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Mitochondrial network adaptations
of microglia reveal sex-specific stress
response after injury and UCP2 knockout

Margaret E.Maes,1 Gloria Colombo,1,3 Florianne E. Schoot Uiterkamp,1 Felix Sternberg,2 Alessandro Venturino,1

Elena E. Pohl,2 and Sandra Siegert1,4,*

SUMMARY

Mitochondrial networks remodel their connectivity, content, and subcellular localization to support opti-
mized energy production in conditions of increased environmental or cellular stress. Microglia rely on
mitochondria to respond to these stressors, however our knowledge about mitochondrial networks
and their adaptations in microglia in vivo is limited. Here, we generate a mouse model that selectively la-
bels mitochondria in microglia. We identify that mitochondrial networks are more fragmented with
increased content and perinuclear localization in vitro vs. in vivo. Mitochondrial networks adapt similarly
in microglia closest to the injury site after optic nerve crush. Preventing microglial UCP2 increase after
injury by selective knockout induces cellular stress. This results inmitochondrial hyperfusion inmalemicro-
glia, a phenotype absent in females due to circulating estrogens. Our results establish the foundation for
mitochondrial network analysis of microglia in vivo, emphasizing the importance of mitochondrial-based
sex effects of microglia in other pathologies.

INTRODUCTION

Mitochondria have been classically defined as autonomous organelles that support eukaryotic cell function by providing energy through

cellular respiration.1 In recent years, this traditional view has expanded to include several mechanisms of mitochondrial-mediated cellular

signaling such as, inter-organelle contacts, mitochondrial-derived vesicle trafficking and release of metabolites or mitochondrial DNA.2–5

In line with these observations, changes in cellular metabolism and mitochondrial-associated gene signatures have been frequently associ-

ated to pathological conditions, highlighting mitochondria as key players in cell signaling and disease.2

In physiological conditions, mitochondrial networks constantly remodel through the process of organelle fission and fusion, termed mito-

chondrial dynamics.1 Mitochondrial fusion supports matrix content exchange and/or enhanced ATP production, while fission assists redistri-

bution and elimination of dysfunctional organelles.6 Cellular stress, such as increased reactive oxygen species (ROS), leads to imbalanced

mitochondrial dynamics often resulting in a more fragmented network. This is reflected in an increased number of small-volume, spherical

mitochondria7 and expedites removal of damaged mitochondria in a process termed mitophagy. To compensate for mitophagy, mitochon-

drial biogenesis occurs which induces protein synthesis allowing the organelles to increase in size, leading to transient alterations in cellular

mitochondrial content.8 Fragmented mitochondrial networks also facilitate organelle trafficking and redistribution to different subcellular

compartments, which can influence cytoplasmic and nuclear calcium loads and transcriptional activity.9–11 Under certain stress conditions,

mitochondria can also form highly connected, hyperfused networks, which increase membrane potential and ATP production helping miti-

gate stress and promotes cell survival.12–14 Therefore, the adaptations of mitochondrial network connectivity, content, and localization pro-

vide valuable insight into cellular stress and energy demands.

Degenerative disease environments increase cellular stress, and failure to mitigate this stress results in its accumulation and cellular dam-

age.15 This is particularly relevant in the context of immune cells, whose primary role is to detect and rapidly react to perturbations in their

environment.2,16,17 Microglia, the resident immune cells of the brain, respond to environmental cues through morphological, transcriptional,

and metabolic adaptations.18–20 Several studies have shown that mitochondria are essential to microglial surveillance and response. Mito-

chondrial network fragmentation is required for the metabolic shift to glycolysis in responsive microglia in vitro.21 This was corroborated

in cell isolation studies where aberrant metabolic reprogramming was identified as the cause for microglial dysfunction in Alzheimer’s mouse

models.20 Microglia are able to adapt to available energy sources to maintain their surveillance functions,22 however in germ-freemice where

fuel sources are scarce, their mitochondrial function diminishes which is reflected in increased mitochondrial mass, ROS and reduced
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Figure 1. Mitochondria in microglia in vivo establish networks distinct from in vitro

(A) Retinal section immunostained for TOMM20 (white). Scale bar: 20 mm. ONL, outer nuclear layer. OPL, outer plexiform layer. INL, inner nuclear layer. IPL, inner

plexiform layer. GCL, ganglion cell layer.

(B) Schematic of mouse model for mitochondrial visualization with floxed mito-Dendra2 at the Rosa26 locus (PhAMfl/fl). Phamfl/fl are crossed to Cx3cr1CreERT2 for

microglia-selective mito-Dendra2 expression (green) after receiving tamoxifen injection for three consecutive days. Referred to as WT throughout the study.

(C) Overview image of immunostained microglia (IBA1, magenta) in the IPL expressing the mitochondrial label (Dendra2, green) in retinal wholemounts for WT.

Scale bar: 50 mm, zoom-in: 20 mm.
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numbers.23 Therefore, mitochondrial network adaptations are necessary for effective microglial responses, and provide important insights

into cellular stress and metabolic changes that could predict disease-related phenotypes in the neuronal environment.

However, nearly all of the evidence investigating mitochondrial adaptations are from in vitro or cell isolation studies.20,21,23–25 Microglia

isolated from their environment quickly transition to a responsive phenotype, preventing us from deciphering whether novel insights result

from the microglia within the tissue environment or from artifacts arising due to the additional stress of tissue dissociation, processing, or the

primary culture environment.26–28 Furthermore, spatial information and environmental factors such as sex are lost in cell isolation studies,

which are important contributing factors known to influence microglia.29 A major limitation in addressing mitochondria in microglia in vivo

is the lack of tools to effectively visualize mitochondrial networks specifically in microglia.

Here, we generated amousemodel that selectively labels mitochondria in microglia. First, we established the differences between in vitro

and in vivomitochondrial networks. Then, we analyzed spatially isolatedmicroglial populations in the brain using the retina as a model. Here,

microglia predominately reside in inner- and outer plexiform layers (IPL andOPL, respectively), and respond to optic nerve crush (ONC) which

induces axonal injury of retinal neurons distant from the retinal tissue.30–32 We show that after ONC, microglia have more fragmented mito-

chondrial networks with increased content per cell and altered localization in IPL microglia, while OPL microglia further from the dying neu-

rons only minimally respond. Next, we manipulated cellular stress in microglia by selectively depleting uncoupling protein 2 (UCP2), a mito-

chondria-localized gene associated with stress mitigation and microglial function.33,34 UCP2-depleted IPL microglia responded similarly to

wildtype after ONC with the exception of mitochondrial number. We uncovered a sex-specific difference in stress mitigation, where male

UCP2KO microglia exhibited hyperfused mitochondrial networks after ONC. Ovariectomized UCP2KO females represented a similar mito-

chondrial phenotype suggesting that circulating estrogens influence this effect, and highlighting that there are sex-based differences in mi-

croglial stress mitigation.

RESULTS

Mitochondrial networks of microglia differ between in vitro and in vivo environments

Visualizing mitochondrial networks of retinal microglia by immunostaining for markers such as TOMM20 (translocase of outer mitochondria

membrane 20) results in a dense and ill-defined labeling in the OPL and IPL, where microglia predominantly reside (Figure 1A). Thus, we took

advantage of the PhAMfl/fl mouse, which carries a floxed transgene encoding a mitochondrial-localized Dendra2 fluorophore.35 We crossed

thismousewith theCx3cr1CreERT2mouse expressing tamoxifen-inducible Cre recombinase in cells ofmyeloid origin.36 After tamoxifen admin-

istration,Cx3cr1CreERT2/+/PhAMfl/fl mice, hereafter referred to as wildtype (WT) mice (Figure 1B), microglia labeled with IBA1 (ionized calcium-

binding adaptormolecule 1) showed selective expression of themito-Dendra2 fluorophore (Figure 1C).We verifiedmito-Dendra2 localization

at the mitochondria of microglia by co-labeling with TOMM20 in retinal sections (Figure 1D), as well as in 4-hydroxytamoxifen treated primary

mixed glial cultures prepared from WT pups (Figure 1E).

Primary microglia in mixed glial culture differ in their morphological shape compared to microglia in vivo (Figures 1F and 1G). To evaluate

the mitochondrial network in both conditions, we generated 3-dimensional (3D) surfaces of both mitochondria and microglia and performed

volumetric analyses (Figures1F, 1G, andS1A, VideosS1, andS2). First,wequantifiedmitochondrial networkconnectivity for single cells inwhich

we determined the median mitochondrial volume amongst all organelles of a cell (Figure S1B), the number of mitochondria, and the mean

sphericity of mitochondria (Figure S1C). Microglia in vitro exhibited a reduced median mitochondrial volume and increased total number of

mitochondria compared to in vivo (Figure 1H), indicating amore fragmentedmitochondrial network, even though the sphericity did not differ.

When we analyzed the mitochondrial content per cell (Figure S1D), we found that microglia in vitro had a significantly greater content

compared to in vivo (Figure 1I), suggesting an imbalance of biogenesis and turnoverbetween conditions, which canbe associatedwith greater

oxidative damage.37 To assess subcellular localization ofmitochondria, wemeasured the distance from the centroid of eachmitochondrion to

the cell soma (Figure S1E) and represented the data in a scatterplot (Figure S1F).We found a greater percentage of a cell’s total mitochondrial

volume was localized in the perinuclear region closer to the soma in vitro (Figures 1J and S1G). Collectively, these mitochondrial parameters

Figure 1. Continued

(D) TOMM20-immunostained retinal cross sections from WT mouse expressing mito-Dendra2 (green) and co-labeled with IBA1 (magenta). Scale bar: 20 mm.

Single plane zoom-in (dashed outline) show overlap (white arrow) for mito-Dendra2 and TOMM20 (white). Scale bar: 5 mm.

