in the somatosensory cortex imaged through a cranial window. Depth 
from the cortical pial surface is shown in the top right corner.  
 
Supplementary Movie 2: Segmentation of mitochondria in human microglia 
3D rendering of a human microglial cell with its nucleus and all it its mitochondria segmented.  
 
Supplementary Movie 3: Intravital mitochondrial motility in neocortical microglia 
Time series of microglial surveillance and mitochondrial motility. The first clip in the movie shows multiple microglia and the 
subsequent clips focus in on single microglia and their mitochondria.   
 
Supplementary Movie 4: Mitochondrial motility in microglia is not altered by animal anesthesia 
Time series of a microglial cell and its mitochondria imaged in awake conditions and under isoflurane anesthesia.  
 
Supplementary Movie 5: Microglial processes responding to a laser lesion do not contain mitochondria. Time series 
showing microglial process and mitochondrial chemotactic responses to focal laser lesions. The first video shows microglial motility 
for 30 minutes preceding the lesion followed by 45 min during the initial stages of process extension. The movie also shows a second 
example of a lesion and process extension towards the lesion in the subsequent 60 min with no mitochondria in the responding process.  
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