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SUMMARY
Immunodeficient mice are widely used in human stem cell transplantation research. Recombination activating gene 1 (Rag1) deletion

results in immunodeficiency and leads to accelerated aging in zebrafish with increased cytosolic accumulation of lipofuscin (LF). Unlike

zebrafish, mammals have two homologs, Rag1 and Rag2, that regulate adaptive immunity. Currently, little is known if and how Rag1�/�

and Rag2�/� may impact aging and LF accumulation in immunodeficient mouse brains and how this may confound results in human

neural cell transplantation studies. Here, we demonstrate that in Rag2�/� mouse brains, LF appears early, spreads broadly, emits strong

autofluorescence, and accumulates with age. LF is found in various types of glial cells, including xenografted human microglia. Surpris-

ingly, in Rag1�/� mouse brains, LF autofluorescence is seen at much older ages compared with Rag2�/� brains. This study provides direct

evidence that Rag2�/� expedites LF occurrence and sets a context for studies using aged immunodeficient mice.
INTRODUCTION

Transplantation of stem cells or progenitor cells of human

origins into mice provides an exciting opportunity where

the development of specific cells and their contribution

to disease conditions can be studied under in vivo condi-

tions (Jiang and Alam, 2022). Immunodeficient mice are

widely used for transplantation of human cells without

concerns of host immune rejections. Particularly, in the

human stem cell and neuroscience research fields, immu-

nodeficient mice have long been used as recipients for

transplantation of human neural cells and developing hu-

man-mouse glial chimeric brain models (Windrem et al.,

2004, 2008; Zhang et al., 2001). In recent years, with the

development of human induced pluripotent stem cell tech-

nologies, immunodeficient mice lacking recombination-

activating genes 1 or 2 (Rag1 or Rag2) have been used to

create microglial, macroglial (astroglia + oligodendroglia),

and neuronal human-mouse brain chimeras (Chen et al.,

2016; Espuny-Camacho et al., 2013, 2017; Han et al.,

2013; Hasselmann et al., 2019; Linaro et al., 2019;Mancuso

et al., 2019; Svoboda et al., 2019; Windrem et al., 2008; Xu

et al., 2019, 2020), providing a platform to study the devel-

opment and function of human neural cells in vivo under

normal and diseased conditions.

Interestingly, a recent report in zebrafish showed that

Rag1 deletion leads to accelerated aging (Novoa et al.,

2019). Zebrafish lacking Rag1 showed an upregulation of

genes associated with inflammation and a downregulation

of genes involved in DNA damage and repair (Novoa et al.,

2019). These immunocompromised fish also showed an

increased rate of senescence and an increased cytosolic

accumulation of lipofuscin (LF) (Novoa et al., 2019), one

of the most consistent features of aging. LF is a complex
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macromolecule, which is an amalgamate of various cellular

metabolites of distinct origins (Hohn and Grune, 2013;

Snyder and Crane, 2022). The degree of LF accumulation

has been shown to correlate with aging (Singh Kushwaha

et al., 2018). The composition of LF varies depending on

the stage of aging, with a varying degree of oxidized pro-

teins and sugar molecules being present (Benavides et al.,

2002). It is well known that in postmitotic cells, such as

neurons, LF accumulates over their lifespan (Jung et al.,

2007; Liu et al., 2016). Furthermore, LF has been shown

to accumulate in microglia, the resident macrophages of

the brain (Xu et al., 2008), and cells of the macroglial line-

age—astrocytes and oligodendrocytes (Uranova et al.,

2018; Zalfa et al., 2016). Collectively, these observations

suggest that Rag1 may play a role in cellular senescence

and accumulation of LF within the brain in zebrafish.

While it has been reported that mice lacking Rag1 or Rag2

are susceptible to infections (Izadjoo et al., 2000; Wu

et al., 2010), the accumulation of this well-known marker

of aging, LF, in immunocompromised mice has not been

reported.

In this study, we show that Rag2�/� mice across multiple

genetic backgrounds share the common phenotype of a

premature and age-dependent accumulation of LF, starting

from 5 to 6 months old. Unexpectedly, the levels of LF de-

tected in Rag1�/�mice areminimal comparedwith Rag2�/�

mice at the comparable chronological age of 5 months.

Thus, although Rag1 and Rag2 serve similar functions in

the development of the immune system as a form of V(D)

J recombination, we find that Rag1�/� and Rag2�/� have

different impacts on the accumulation of LF, suggesting

that Rag1 and Rag2 may play differential roles in aging of

the mammalian brain. Importantly, our findings have crit-

ical implications for studies involving human stem cell
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Figure 1. Confounding results in chimeric mouse brains
(A and B) Representative images from sagittal brain sections show the distribution of AutoF and transplanted control hiPSC-derived
microglia (hN+) at 15 months before and after LF removal. Arrowheads indicate hN+ cells. Arrows indicate AutoF. Scale bars: 500 and
200 mm in the original and enlarged images, respectively.
(C) Quantification of the number of hN+ per mm2 before and after LF removal (n = 3 mice per group). Student’s t test. *p < 0.05. Data are
presented as mean ± SEM.