(E) TOMM20 (white) and IBA1 (magenta)-immunostained primary mixed glia culture with mito-Dendra2 (green) expression from WT mouse after

4-hydroxytamoxifen treatment. Scale bar: 15 mm. Dashed outline, zoom-in single plane. Blue: Hoechst labeled nuclei. Scale bar: 15 mm.

(F and G) Immunostained microglia (IBA1, magenta) expressing mito-Dendra2 (green) in microglia in vitro from WT primary mixed glial cultures (E) or WT IPL

in vivo (F). Scale bar: 10 mm. Next, 3D-surface rendering of IBA1 microglia (magenta outline) and Dendra2 mitochondria (green) with zoom-in (dashed line).

Scale bar: 10 mm, zoom-in: 3 mm.

(H–J) Mitochondrial parameters. Boxplot minimum and maximum: InterQuartile Range (IQR) around median (center line). Whiskers: 1.5 IQRs. Black diamond:

outliers outside of 1.5 IQRs. Each overlaid point represents data point of a single microglia. In vitro: dusty pink. In vivo: gray. (H) Mitochondrial network

connectivity determined by median mitochondrial volume (left, Wilcoxon rank-sum test: p < 0.0001), number of organelles within a single cell (center,

Welch’s t-test: p = 0.0033) and mean mitochondrial sphericity (right, t-test, p = 0.551017). (I) Percentage of mitochondrial volume per microglial volume.

T-test: p < 0.0001.(J) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) in vitro (left, dusty pink)

or in vivo (right, gray) with pseudo-colored point density. Right: Percentage of total mitochondrial volume localized within the perinuclear region (0–10 mm).

Wilcoxon rank-sum test: p < 0.0001. **p < 0.01, ***p < 0.001, n.s. p > 0.05: not significant. See Table S1 for experimental, retina and cell numbers, statistical

tests and corresponding data.
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demonstrate a difference between in vitro and in vivo conditions that align with a greater stress response in microglia in vitro. To substantiate

this, we analyzed the expression of the endosomal-lysosomal marker CD68 (cluster of differentiation 68) in microglia (Figures S2A and

S2B),which is upregulated in reactive microglia.38,39 The CD68 volume was significantly greater in vitro and coincided with increased vesicle

volumes distributed along the length of processes when compared tomicroglia in vivo (Figures S2C and S2D). Together, this data emphasizes

that microglia in vitro are distinct from microglia in vivo, not only morphologically, but also at the mitochondrial level.

Mitochondrial network alterations occur prominently in microglia proximal to dying neurons

To identify how mitochondrial networks of retinal microglia in vivo adapt to stress conditions such as neuronal death, we took advantage of

the optic nerve crush (ONC) model (Figure 2A).30,40 Here, a mechanical injury at the retinal ganglion cell axons posterior to the optic disc

induces their apoptosis,30,41 which we confirmed by an increased number of cleaved-caspase 3+/RBPMS+-retinal ganglion cells (Figure 2B).

Microglia showed morphological adaptation to these environmental changes throughout the IPL after ONC (Figure 2C). At the single cell

level, microglia increased expression of CD68 (Figures S3A–S3C), where vesicles were distributed throughout the length of the processes

(Figure S3D). This increasewas corroborated by increasedCd68 transcript expression in FACS-sorted retinalmicroglia afterONC (Figure S3E).

Accompanying this phenotype, microglia reduced their branching complexity, as verified by the increased number of Sholl intersections

closer to the soma (Figure S3F). Next, we aligned mitochondrial network adaptations to this responsive microglial phenotype (Figures 2D

and 2E). Relative to the naive environment, microglia showed significantly reduced median mitochondrial volume and an increased number

of mitochondria with greater sphericity after ONC (Figure 2F). Together with increasedmitochondrial content (Figure 2G), and the subcellular

localization of themitochondrial population closer to the soma (Figure 2H), this data indicates amore fragmentedmitochondrial network with

altered content and localization in responsive IPL microglia.

To determine whether microglia residing more distant from the apoptotic retinal ganglion cells show a similar effect, we repeated the

above analysis in microglia of the OPL. OPL microglia showed mild morphological adaptations (Figure S3G). Upon single cell analysis

(Figures 2I and 2J), OPL microglia had significantly reduced median mitochondrial volume, whereas the number and the sphericity of mito-

chondria, and total content remained unaltered (Figures 2K and L). Similar to IPL microglia, the subcellular mitochondrial localization shifted

toward the soma (Figure 2M), CD68 volume increased (Figures S3H–S3K), and the microglial branching complexity was moderately altered

(Figure S3L). This data indicates that proximity to apoptotic neurons is a key determinant in the robustness of the mitochondrial-microglial

response, where more distant microglia also exhibit some mitochondrial network alterations.

Selective microglial UCP2KO increases cellular and mitochondrial stress with no effect on the mitochondrial network

Electron leakage during oxidative phosphorylation leads to the formation of mitochondrial superoxides and reactive oxygen species (ROS).

Strategies tomitigate ROS include the induction ofmild uncoupling to increase the respiration rate and reduce electron leak, or detoxification

of superoxides with cellular enzymes such as superoxide dismutase 1 (SOD1).42 However, thesemitigation strategies are less effective in con-

ditions of cellular damage or mitochondrial dysfunction, and can lead to ROS accumulation.43 One negative regulator of mitochondria ROS

generation is uncoupling protein 2 (UCP2, Slc25a8), a mitochondrial-associated gene highly enriched in immune cells, namely retinal micro-

glia (Figures S4A and S4B).42,44–48 Upregulation of Ucp2 transcript has been reported in microglia within disease environments,49,50 and we

confirmed increased Ucp2 transcript expression in microglia five days after ONC (Figures S4C and S4D), making Ucp2 a candidate gene to

disrupt mitochondrial function and alter ROS accumulation.

Figure 2. Regional differences in mitochondrial network connectivity, content and localization of ONC-responsive IPL and OPL microglia

(A) Schematic of optic nerve crush (ONC). Forceps induce unilateral damage (red) to axonal projections (orange) of retinal ganglion cells (RGCs) posterior to the

optic disc. Right, retinal side-view schematic. OPL, outer plexiform layer. IPL, inner plexiform layer. GCL, ganglion cell layer.

(B) Confocal images of RBPMS-immunostained naive WT retinas or 5 days after ONCWT co-labeled with cleaved caspase-3 (CASP3, red) to identify dying retinal

ganglion cells (RGCs, white). Right, bar plot indicate number of caspase-3+/RBPMS+ cells. Wilcoxon rank-sum test: p = 0.0016. Scale bar: 50 mm.

(C) Overview confocal image of immunostained IPL microglia (IBA1, magenta) in naive WT (left) and 5 days after ONC WT (right) condition. Scale bar: 30 mm.

(D–M) Comparison of mitochondrial response in naive (magenta border) microglia WT (gray) and 5 days after ONCWT (blue). Boxplot minimum and maximum:

InterQuartile Range (IQR) around median (center line). Whiskers: 1.5 IQRs. Black diamond: outliers outside of 1.5 IQRs. (D–H) Mitochondrial parameters for IPL

microglia. (D–E) Mito-Dendra2 (green) expression in the IBA1-immunostained IPL microglia for naive WT microglia (D) or ONC WT microglia (E). Next,

corresponding 3D-surfaces. Below: Zoom-in of region of interest (dashed line) from image and 3D-surface. Scale bar: 10 mm, zoom-in: 3 mm. (F)

Mitochondrial network connectivity determined by median mitochondrial volume (left, Welch’s t-test: p < 0.0001), number of organelles within a single cell

(center, Wilcoxon rank-sum test: p = 0.0018) and mean mitochondrial sphericity (right, T-test: p < 0.0001). (G) Percentage of mitochondrial volume per

microglial volume. T-test: p = 0.0040. (H) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) of

the population of mitochondria in naive WT (left) or ONC WT (right) microglia. Point density, pseudo-colored. Percentage of total mitochondrial volume

localized within the perinuclear region. Wilcoxon rank-sum test: p < 0.0001. (I–M) Mitochondrial parameters for OPL microglia. (I–J) Representative IBA1-

immunostained OPL microglia (magenta) expressing mito-Dendra2 (green) from naive WT (I) or ONC WT microglia (J). Next, corresponding 3D-surfaces.

Below: Zoom-in of region of interest (dashed line) from image and 3D-surface. Scale bar: 10 mm, zoom-in: 3 mm. (K) Mitochondrial network connectivity

determined by median mitochondrial volume (left, Student’s t test: p = 0.0026), number of organelles within a single cell (center, Student’s t test: p = 0.0900)

and mean mitochondrial sphericity (Student’s t test, p = 0.79389). (L) Percentage of mitochondrial volume per microglial volume. Student’s t test: p = 0.8441.

(M) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) of the population of mitochondria in

naive WT (left) or ONC WT (right) microglia. Point density, pseudo-colored. Percentage of total mitochondrial volume localized within the perinuclear region.

Welch’s t-test: p = 0.0045. **p < 0.01, ***p < 0.001, n.s. p > 0.05: not significant. See Table S2 for retina and cell numbers, statistical tests and corresponding data.
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Loss of UCP2 has been reported to elicit cellular ROS accumulation.51,52 Thus, to evaluate this consequence on themitochondrial network

in retinal microglia, we generated microglia-specific UCP2KO mice by crossing the Ucp2fl/fl mouse with our mitochondrial-labeled WT mice

(Cx3cr1CreERT2/+/PhAMfl/fl/Ucp2fl/fl, Figure 3A). This model, hereafter referred to as UCP2KO mice, showed microglia-selective mitochondrial

labeling (Figure S4E). We confirmed successful Ucp2 knockout at both the transcript (Figure S4F) and protein level (Figures S4G–S4I) in which

we performed qRT-PCR of FACS-isolated Dendra2+-retinal microglia three weeks after tamoxifen induction and Western blot analysis of mi-

croglia after 4-OHT (4-hydroxytamoxifen) treatment in primary mixed glial cultures, respectively. To determine the consequences of UCP2-

knockout on microglial ROS levels, we first compared mitochondrial superoxide in retinal microglia from naive WT and UCP2KO mice using

FACS-sorted MitoSOX stained cells. UCP2KO mice exhibited a significantly increased percentage of MitoSOX+-microglia (Figure 3B). This

coincided with significantly enhanced gene transcript expression of the detoxifying enzyme Sod1 (Figure 3C), together indicating elevated

mitochondrial and cellular ROS in UCP2KOmicroglia.Whenwe compared themitochondrial networks of UCP2KO toWT in the naive condition,

we did not detect differences inmitochondrial network connectivity, content, or localization (Figures 3D–3G). Interestingly, the overall expres-

sion of CD68 was slightly elevated in UCP2KO microglia (Figures 3H–J) and aligned with increased CD68 transcript (Figure 3K), whereas the

microglial morphology remained unaffected (Figure 3L). Together, this data indicates increased cellular stress in UCP2KO microglia with no

direct effect on the mitochondrial network in the naive environment.

UCP2KO allows microglial response and mitochondrial adaptations after optic nerve crush

Based on previous studies reporting that UCP2KO prevents mitochondrial fission and microglial reactivity after high-fat diet,34,53 we antici-

pated no mitochondrial fragmentation or microglial response in the ONC injury model. Unexpectedly, ONC UCP2KO microglia showed

increased CD68 volume, where vesicles were localized throughout the length of processes (Figures 4A–4D), and reduced branching

complexity (Figure 4E) compared to naive UCP2KO. This aligned with the mitochondrial network becoming more fragmented as reflected

in the reducedmedianmitochondrial volume and increased sphericity (Figures 4I–4K). At the same time, the number of mitochondrial organ-

elles surprisingly remained similar (Figure 4H, center) even though themitochondrial content was increased (Figure 4I). This deviation in mito-

chondria number did not align with the expected changes for mitochondrial connectivity seen inWTONCmicroglia (Figures 2K and 2L), indi-

cating differences in UCP2KO mitochondrial network adaptations.

Loss of UCP2KO elicits a sexually dimorphic microglial response in ONC

Next, we looked more closely at the relationship between conditions (naive, ONC) and genotypes (WT, UCP2KO) using principal component

(PC) analysis. PC analysis allows unbiased visualization of six parameters for each analyzedmicroglia (Figure S1 and STARMethods) and iden-

tification of patterns within the dataset. In naive conditions,WT andUCP2KOmicroglial profiles intermingled in the same PC space (Figure 5A),

corroborating the results from Figure 3. Naive andONCmicroglial profiles separated along the first PC for bothWT and UCP2KO, aligning the

with microglial-mitochondrial response in Figures 2 and 4. However, the ONC microglial profiles showed less prominent intermingling

Figure 3. Mitochondrial networks are unaffected by increased stress from microglia-selective knockout of UCP2

(A) Schematic of mouse model. Cx3cr1CreERT2/+/Phamfl/fl/Ucp2fl/fl for selective mitochondria-labeling in parallel with UCP2-knockout. Upon tamoxifen injection

for three consecutive days in adult mice, Cx3cr1CreERT2-expressing microglia excise the stop cassette in Phamfl/fl and exon 3 and 4 of Ucp2 to induce selective

mito-Dendra2 (green) expression and UCP2-knockout (here after referred as UCP2KO).

(B) Frequency plot ofMitoSOX fluorescence from FACSedmito-Dendra2+ retinal microglia for naiveWT (gray) and naive UCP2KO (tan). Corresponding bar plot of

percentage of microglia that are MitoSOX+. Student’s t test: p = 0.0033.

(C) Bar plot depicting relative Sod1 transcript expression from FACSed mito-Dendra2+ microglia in naive WT or UCP2KO. Student’s t test: p = 0.0141.

(D) 3D-surface of representative IBA1-immunostained microglia (magenta) expressing mito-Dendra2 (green) from naive UCP2KO. Below: Zoom-in of region of

interest (dashed line) showing confocal images of mito-Dendra2 (green) expression or co-labeled IBA1-immunostaining (magenta). Scale bar: 10 mm, zoom-

in: 3 mm.

(E–G) Mitochondrial parameters. Boxplot minimum and maximum: InterQuartile Range (IQR) around median (center line). Whiskers: 1.5 IQRs. Black diamond:

outliers outside of 1.5 IQRs. Each overlaid point represents data point of a single microglia. Naive WT: gray. Naive UCP2KO: tan. (E) Mitochondrial network

connectivity determined by median mitochondrial volume (left, Student’s t test: p = 0.4131), number of organelles within a single cell (center, Student’s t test:

p = 0.8337) and mean mitochondrial sphericity (right, Student’s t test, p = 0.8732). (F) Percentage of mitochondrial volume per microglial volume. Wilcoxon

rank-sum test: p = 0.7410. (G) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) of the

population of mitochondria in naive WT (left) or naive UCP2KO (right) microglia. Point density, pseudo-colored. Percentage of total mitochondrial volume

localized within the perinuclear region. Student’s t test: p = 0.1941.

(H) 3D-surface of the IBA1-immunostained microglia (magenta) from Figure 3D co-labeled with CD68 (cyan). Below: Zoom-in of region of interest (dashed line)

showing confocal images of CD68 (cyan) or co-labeled with IBA1-immunostaining (magenta). Scale bar: 10 mm, zoom-in: 3 mm.

(I) Percentage of total CD68 volume per microglia volume. Boxplot minimum andmaximum: InterQuartile Range (IQR) aroundmedian (center line). Whiskers: 1.5

IQRs. Black diamond points: outliers outside 1.5 IQRs. Wilcoxon rank-sum test: p = 0.0847.

(J) CD68 vesicle localization. Scatterplot depicting CD68 vesicle volume vs. distance from the cell soma (0, origin) of the population of vesicles in naive WT (left)

and naive UCP2KO (right) conditions. Point density, pseudo-colored.

(K) Bar plot depicting relative Cd68 transcript expression from FACSed mito-Dendra2+ microglia in naive WT or naive UCP2KO. Student’s t test: 0.0062.

(L) 3D-filament tracings of microglia from naive WT (left) or naive UCP2KO (right). Scale bar: 10 mm. Line plot for mean number of Sholl intersections per radial

distant from the soma (mm) with 95% confidence interval band. Linear mixed effects model: p = 0.9583. *p < 0.05, **p < 0.01, n.s. p > 0.05: not significant. See

Table S3 for retina and cell numbers, statistical tests and corresponding data.
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Figure 4. Mitochondrial alterations occur in responsive UCP2KO IPL microglia after ONC

(A–J) Comparison of microglial and mitochondrial response in naive UCP2KO (tan) and 5 days after ONC UCP2KO (gold). (A–B) Representative IBA1-

immunostained microglia (magenta) co-labeled with CD68 (cyan) from naive UCP2KO (A) or ONC UCP2KO microglia (B). Next, corresponding 3D-surfaces.
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between genotypes, where UCP2KO showed greater spread along the second PC (Figure 5A). A recent study indicated that UCP2 loss in mi-

croglia results in anxiety phenotypes in male mice,52 therefore we annotated sex as an additional factor in the PC space. Whereas sexes were

intermingled for WT profiles in both naive and ONC conditions (Figure 5B), UCP2KO microglial profiles diverged along the second PC only

after ONC (Figure 5C), suggesting a sexually dimorphic response to ONC in UCP2KO microglia.

Male UCP2KO microglia induce mitochondrial hyperfusion to mitigate stress

To identify which of the six parameters differed between sexes, we first referenced the PC loadings where the highest contributing factor

along the second PC was mitochondrial content (Figure S5A). When separating the volumetric analyses by sex, UCP2KO males showed signif-

icantly higher mitochondrial content per cell compared to female ONC UCP2KO conditions (Figure S5B). Additionally, male ONC UCP2KO

exhibited a greater medianmitochondrial volume and reducedmitochondrial number compared to female ONCUCP2KOmicroglia, aligning

with a less fragmented network (Figure S5C). To resolve these sex-based differences, we revisited the UCP2KO microglial and mitochondrial

images (Figures 5D and 5E, and Video S3) and separated the localization scatterplots. Here, we found thatmaleONCUCP2KOmicroglia had a

higher frequency of mitochondria with large volumes close to the cell soma relative to female ONC UCP2KO (Figure 5F). When we compared

the largest-volume mitochondrion per cell as a metric for highly connected or hyperfused mitochondria, we found that male UCP2KO had

significantly greater volumes than female UCP2KO or WT after ONC (Figure 5G), indicating a sexually dimorphic hyperfused mitochondrial

phenotype in UCP2KO microglia.

Previously, mitochondrial hyperfusion has been described as a transient phenotype in stress-induced environments that protects cellular

and mitochondrial health.12,13 To investigate whether the observed hyperfused mitochondrial networks occurred in response to differences

in ROS levels between sexes, we quantified MitoSOX+-microglia after ONC in UCP2KO for each sex. Males and females showed a com-

parable level of mitochondrial superoxide (Figure 5H), suggesting a similar production of intrinsic mitochondrial ROS. Interestingly, we

detected opposing trends in Sod1 transcript expression in UCP2KO microglia after ONC, where males had significantly greater Sod1

expression compared to females after ONC (Figure 5I), indicating differences between sexes in the strategy for superoxide detoxification.

This difference was more pronounced in WT microglia after ONC, where only males significantly increase Sod1, yet the production

of mitochondrial superoxide remained similar in females (Figures S5D and S5E), suggesting sex-based differences in microglial ROS

mitigation.