(legend continued on next page)
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transplantation into mouse brains regarding the selection

of an appropriate immunodeficient mouse strain as the

transplant recipient and the necessity of removing LF auto-

fluorescent aggregates to avoid any potential misinterpre-

tation of results.
RESULTS

Confounding results in human cell transplantation

studies using aged immunodeficient mice

We have previously created human microglial mouse chi-

meras by transplanting human induced pluripotent stem

cell (hiPSC)-derived primitive macrophage progenitors

into the brains of postnatal day 0 (P0) Rag2�/� IL2rg�/�

hCSF1KI immunodeficient mice (Xu et al., 2020). In our

recent studies (Jin et al., 2022; Xu et al., 2020), we mainly

characterized the donor-derived human microglia in

chimeric brains at ages of less than 6 months old. In this

study,we further examined the distribution of transplanted

human microglia in 15-month-old chimeric mice by stain-

ing human nuclei (hN) with a specific anti-hN antibody.

Numerous hN+ cells were found widely dispersed in the ce-

rebral cortex, the corpus callosum (CC), and the hippocam-

pus (HIP) (Figure 1A). Surprisingly, we observed strong and

unknown autofluorescence (AutoF) under the red fluores-

cent channel—despite not using any red fluorescent anti-

body—with a pattern resembling the green-stained hN.

This red AutoF also exhibited AutoF under the green chan-

nel (Figure 1A, arrows). On the other hand, at least some of

the hN+ green dots were not fluorescent in the red channel,

suggesting that these were the bona fide donor-derived hu-

man cells (Figure 1A, arrowheads). The similarity in the Au-

toF and hN+ staining pattern and the dual emission of the

AutoF entity in both the red and green channels challenged

our ability to quantitate the number and percentage of the

transplanted hN+ human cells in the mouse brain. Given

the age of the animals, the intensity of AutoF, and existing

literature background, we reasoned that this AutoF is likely

attributable to LF.

Previous studies involving aged mice successfully

removed LF for downstream immunohistochemical ana-

lyses (Chen et al., 2020). Thus, we treated the brain sections

from 15-month-old chimeric mice by using TrueBlack LF

AutoF Quencher (Biotium). Indeed, this treatment effec-

tively removed all the AutoF signal and allowed for the cor-

rect determination of the number of hN+ cells, which was

2- to 3-fold lower than that without removing LF from
(D) Representative images from sagittal brain sections show the dist
(hCD45+) in the cortex at 15 months. Scale bars: 500 and 200 mm in
(E) Representative images of human microglia (hTMEM119+/hN+) in 6-
Scale bars: 20 and 10 mm in the original and enlarged images, respec
the brain tissue (Figure 1C). Similarly, as shown in Fig-

ure 1D, the AutoF also interfered with the staining of hu-

man-specific CD45 (hCD45) in the cerebral cortex, an

epitope expressed in all nucleated hematopoietic cells (Car-

son et al., 1998) and which we used to label donor-derived

human microglia in the chimeric mouse brain. After LF

removal treatment, the human microglia, labeled by hN

and human-specific TMEM119 (hTMEM119) (Bennett et

al., 2016), clearly exhibited ramified morphology in

6-month-old chimeric mouse brains (Figure 1E). Alto-

gether, these results showed that the strong AutoF signal

in aged Rag2�/� IL2rg�/�hCSF1KImice confound immuno-

histochemical analysis of transplanted human cells in the

chimeric mouse brain.
LF starts to accumulate at earlier ages in Rag2�/� mice

than in Rag1�/� mice

To characterize the temporal accumulation of AutoF in

Rag2�/� IL2rg�/� hCSF1KI mice, we examined the brains

collected from3- to 12-month-oldmice. Therewas noAutoF

in 3-month-old brains. Significant AutoF was first observed

in the brains at 5–6 months of age (Figures 2A and 2D).