Ovariectomized female UCP2KO microglia evoke a male mitochondrial phenotype after optic nerve crush

Estrogens have been implicated to reduce oxidative stress and play a protective role in autoimmune and neurodegenerative

conditions.54–56 Furthermore, both microglia and mitochondria express estrogen receptors.57,58 Since females did not implement

stress-mitigation strategies via mitochondrial hyperfusion (Figures 5E–5G) or increased Sod1 transcription (Figures 5I and S5D), we eval-

uated whether circulating estrogens contribute to the sexually divergent mitochondrial phenotype in UCP2KO after ONC. Thus, we

repeated the experiment with ovariectomized UCP2KO female mice (Figure 6A) and quantified the mitochondrial networks in naive and

ONC (Figure 6B). The mitochondrial connectivity in ovariectomized UCP2KO female microglia exhibited decreased median mitochondrial

volume, no change in mitochondria number, and significantly increased mitochondrial sphericity (Figure 6C). Furthermore, the mitochon-

drial content and their percentage in the perinuclear region increased after ONC (Figures 6D and 6E), together indicating mitochondrial

adaptations to ONC in ovariectomized UCP2KO females. Remarkably, the mitochondrial distribution in ovariectomized ONC UCP2KO fe-

males reflected a similar increase in frequency of large-volume organelles close to the microglia soma (Figure 6E) as observed for UCP2KO

males (Figure 5F). When we analyzed the largest-volume mitochondrion per cell, UCP2KO ovariectomized females had similarly large vol-

umes as UCP2KO males (Figure 6F).

To substantiate that ovariectomizedONCUCP2KO females exhibit amitochondrial phenotype similar tomales, we represented all UCP2KO

microglial profiles in the PC space. As anticipated, the ovariectomized UCP2KO females separated along the first PC into the microglial pro-

files for the respective naive or ONC condition (Figure 6G). In the ONC condition, ovariectomized UCP2KO females trended toward males

Figure 4. Continued

Below: Zoom-in of region of interest (dashed line) from image and 3D-surface. Scale bar: 10 mm, zoom-in: 3 mm. (C) Percentage of total CD68 volume permicroglia

volume. Boxplot minimum and maximum: InterQuartile Range (IQR) around median (center line). Whiskers: 1.5 IQRs. Black diamond points: outliers outside 1.5

IQRs.Wilcoxon rank-sum test: p < 0.0001. (D) CD68 vesicle localization. Scatterplot depictingCD68 vesicle volume vs. distance from the cell soma (0, origin) of the

population of vesicles in naive UCP2KO (left) and ONC UCP2KO (right, gold) conditions. Point density, pseudo-colored. (E) 3D-filament tracings of microglia from

naive UCP2KO (left) or ONC UCP2KO (right). Scale bar: 10 mm. Line plot for mean number of Sholl intersections per radial distant from the soma (mm) with 95%

confidence interval band. Linear mixed effects model: p < 0.0001. (F–J) Mito-Dendra2 (green) expression in the IBA1-immunostained microglia from (A–B) for

naive UCP2KO microglia (F) or ONC UCP2KO microglia (G). Next, corresponding 3D-surfaces. Below: Zoom-in of region of interest (dashed line) from image and

3D-surface. Scale bar: 10 mm, zoom-in: 3 mm. (H-J) Mitochondrial parameters. Boxplot minimum andmaximum: InterQuartile Range (IQR) around median (center

line). Whiskers: 1.5 IQRs. Black diamond: outliers outside of 1.5 IQRs. (H) Mitochondrial network connectivity determined by median mitochondrial volume (left,

Wilcoxon rank-sum test: p < 0.0001), number of organelles within a single cell (center, Wilcoxon rank-sum test: p = 0.930881) and mean mitochondrial sphericity

(right, Student’s t test: p < 0.0001). (I) Percentage of mitochondrial volume per microglial volume. Wilcoxon rank-sum test: p = 0.0003. (J) Mitochondrial

localization. Scatterplot depictingmitochondria volume vs. distance from the cell soma (0, origin) of the population ofmitochondria in naive UCP2KO (left) orONC

UCP2KO (right) microglia. Point density, pseudo-colored. Percentage of total mitochondrial volume localized within the perinuclear region. Student’s t test:

p < 0.0001. ***p < 0.001, n.s. p > 0.05: not significant. See Table S4 for retina and cell numbers, statistical tests and corresponding data.
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Figure 5. Male UCP2KO microglia resort to mitochondrial hyperfusion for stress mitigation

(A–C) Principal component analysis (PCA) of microglia fromWT and UCP2KO in naive andONC conditions. The first two principle components (PC) are visualized.

Each dot represents a single microglial profile defined by the following six parameters: microglial Sholl index, CD68 volume, median mitochondrial volume,
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along the second PC (Figure 6H). Aligning with the ONC-responsive mitochondrial phenotype, ovariectomized UCP2KO females showed

increased CD68 volume with greater distribution and reduced branching complexity (Figures 6I–6L). Together, this data illustrates that circu-

lating estrogens play a role in maintainingmitochondrial networks in female microglia, and are a contributing factor to the sexually divergent

stress-mitigation strategies in UCP2KO microglia.

DISCUSSION

Our results provide a new perspective of mitochondrial networks in microglia in vivo, and demonstrate their adaptation to an injury environ-

ment and increased cellular stress. Importantly, we established sex-based differences in microglial stress mitigation strategies, which we un-

covered at the mitochondrial network level upon UCP2 knockout.

Extensive in vitro studies have shown that cellular energy demands of immune cells critically depend on balanced mitochondrial networks

equilibrated by mitochondrial fission and fusion.16 Insight into these dynamics in microglia in vivo are mostly unknown due to technical lim-

itations. Tissue-wide mitochondrial immunostaining requires advanced image segmentation techniques to decipher which mitochondria are

within or outside the microglia.23 This necessitates high resolution images and experience in how to determine cell edges to avoid user-

biases.59 In the retina, we performed high resolution imaging of TOMM20 immunostaining and were challenged to perform image segmen-

tation of microglial mitochondria for both the retina (Figure 1D), and in 2D-mixed primary glial culture (Figure 1E). In contrast, our mouse

model allowed clear image segmentation of microglial mitochondria (Figures 1C, 1F, and 1G). Alternative techniques such as electron

microscopy can be used to assess cross-sectional mitochondrial areas,34,53 however resolving the entire mitochondrial network of an intact

microglia would require time- and labor-intensive serial sectioning followed by image segmentation.60 Our mousemodel visualizes the mito-

chondrial network of an entire microglia in vivo and allowed us to resolve elongated, tubular organelles in naive condition, which was absent

in vitro (Figures 1F and 1G).21,24 Our results inONC-responsivemicroglia in vivo corroborated a study reporting increasedmitochondrial mass

in responsive microglia isolated from brain tissue,23 indicating that results in vivo are achievable without microglial isolation and importantly,

maintain the spatial and morphological information of the cell. To this end, we identified regional differences in mitochondrial network ad-

aptations betweenmicroglia localized in the IPL and OPL after ONC, which are not attainable in cell-dissociation or in vitro studies (Figure 2).

Together, this emphasizes that our mouse model provides a valuable strategy for assessing the mitochondrial network of microglia in a re-

gion-specific manner without cell-isolation.

Mitochondrial networks are most commonly assessed using connectivity parameters, including organelle volume, number, and

sphericity.61 We found that these three parameters reliably identified fragmented networks in ONC-responsive IPL microglia (Figure 2),

which was also the case when two of the three parameters were altered, highlighting the importance of using more than one metric to

evaluate mitochondrial connectivity in the 3D environment. As an additional parameter, we also assessed the subcellular localization of

each mitochondrion within individual microglia. Previous studies have shown that responsive microglia enhance their transcriptional

activity,62 a cellular feature facilitated by perinuclear localization of mitochondria.10 We consistently detected an increased fraction of

the mitochondria in the perinuclear region across genotypes and sexes after ONC (Figures 2, 4, 6, and S3). Interestingly, this localization

was one of the only two mitochondrial parameters that significantly changed in OPL microglia (Figure 2M). The second parameter was

decreased median mitochondrial volume (Figure 2K), which is indicative of mitochondrial fragmentation. Thus, both parameters suggest

initial mitochondrial adaptations in microglia after ONC in the OPL niche more distant from the injury site. The combination of subcellular

localization and the mitochondrial content per cell were critical to identify the hyperfused mitochondrial network (Figure 5). Hyperfused

mitochondrial networks have been described in vitro as either a stress-induced pro-survival mechanism in conditions of nutrient

deprivation or as a result of non-functional fission machinery.12,13,63–66 We found that this phenotype also occurs in microglia in vivo, which

we identified with significant increases in large-volume mitochondria (Figures 5F–5H). This metric was most informative for identifying

Figure 5. Continued

number ofmitochondria, %mitochondrial volume permicroglia, %mitochondria perinuclear obtained from aforementioned genotype and condition (Figure S1).

PC1 and PC2 describe 49% and 20% of the explained variance across the population, respectively. Each subpanel highlights the following comparisons: (A) Naive

microglial profiles for WT (gray) and UCP2KO (tan) and ONCmicroglial profiles for WT (blue) and UCP2KO (gold). (B–C) Naive and ONCmicroglial profiles in male

(turquoise) and female (purple) for WT (B) and for UCP2KO (C). Dashed line: Reference of distributions shown in (A).

(D and E) Representative 3D-surface renderings of IBA1 (magenta) and mito-Dendra2 (statistics-based volume spectral coloring) microglia from ONC-induced

male UCP2KO (D) and female UCP2KO (E). Right: corresponding confocal images of IBA1-immonostained (magenta) microglia and mito-Dendra2 (green)

expression. Below: Zoom-in of region of interest (dashed outline) of mito-Dendra2 (green) and corresponding 3D-surface with volume spectral coloring.

Scale bar: 10 mm, zoom-in: 3 mm. Volume spectrum: 0 mm3 (blue) – 10 mm3 (red).

(F) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) of the population of mitochondria in ONC

UCP2KO male (left) or female (right) microglia. Point density, pseudo-colored.

(G) Boxplot of largest mitochondrion per cell separated by sex. Boxplot minimum and maximum: InterQuartile Range (IQR) around median (center line).

Whiskers: 1.5 IQRs. Black diamond: outliers outside of 1.5 IQRs. Naive WT: gray. ONC WT: blue. ONC UCP2KO: gold. Kruskal-Wallis test: p < 0.0001.

Selected Conover’s post-hoc comparisons with Holm p-adjustment: ONC _WT vs. _UCP2KO, p < 0.0001; ONC _WT vs. \WT, p = 1.0; ONC _UCP2KO vs.

\UCP2KO, p = 0.0387; ONC \WT vs. \UCP2KO, p = 0.1364.

(H) Frequency plot of MitoSOX fluorescence from FACSed mito-Dendra2+ retinal microglia for ONC UCP2KO male (turquoise) and female (purple).

Corresponding bar plot of percentage of microglia that are mitoSOX+. Student’s t test: 0.6707. (I) Bar plot depicting relative Sod1 transcript expression from

FACSed mito-Dendra2+ microglia in UCP2KO naive and ONC microglia. Student’s t test: p = 0.0377. *p < 0.05, n.s. p > 0.05: not significant. See Table S5 for

retina and cell numbers, statistical tests, other post-hoc comparisons and corresponding data.
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hyperfusion in microglia since the unique, 3D morphology of microglia makes it difficult to use a subjective classification method without

quantification to identify hyperfused networks, which has been the common methodology for defining mitochondrial hyperfusion in in vitro

studies.12,13,63

Our approach to evaluate the effects of increased cellular stress onmitochondrial networks in vivowas to endogenously manipulate stress

levels through selective-knockout of UCP2, a negative regulator of ROS. UCP2KO microglia showed increased intrinsic stress and CD68

expression in the naive environment (Figures 3B, 3C, and 3I–3K), aligning with previous literature.34,52 Although these stress levels were

increased, we did not detect any significantmitochondrial network alterations in the naive environment (Figure 3). It is possible thatmitochon-

drial adaptations occurred earlier after knockout. However, our model limited us to a three week timepoint after UCP2-depletion when circu-

lating Cx3Cr1+-monocytes have repopulated.67 This ensures that UCP2-knockout and mitochondrial-labeling is restricted to the resident mi-

croglia and thus confirms that our mitochondrial analysis is exclusive to this population in the event of monocyte infiltration after ONC injury.

Nevertheless, we did detect mitochondrial fragmentation and a microglial response in the UCP2KO ONC environment (Figures 4I and 4J–4L),

which was surprising since previous studies reported that UCP2 loss prevented these changes in the hypothalamus by assessing cross-

sectional area and number of mitochondria in electron microscopy preparations.34,53 On the other hand, Kim et al.34 reported the prevention

of mitochondrial fragmentation only in male mice, while females were largely unaffected in diet-induced obesity paradigms and their mito-

chondrial phenotypes were not reported. Thus, our results align with these previous reports and refine that UCP2 loss affects mitochondrial

networks in a sex-specific manner, such that UCP2KO induces hyperfusion in male microglia after ONC, while female UCP2KO microglia still

exhibit mitochondrial fragmentation.

Since male and female microglia responded differently to increased stress via UCP2KO (Figures 5 and S5), we suspect that estrogens

may explain the difference in the female response. Circulating estrogens provide a protective role for neurons under oxidative stress or in

injury conditions55,68 and enhance antioxidant gene expression in female mitochondria.69,70 Indeed, in absence of circulating estrogens,

both male and ovariectomized female microglia rely on the same mechanism of mitochondrial hyperfusion to mitigate excess stress

from UCP2KO 12,13. On the other hand, estrogen may not be the only mechanism. In the absence of circulating estrogens in vitro, female

but not male neurons were shown to utilize lipids as a pro-survival fuel source,71 and in a separate study, it was shown that female microglia

support protection from diet-induced obesity by an estrogen-independent increase in CX3CR1 signaling.72 This suggests that sex differ-

ences in microglial stress responses may be driven by a combination of circulating estrogens and dimorphisms in transcriptional

programs.57,58,73,74

In conclusion, our study highlights the substantial importance of sex-mediated effects in microglia which are reflected in themitochondrial

network, and provides a foundation for mitochondrial network analysis of microglia in vivo.

Figure 6. Ovariectomized female UCP2KO microglia exhibit mitochondrial hyperfusion phenotype after ONC

(A) Experimental timeline. Ovariectomy performed at postnatal day 20 (P20) and three consecutive tamoxifen injections were administered daily for three days

starting at P60. Optic nerve crush (ONC) was performed at least 3 weeks after tamoxifen injection and retinas collected five days after ONC.

(B) Representative 3D-surface renderings of IBA1 (magenta) and mito-Dendra2 (statistics-based volume spectral coloring) from ONC-induced ovariectomized

female UCP2KO microglia. Right: corresponding confocal images of IBA1-immonostained (magenta) and mito-Dendra2 (green) expression. Below: Zoom-in

of region of interest (dashed outline) of mito-Dendra2 (green) and corresponding 3D-surface with volume spectral coloring. Scale bar: 10 mm, zoom-in: 3 mm.

Volume spectrum: 0 mm3 (blue) – 10 mm3 (red).

(C–G) Comparison of mitochondrial response in ovariectomized females. Boxplot minimum and maximum: InterQuartile Range (IQR) around median (center

line). Whiskers: 1.5 IQRs. Black diamond: outliers outside of 1.5 IQRs. Naive UCP2KO: tan. ONC UCP2KO: gold.

(C) Mitochondrial network connectivity determined by median mitochondrial volume (left, Student’s t test: p = 0.0046), number of organelles within a single cell

(center, Student’s t test: p = 0.1939) and mean mitochondrial sphericity (right, Wilcoxon rank-sum test: p = 0.0024).

(D) Percentage of mitochondrial volume per microglial volume. Student’s t test: p = 0.0004.

(E) Mitochondrial localization. Scatterplot depicting mitochondria volume vs. distance from the cell soma (0, origin) of the population of mitochondria in

microglia. Point density, pseudo-colored. Percentage of total mitochondrial volume localized within the perinuclear region. Student’s t test: p = 0.0320.

(F) Largest mitochondrion per cell separated by sex. One-way ANOVA: p = 0.0088. Selected Tukey’s post-hoc comparisons: ONC _UCP2KO vs. ONC \UCP2KO,

p = 0.0065; ONC _UCP2KO vs. ONC \ovUCP2
KO, p = 0.3297, ONC \UCP2KO vs. ONC \ovUCP2

KO, p = 0.1938.

(G) Principal component analysis (PCA) of microglia frommale, female and ovariectomized UCP2KOmicroglia in naive andONC conditions. The first two principle

components (PC) are visualized. Naive and ONC UCP2KO microglial profiles in male (turquoise), female (purple) and ovariectomized females (orange x-marker).

Dashed outline: Reference of distributions shown in (Figure 5A).

(H) Comparison of ovariectomized ONC UCP2KO female (orange x-marker) microglial profiles with male (turquoise, left) or female (purple, right) ONC UCP2KO

microglial profiles.

(I) Ovariectomized female ONC UCP2KO IBA1-immunostained microglia (magenta) from Figure 6B co-labeled with CD68 (cyan) and corresponding 3D-surfaces.

Below: Zoom-in of region of interest (dashed line) from image and 3D-surface. Scale bar: 10 mm, zoom-in: 3 mm.

(J) Percentage of total CD68 volume per microglia volume in WT and UCP2KO ovariectomized females in naive and ONC conditions. Boxplot minimum and

maximum: InterQuartile Range (IQR) around median (center line). Whiskers: 1.5 IQRs. Black diamond points: outliers outside 1.5 IQRs. Wilcoxon rank-sum

test: p < 0.0001.

(K) CD68 vesicle localization. Scatterplot depicting CD68 vesicle volume vs. distance from the cell soma (0, origin) of the population of vesicles from

ovariectomized females in UCP2KO naive (left) and UCP2KO ONC (right) conditions. Point density, pseudo-colored.

(L) 3D-filament tracings of microglia from UCP2KO naive (left) or ONC (right). Scale bar: 10 mm. Line plot for mean number of Sholl intersections per radial distant

from the soma (mm) with 95% confidence interval band. Linear mixed effects model: p = 0.0018. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. p > 0.05: not significant. See

Table S6 for retina and cell numbers, statistical tests and corresponding data.
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Limitations of the study

Our mouse model allows microglia-specific labeling of the mitochondria, however we recognize the limitation requiring tamoxifen adminis-

tration to both control and experimental cohorts for induced expression of the mitochondrial tag. Long-term tamoxifen treatment can result

in human retinopathy75 or provide protection in retinal degenerative mouse models,76 however we did not detect any effects in our model

with three consecutive days of tamoxifen administration combined with a 3 weeks waiting period before analysis.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-IBA1, 1:500 GeneTex Cat#: GTX100042; RRID: AB_1240434

Goat anti-IBA1, IHC: 1:250, WB: 1mg/ml Abcam Cat#: ab 5076; RRID: AB_2224402

Rat anti-CD68, 1:500 Bio-Rad Cat#: MCA1957; RRID: AB_322219

Guinea pig anti-RBPMS, 1:200 PhosphoSolutions Cat#: 1832-RBPMS; RRID: AB_2492226

Rabbit anti-RBPMS, 1:200 Abcam Cat#: ab194213; RRID: AB_2920590

Rabbit anti- Cleaved caspase 3, 1:400 Cell Signaling Technology Cat#: 9661S; RRID: AB_2341188

UCP2, 1:1000 Pohl Lab, purified at Pineda Cat#: NT-Tier2

SDHA, 1:5000 Abcam Cat#: ab14715; RRID: AB_301433

b-actin, 1:5000 Sigma Cat#: A5441; RRID: AB_476744

Goat anti-rabbit IgG (H+L) Alexa Fluor 568, 1:2000 ThermoFisher Cat#: A11036; RRID: AB_10563566

Goat anti- rat IgG (H+L) Alexa Fluor 647, 1:2000 ThermoFisher Cat#: A21247; RRID: AB_141778

Donkey Anti-Guinea Pig IgG (H+L) Alexa Fluor 647, 1:1000 Jackson ImmunoResearch Cat#: 706-605-148; RRID: AB_2340476

Donkey anti-rabbit IgG (H+L) Alexa Fluor 568, 1:2000 ThermoFisher Cat#: A10042; RRID: AB_2534017

Donkey anti-goat IgG (H+L), 1:2000 ThermoFisher Cat#: A11057; RRID: AB_2534104

Donkey anti-goat Alexa Fluor 568 IgG (H+L) Alexa Fluor 488 , 1:2000 ThermoFisher Cat#: A11055; RRID: AB_2534102

Donkey anti-rabbit IgG (H+L) Alexa Fluor 488, 1:2000 ThermoFisher Cat#: A21206; RRID: AB_2535792

Donkey anti-Rat IgG (H+L) Antibody DyLight 650, 1:2000 ThermoFisher Cat#: SA5-10029; RRID: AB_2556609

Donkey anti-Rat IgG (H+L) Alexa Fluor 488, 1:2000 ThermoFisher Cat#: A21208; RRID: AB_2535794

Donkey anti-rabbit IgG (H+L) Alexa Fluor 647, 1:2000 ThermoFisher Cat#: A31573; RRID: AB_2536183

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat#: T5648-5G

Proparacaine hydrochloride 0.5% Ursapharm Arzneimittel GmbH Cat#: 02029723

Meloxacam Boehringer Ingelheim Cat#: KPOEH3R

Metamizol Sanofi Avenis Cat#Ay005

4-hydroxy tamoxifen Sigma-Aldrich Cat#: SML1666-1ML

Critical commercial assays

NEBNext� Single Cell/Low Input cDNA Synthesis & Amplification

Module

New England BioLabs Cat#: E6421L

Luna� Universal qPCR Master Mix New England BioLabs Cat#: M3003L

Experimental models: organisms/strains

Mouse: B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J The Jackson Laboratory JAX: #020940

Mouse: B6;129S-Gt(ROSA)26Sortm1(CAG-COX8A/Dendra2)Dcc/J The Jackson Laboratory JAX: #018385

Mouse: B6;129S-Ucp2tm2.1Lowl/J The Jackson Laboratory JAX: #022394

Oligonucleotides

Oligonucleotides for RT-qPCR See Table S11 N/A

Software and algorithms

Imaris v.9.1-9.3 http://www.bitplane.com/imaris/imaris RRID:SCR_007370

FlowJo � v10.8 BD Life Sciences RRID: SCR_008520

SVI Huygens Professional v21.10 https://svi.nl/HomePage RRID: SCR_014237

R (version 4.1.0) https://www.r-project.org/ RRID:SCR_001905

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sandra Siegert

(ssiegert@ist.ac.at).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The data reported in this paper is available from the lead contact upon request.

d The paper does not report original code.

d Any additional information required to reanalyze the data in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal housing and procedures were approved by the ‘‘Bundesministerium für Wissenschaft, Forschung und Wirtschaft (bmwfw) Tierver-

suchsgesetz 2012, BGBI. I Nr. 114/2012 (TVG 2012) under the number GZ: 2021-0.607.460. Mice were housed in a 12 hour light-dark cycle

in individually ventilated cages in a controlled environment (room temperature 22G 1 �C; relative humidity 55G 10%) with access to standard

diet (rat/mousemaintenance diet (V1534-300) ormouse breeding diet (V1124-300), ssniff SpezialitätenGmbH) and autoclavedwater provided

ad libitum in the ISTA Preclinical facility. Founder mouse strains were obtained from Jackson Laboratories and backcrossed to C57Bl6/J

(#000664) background for at least 10 generations:Cx3cr1CreERT2 (#020940), PhAMfl/fl (#018385,35),Ucp2fl/fl (#022394,77). Throughout themanu-

script WT refers to Cx3cr1CreERT2/+/PhAMfl/fl, while UCP2KO refers to Cx3cr1CreERT2/+/PhAMfl/fl/Ucp2fl/fl. In addition to our confirmation of the

mito-Dendra2 localization at themitochondria (Figures 1D and 1E), the original study verifies this localization in themousemodel.35 For UCP2

protein knockout primary microglia culture experiments (Figures S4G–S4I) mice did not contain the Dendra2mitochondria label, and instead

were Cx3cr1CreERT2/+ and Cx3cr1CreERT2/+/UCP2fl/fl. Experiments used male and female adult mice between 2-5 months of age.

Primary glial culture

Mixed glia culture were prepared from the published protocol by Bronstein et al.78 Cortices from 3-5 murine pups aged P0-P2 of mixed sex

were dissected under a sterile ventilation hood in ice-cold Hank’s buffered saline (ThermoFisher, #14025-050) and digested in 0.05% (v/v)

Trypsin + 1X EDTA (ThermoFisher, #25300-054) for 15 minutes at 37�C. The trypsinization was stopped with the addition of serum-containing

medium (DMEM, 10% (v/v) heat-inactivated FBS, 1% (v/v) Penicillin/Streptomycin, 1% (v/v) Non-essential amino acids (Sigma-Aldrich, M7145-

100ML)). Cells were pelleted at 500xg for 5 min, washed one time with serum-containing medium, then passed through a 40mm cell strainer

(Szabo-Scandic, #352340). For Western blotting, the resulting cell suspension was plated onto T75 cell culture flasks (TPP, #Z707503) and

maintained at 37�C and 5% CO2 in a humidified incubator. The culture medium was replaced at day 3 and day 10.

METHOD DETAILS

Tamoxifen administration for Cre-induced recombination

Tamoxifen (Sigma Aldrich, T5648-5G) was dissolved in corn oil (Sigma Aldrich, C8267-500ML) at a concentration of 20 mg/mL and sonicated

for 40minutes. Freshly prepared tamoxifen was administered via intraperitoneal injection daily (150mg/kg) for three days. The animals did not

show any abnormal behavior or discomfort after gene knockout. All experimental groups (WT and UCP2KO, naı̈ve and ONC) were tamoxifen-

injected for two reasons; first, expression of the Dendra2 mitochondria label is only possible after Cre recombinase excision of the stop

cassette and second, Cx3Cr1CreERT2 reporter lines have been shown to include some ‘leakiness’, i.e. tamoxifen-independent Cre

recombination.79Cx3Cr1CreERT2 mice also express CreERT2 inmonocyte populations, therefore to ensure no interference fromUCP2KO circu-

latingmonocytes, ONC experiments were performed at least three weeks after tamoxifen induction whenmonocyte populations have turned

over.67 This also provided sufficient time for adaptation of microglia to the UCP2 loss conditions and clearance of all tamoxifenmetabolites.80

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 (version 3.0.0) Wickham, 2016 RRID:SCR_014601

lme4 (version 1.1-17) Bates et al.,93 RRID:SCR_015654

Python (Version 3.7) https://www.python.org/ RRID: SCR_008394

MatPlotLib (Version 3.4.1) https://matplotlib.org RRID: SCR_008624

statsmodels (Version 0.13.2) http://www.statsmodels.org/ RRID:SCR_016074
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Optic nerve crush (ONC) procedure

Micewere anesthetized in an induction chamber with 5% (v/v) isoflurane (Zoetis) suppliedwith oxygen at a flow rate of 0.6 L/min. After lack of a

foot pinch reflex, mice were maintained at 2.5% (v/v) isoflurane applied through a nose cone while on a heating pad to maintain body tem-

perature at 37�C. Proparacaine hydrochloride 0.5% ophthalmic eye drops (Ursapharm Arzneimittel GmbH) were applied to numb the eyes,

and subcutaneous injection of 5mg/kgMetacam alleviated pain (Meloxacam, Boehringer Ingelheim). The lateral canthus was de-vascularized

by clamping with a hemostat (Fine Science Tools) for 10 seconds. Using a Leica dissection microscope, a lateral canthotomy allowed visual-

ization of the posterior pole.While firmly holding the conjunctiva with a jeweler forceps, the conjunctiva was cut perpendicular to the posterior

pole. The surroundingmuscle was carefully dissected as to not puncture the vascular plexus. The optic nerve was pinched 1mm from the pos-

terior pole for 4 seconds using a curved N7 self-closing forceps (Dumont). Triple antibiotic ointment was applied to the eye directly after the

surgery to prevent infection.

Ovariectomy

Cx3cr1CreERT2/+/PhAMfl/fl or Cx3cr1CreERT2/+/PhAMfl/fl/Ucp2fl/fl prepubescent postnatal day 20 female mice were anesthetized using 5% (v/v)

isofluorane supplemented with oxygen at a flow rate of 0.6L/min in an induction chamber.81 Mice were maintained in 2% (v/v) isoflurane with

the same flow rate after absence of a foot pinch reflex. Above the lumbar spine, the skin was exposed by shaving the fur using an electric razor,

then sterilizedwith 70% (v/v) ethanol. A 1cmmidline incision on the lower back allowedgentle dissection of the subcutaneous tissue to expose

the muscular fascia and ovarian fat pad. A small incision into the peritoneal cavity for entry exposed the fallopian tube, which was used as a

guide to identify the ovary. The ovary was removed via cauterization of the oviduct and blood vessels to prevent bleeding. Themuscular fascia

was sutured after the fallopian tube was replaced into the peritoneal cavity. After repeating the procedure to remove the contralateral ovary,

themidline incision of the skin was sutured.Mice received subcutaneous injection ofMetamizol (Sanofi Avenis, 200mg/kg) during the surgical

procedure and meloxicam (Boehringer-Ingelheim, 5mg/kg) to alleviate pain.

Primary microglia isolation

Two T75 flasks containing mixed primary glia cultures prepared in tandem were treated with 1mM 4-hydroxy tamoxifen (Sigma-Aldrich,

SML1666-1ML) or vehicle at day 10. Three days later, microglia were isolated using mild trypsinization (0.8mM CaCl2 in 1xTrypsin-EDTA,

ThermoFisher #25300-054) is added to the flask after a washing step with pre-warmed 1X PBS to remove inhibiting serum, then incubate

at 37�C for 10-20 minutes, or until the non-microglial cells have just lifted from the flask forming a floating layer. The floating cells were

collected with the supernatant, spun down at 10,000xg, washed once with 1X PBS, pelleted and snap-frozen. The microglia remaining on

the flask were overlaid with 5ml 1X PBS, removed using a cell scraper, pelleted, and snap-frozen.

Western blotting

Total cellular protein isolation, productionof recombinantUCP2 inE. coli, andwesternblot (WB)wasperformed asdescribedpreviously.46,82 For

WB analyses 10 mg of total protein were loaded on the SDS-gel, 1 ng of recombinant UCP2 was used as positive control for anti-UCP2 antibody

detection. To ensure blotting homogeneity to nitrocellulose membranes, Ponceau S staining was performed. To relate UCP2 expression to

loading control, the membranes were stripped, re-blocked and incubated with respective antibodies. The affinity purified antibody against

theN-terminal sequenceofmouseUCP2 (VGFKATDVPPTATVKF)was designedandevaluated in the Pohl laboratory.46 Peptide synthesis, rabbit

immunization andaffinity purificationwereperformedbyPINEDAAntibody-serviceGmbH (Berlin,Germany). All other antibody source and con-

centrations are provided in the key resources table. Recombinant murine UCP2 used as positive control was generated in the Pohl laboratory.83

Briefly,E.coliRosettaDE3strain (Merck)were transformedwithmurineUCP2cDNAexpressionplasmidsandproteinwas isolatedafter induction,

high-pressure homogenization, and centrifugation. 1 mg of isolated inclusion bodies were solubilized in a TE/G buffer (2%N-lauroylsarcosine,

1.3% Triton X-114, 0.3% n-octylpolyoxyethylene, 1 mMDTT, andGTP at pH 7.5), with gradual addition of 50 mg lipid mixture (DOPC:DOPE:CL;

45:45:10mol%). Themixture was dialyzed in buffer (50mMNa2SO4, 10mMMES, 10mMTris, and 0.6mMEGTAat pH7.34) after a concentration

step.Bio-BeadsSM-2 (Bio-Rad) application removednon-ionicdetergents andhydroxyapatite columns removedunfoldedandaggregatedpro-

teins from the dialysate. Micro BCA Protein Assay Kit (Thermo Fisher Scientific) was used for determining protein concentration.

Retina sample preparation for fluorescence-activated cell sorting (FACS)

Adult animals expressing the mito-Dendra2 tag were anesthetized with isoflurane and decapitated. Retinas were immediately explanted and

dissected in 1X PBS on ice. Each retina was transferred to a 1.5ml Eppendorf low-adhesion tube filled with the 800ml digestion buffer (1:8:1

Cysteine/EDTA solution (2.5mMCysteine, 0.5mMEDTA (ethylenediaminetetraacetic acid) in HBSS, 10mMHEPES (4-(2-hydroxyethyl)-1-piper-

azineethanesulfonic acid) in HBSS, and 10mg/ml Papain, Roche #10108014001), incubated at 37�C for 10minutes, then centrifuged for 2.5min

at 240xg. Samples were transferred on ice, the supernatant was discarded and 800ml 1mM EDTA in HBSS + 2% (v/v) FBS added. After two

washes with 1mM EDTA in HBSS + 2% (v/v) FBS, the digested tissue was triturated 10-15 times with a pulled glass pipette, then filtered

through a 70 mm strainer. For the measurement of mitochondrial reactive oxygen species, 5 mM MitoSox (ThermoFisher, #M36008) in

HBSS was added to the digested tissue and pipetted to break apart the tissue prior to a 10 minute incubation at 37�C, then the sample

was centrifuged for 3 minutes at 304xg at 4�C. Samples were carefully washed two times with 1mM EDTA in HBSS + 2% (v/v) FBS, triturated

10-15 times with a pulled glass pipette, then filtered through a 70 mm strainer.
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Fluorescent activated cell sorting (FACS)

FACS was performed using a SONY SH800SFP equipped with a 100 mm nozzle and sorting speed of approximately 8,000 events per second

in normal purity mode. Microglia were gated from the population by setting the forward and side scatter and by the fluorescence of the mito-

Dendra2 tag. From each retina, 100 microglia were sorted and immediately collected in one well of a 96-well plate (Eppendorf) filled with 5 ml

cold lysis buffer from the NEBNext� Single Cell/Low Input cDNA Synthesis & Amplification Module (New England Bio Labs, #E6421L). After

the sorting, the plate was shortly spun down to ensure all cells were collected at the bottom of the well and was immediately processed for

cDNA synthesis. For MitoSOX based flow cytometry approximately 500,000 events were acquired for each experimental condition. All

collected data were gated based first on forward and side scatter, and then on the fluorescence of the mito-Dendra2 tag and the

MitoSOX. Data were analyzed using FlowJo � v10.8 Software (BD Life Sciences).

cDNA synthesis

Sortedmicroglia were processed with the NEBNext� Single Cell/Low Input cDNA Synthesis & Amplification Module (New England Bio Labs,

#E6421L) according to the manufacturer’s protocol.

Reverse transcription quantitative real-time PCR and gene expression analysis

Primers (Table S11) were designed with the free PrimerQuest Tool from Integrated DNA Technologies (https://eu.idtdna.com/PrimerQuest/

Home/Index). To ensure the target sequence of each primer, primers were blasted (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Their

self-complementarity and folding probability were investigated using the UNAFoldWeb server (http://www.unafold.org/). Primer efficiencies

were validated from the slope of four to five serial 1:4 dilutions of cDNA template according to Equation 1. Primers with efficiencies between

90-110% were used.

Efficiency =
��

2^� 1
Slope

�
� 1

�
� 100 (Equation 1)

For gene expression analysis, RT-qPCR (Luna� Universal qPCR Master Mix; New England BioLabs; M3003L) was performed in 384-well

plates (Bio-Rad; HSR4805) on a Roche Lightcycler 480 according to the manufacturer’s manual. Total reaction volume was 10ml containing

1ml of 1:10 diluted cDNA as template and a final concentration of 0.25mM for each primer. Cycle conditions were 60 seconds at 95�C for initial

denaturation, followed by 40 cycles of denaturation (15 seconds; 95�C) and annealing/extension (30 seconds; 60�C). Each run was completed

with amelting curve analysis to confirm amplification of only one amplicon. Each PCR reactionwas run in triplicate fromwhich ameanCq value

was calculated and used for further analysis.

Analysis of RT-qPCR results

Fold change differences between each condition and WTnaive were calculated according to delta-delta Ct method.84 dCq values were ob-

tained by normalizing mean Cq values to the reference housekeeping gene (GAPDH) measured within the same experiment (Equation 2).

ddCq values were then calculated by normalizing dCq values to the respective control condition (WTnaive) within each experimental repetition

(Equation 3). Fold changes were obtained by transforming ddCq values from log2-scale to linear scale (Equation 4). These fold changes were

used for data visualization. Exclusion criteria were based on IBA1 andGFAP fold change expression to determine purity of cell isolation, which

would indicate substantial contamination from astrocytes and Müller glia.

dCq = Cqreference gene � Cqgene of interest (Equation 2)

ddCq = dCq � dCq control

condition
(Equation 3)

Fold change = 2
^ðddCqÞ (Equation 4)

Retina dissection and fixation

Animals were briefly anesthetized with isoflurane (Zoetis) until breathing slowed, then cervical dislocation was performed. Retinas were imme-

diately dissected from the enucleated eyes in 1X phosphate buffered saline (PBS) and fixed in 4% (w/v) paraformaldehyde for 30minutes. After

3x PBS washes, retinas were put in 30% (w/v) sucrose in 1X PBS overnight at 4�C for either -80�C freezer storage or immunostaining.

Immunostaining

Staining was carried out in 24-well tissue culture plates (TPP, #92024) always protected from light to preserve the endogenous mito-Dendra2

fluorophore. Retinas saturated in sucrose (30% sucrose (w/v) in 1X PBS) underwent three freeze/thaw cycles using dry ice, then were washed 3x

with 1X PBS. Next, a blocking step using blocking solution (1% (w/v) bovine serum albumin (SigmaA9418), 5% (v/v) Triton X-100 (Sigma T8787),

0.01% (v/v) sodium azide (VWR 786-299), and 10% (v/v) goat (Millipore S26) or donkey (Millipore S30) serum) was carried out on an orbital

shaker for 1 hour at room temperature. Primary antibodies (key resources table) were diluted in antibody solution (1% (w/v) bovine serum
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albumin, 5% (v/v) triton X-100, 0.01% (v/v) sodium azide, 3% (v/v) goat or donkey serum) and incubated for three nights at 4�C on an orbital

shaker. Following 3x PBS washes for 30 mins each, secondary solutions were prepared in the antibody solution and incubated at room tem-

perature for 2 hours. After threewashes, Hoechst 334422 (1:5,000, ThermoFisher Scientific, H3570) for 10mins, and threemore 1X PBSwashes.

Retinas were mounted using an antifade solution (10% (v/v) mowiol (Sigma, 81381), 26% (v/v) glycerol (Sigma, G7757), 0.2M tris buffer pH 8,

2.5% (w/v) Dabco (Sigma, D27802)) on glass microscope slides with parafilm spacers to prevent tissue distortion and overlaid with coverslips

(VWR, #631-0147).

Confocal microscopy

Single cell images for deconvolution were acquired on Zeiss LSM800 microscope using a Plan-Apochromat 40X objective NA 1.4 (#420762-

9900) at 1.5x digital zoom to acquire a pixel size of 0.05 mm in X and Y resolution and 0.150 mm in Z. Images were acquired from the peripheral

region of the retina, in two opposing quadrants, and inner plexiform layermicroglia were selected by setting the z-stack between the ganglion

cell and inner nuclear layer Hoechst staining. Microglia in the ganglion cell layer were excluded due to their low population in naı̈ve environ-

ment, and knownmigration from the optic nerve head to the nerve fiber layer after ONC.85 After IPL selection, the IBA1 channel was visualized

and the nearest IBA1+ cell was selected for imaging, thereby reducing bias in cell selection and blinded to the mitochondrial architecture

within the cell. Tile scans (2x2) were necessary to acquire the area of single IPL microglia in naı̈ve condition, resulting in images of dimension

202 x 202 mm. For each animal, 23 images for from two opposing quadrants were acquired. Images were stitched using Zen 2.3 or 3.5 desktop

version.

Tiled (2x2) images for overview images were acquired using a Plan-Apochromat 40X objective NA 1.4 (#420762-9900) with pixel size of

0.156 mm in X and Y and 0.21 mm in Z plane for a region measuring 303 x303 mm. Tiled images (2x2) for microglia and retinal ganglion cell

counting were acquired using a Plan-Apochromat 20X objective NA 0.8 (#420650-9901) with pixel resolution 0.312 x 0.312 x 0.5 mm to obtain

a region measuring 605 x 605 mm in four peripheral quadrants of each retinal wholemount.

Image processing

SVI Huygens Professional v21.10 (https://svi.nl/HomePage) was used for batch deconvolution processing of stitched confocal images. Micro-

scope parameters for batch settings were as follows: 50 nm sampling intervals for X and Y, 150 nm in Z. The refractive index and embedding

medium were set to 1.515 and 1.49, respectively. Objective quality was listed as ‘good.’ For channel settings, the back projected pinhole was

set to 250 nm, and the excitation fill factor was 2. Excitation (ex) and emission (em) settings for the four channels were as follows: 405/420 nm,

488/520 nm, 561/602 nm, 633/650 nm. Deconvolution parameters were the default settings for the ‘confocal low template’ for deconvolution

using the classic MLE (maximum likelihood estimation) algorithmwith maximum 30 iterations. Images were output in the Imaris file format. All

confocal images presented in figures were masked in Imaris based on the IBA1-immunostainedmicroglia of interest to removemicroglia and

mitochondria labeling not belonging to the analyzed cell. Supplementary videos were animated using Imaris.

QUANTIFICATION AND STATISTICAL ANALYSIS

Filament tracing

Microglia morphology was traced in 3-dimensions using the Filamentwizard in IMARIS. The starting point was detected with diameter 10 mm

and 0.6 mmwas used to set seeding points and the disconnected segment filtering smoothness. Final filament traces weremanually edited to

remove incorrect segments from the semi-automatic Filament tracing.

Mitochondria and CD68 surfaces in single microglia

Surface rendering analysis was performed using IMARIS v9.1-9.3 (Bitplane, Imaris). Individual cells were cropped from the original tiled image

when necessary to reduce processing time. Then, 3-dimensional surfaces were created for microglia, mitochondria and CD68 vesicles using

the Surface wizard with surface details settings of 0.5 mm, 0.2 mm, and 0.4 mm, respectively. Each surface was manually edited to resolve any

inconsistencies in surface creation. Mitochondrial surfaces were carefully edited to verify connectivity throughout the entirety of the network,

often requiring manual splitting of surfaces which were joined by the thresholding within the wizard.

Mitochondrial organelle and CD68 vesicle localization in single microglia

Completed Surfaces for either mitochondria or CD68 were ‘split’ using the Xtension Split Surfaces available via Imaris bitplane (https://imaris.

oxinst.com/open/). This generates a Split Surface group where each individual organelle/vesicle becomes a new uniquely named surface

nested within the Split Surface group. A spot 5 mm in diameter was manually added to identify the nucleus. Then, the Spots and Surfaces

distance XTension calculates the distance between the nucleus spot and the center point of each individual surface in the Split surface group.

The Xtension was modified from the original version to allow for up to 100 distance calculations and to output a csv file.

Data compilation and metric calculations

Python version 3.7 with packages pandas,86 matplotlib87 and seaborn88 for data compilation and visualization. From Imaris, mitochondria,

microglia, and CD68 surfaces, microglia filament tracings, andmitochondrial and CD68 localization Statistics files for each cell were exported
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to comma separated values file format with a unique identifier for ease in compiling cell-specific data for downstream analysis. Metric calcu-

lations for each surface type are detailed below:

Filament tracing

The ‘Number of Filament Sholl intersections’ from the Statistics file was used to plot the number of intersections per increasing radii of 1 mm.89

Plotted Sholl curves were truncated at 60 mm.

Median mitochondrial volume and number

From the Statistics file, the volume of each mitochondrial Surface within a cell was used to determine the median mitochondrial volume per

cell. Here, the total number of organelles per cell was also be extracted.

Sphericity

From the Statistics file, the sphericity metric of each mitochondrial Surface within a cell was used to determean the mean sphericity per cell.

Percentage of CD68 volume

From the Statistics file, the volume from each CD68 Surface within a cell was summed. Additionally, the sum volume of the microglia Surface

was extracted from the microglia Statistics file. The percentage of CD68 volume was calculated from total CD68 volume per total microglia

volume for each cell.

Percentage of mitochondrial volume

From the Statistics file, the volume from each mitochondrial Surface within a cell was summed. Additionally, the sum volume of the microglia

Surface was extracted from the microglia Statistics file. The percentage of mitochondrial volume was calculated from total mitochondria vol-

ume per total microglia volume for each cell.

Mitochondrial perinuclear localization

The Statistics file for localization data includes the distance of each organelle from the cell soma (mm) and a unique Surface ID that is derived

from the original mitochondrial Surface. From the Statistics file of mitochondrial volume, the Surface ID can be used to compile distance and

volume for each unique organelle within the cell.

The percentage of mitochondrial volume in the perinuclear region was determined by calculating the sum of organelle volumes within a

10 mm radius of the cell soma, and dividing by the total mitochondria volume in that cell. Themicroglia soma ranges from 5-10 mm in diameter

due to its non-uniform shape, therefore a 10 mm radius from the center of the soma Spot in IMARIS includes �2.5-5 mm of soma, allowing an

estimation of mitochondrial localized in the perinuclear region to be at maximum 5-7 mm from the nuclear membrane.

We corroborated this perinuclear boundary distance by principal component analysis of the mitochondrial distances. Mitochondrial dis-

tances were binned in increments of 10 mm, and the sum volume in each bin was normalized to total mitochondria volume within a cell. PC

loadings of the normalized values confirmed that the two bins contributing the most to principal component loadings for distances between

0-10 mm, and 71-80 mm.

Identifying Sholl radii for PCA analysis

The Sholl curve (see STAR Methods: filament tracing) is a high-dimensional, vector representation of the microglial morphology. To incorpo-

rate filament tracing into the PCAwithout overpowering the other scalar parameters, we first determined which Sholl radius contributedmost

to the differences in Sholl intersection curves. Here, Sholl intersections with 10 mm radial distanceswere normalized for each cell.We observed

the greatest PC loadings in the 11-20 mm bin. We repeated this analysis with 5 mm radial distances and confirmed the greatest PC loadings

in 11-15 mmbin. As the PC loading was greater for the 10 mm radial increments, we implemented the normalized ratio of Sholl intersections at

11-20 mm for each cell and refer to this as the Sholl index.

Principal Component Analysis (PCA)

PCA analysis was performed using scikit-learn in Python.90 Mitochondrial sphericity was omitted from analysis since it is derived from mito-

chondrial volume. PCA was then implemented on the remaining six metrics; median mitochondrial volume was included as a median value,

while number of mitochondria, percentage of mitochondrial volume per microglia and percentage of CD68 volume per microglia volume

were included as mean values for each cell. Mitochondria and CD68 localization values were included as percentage values. Data from all

experimental groups were included for the PCA, where Figure 5 shows only male and female within all conditions and genotypes and Figure 6

also shows ovariectomized groups.
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Cell counting

RBPMS+-cells or cleaved-caspase3+/RBPMS+-cells were counted using the Spots function of Imaris v9.3, with additional manual editing. Each

of these metrics was quantified from four peripheral quadrants of each analyzed retina and represented as a median value.

Statistics

Statistical tests were performed using the Python packages statsmodels91 and Pingouin92 as indicated in the figure legends. Groups for com-

parison were first tested for normal distribution and equal variance using the Shapiro test and Levene test, respectively. No data were

excluded from analysis. Where applicable, post-hoc tests were performed using either Tukey’s multiple comparison of means or Conover’s

test in Python packages statsmodels ‘multicomp’ or Pingouin. Significance levels are indicated using the following notation (n.s. p > 0.05;

*p < 0.05; **p < 0.01; ***p < 0.001). For Sholl analysis comparisons, linear regression models from lme4 package93 were performed in R.

The default contrast for unordered variables was changed to ‘contr.sum’, allowing type III ANOVA comparison. Statistical analysis and accom-

panying data for all main and supplemental figure panels are found in the Tables S1, S2, S3, S4, S5, S6, S7, S8, S9, and S10.
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