The AutoF signal increased with age and was widely distrib-

uted in 12-month-old brains (Figure 2A). In addition, the

identityof theAutoFwas further affirmedtobeLFbystaining

with oil red O, a widely used method for staining LF (Fig-

ure 2B). We further examined the accumulation of LF in

Rag1�/� mice. Interestingly, there was no AutoF in 3- to

7-month-oldbrains inRag1�/�mice (Figure2C).WeakAutoF

was first seen only in the cerebral cortex at around 7-month-

old brains and became significant and broadly spread at the

age of 14 months (Figure 2C). Interestingly, in 7-month-old

Rag2�/�miceon the samegeneticbackgroundas theRag1�/�

mice (C57BL/6), very strong and broadly spread AutoF had

already been seen (Figure S1A). Taken together, we find

that LF accumulates earlier inRag2�/� than in Rag1�/�mice.
Early accumulation of LF is consistently seen in

Rag2�/� mice across different genetic backgrounds

To explore whether the accumulation of LF in Rag2�/�

IL2rg�/� hCSF1KI mice was caused by this particular genetic

background and/or the additional knockout andknockin ge-

netic modifications, we further examined the brains of two

differentRag2�/�mouse strains: Rag2�/�mice on BALB/c ge-

netic background and shiverer (shi/shi) 3 Rag2�/� mice on

C3H background (Table S1). Consistently, as early as

5 months of age, we observed significant AutoF in both
ribution of AutoF and transplanted control hiPSC-derived microglia
the original and enlarged images, respectively.
month-old chimeras after LF removal. The squared area is enlarged.
tively.
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Rag2�/� and shi/shi 3 Rag2�/� mice (Figures 3A and 3B).

Although in shi/shi 3 Rag2�/� mouse brains, the AutoF

appeared to be weaker than that in Rag2�/� mouse brains,

the presence of LF was nonetheless confirmed by the oil

red O staining (Figure 3C). Furthermore, we integrated

quantification of AutoF levels in Rag2�/� IL2rg�/� hCSF1KI

(BALB/c), Rag1�/� (C57BL/6), Rag2�/� (BALB/c), and shi/

shi3Rag2�/� (C3H)mice. The results indicated that all three

Rag2�/� strains showed accelerated LF accumulation

comparedwith theRag1�/� strain. In addition,we examined

the baselinemouse strains, including C57BL/6, BALB/c, and

C3Hmice at the ages of 7months.We found no AutoF in all

of thesemice (FiguresS1B–S1D).Altogether,ourdata indicate

that the early occurrence of LF in Rag2�/� mice is indepen-

dent of their genetic background.
LF accumulates in bothhumanandmouse glial cells in

the human microglial chimeric mouse brains

It is well known that LF accumulates in aged neurons (Gilis-

sen et al., 2016). In this study, we observed that LF appeared

indifferent sizes indifferentbrain regions, particularly in the

white matter. Here, we thus focused on the accumulation of

LF in glial cells in human-mouse chimeric brains. We found

that LF accumulated in Iba1+ microglial cells (Figure 4A), in

GFAP+ astrocytes (Figure 4B), and in CNPase+ oligodendro-

cytes (Figure 4C). Since our chimeric mouse contained

donor-derived human microglia, we asked if LF accumula-

tion is also seen in xenografted humanmicroglia. As shown

inFigure 4D, LF accumulationwas indeed foundwithinxen-

ografted microglia labeled by hTMEM119 antibody. Taken

together, these results demonstrate that LF is distributed

widely and prematurely in host mouse glial cells as well as

in xenografted human microglial cells in the Rag2�/�

IL2rg�/� hCSF1KI chimeric mouse brains.
DISCUSSION

It is not surprising to observe accelerated accumulation of

LF in Rag2�/� mice, as immunodeficiency has been linked

to accelerated aging (Appay and Rowland-Jones, 2002;

Singh Kushwaha et al., 2018), and the accumulation of LF

is a well-known index of aging. However, it is unexpected
Figure 2. LF accumulates earlier in Rag2�/� IL2rg�/� hCSF1KI mi
(A) Representative images from sagittal brain sections show AutoF d
mice. Scale bars: 500 and 200 mm in the original and enlarged image
(B) Bright-field micrographs show oil red O+ staining in the cerebral
IL2rg�/� hCSF1KI mice. Scale bars: 50 and 10 mm in the original (lef
(C) Representative images from sagittal brain sections show AutoF dist
200 mm in the original and enlarged images, respectively.
(D) Quantification of AutoF intensity per mm2 at different time poin
group). One-way ANOVA test. *p < 0.05, **p < 0.01. Data are presen
that Rag1�/�mice do not exhibit the premature LF aggrega-

tions phenotype as the Rag2�/� mice at comparable

chronological ages. Direct evidence in zebrafish shows

that zebrafish lacking Rag1 exhibit accelerated aging and a

higher LF accumulation compared with control zebrafish

(Mittelbrunn and Kroemer, 2021; Novoa et al., 2019). One

of the plausible explanations is that there is an enhanced

need for upregulation of innate immunity due to a lack of

adaptive immunity, which leads to an upregulation of

inflammationand radical oxygen species, promoting senes-

cence and aging (Novoa et al., 2019). Zebrafish only has

Rag1, which regulates adaptive immunity, whereas mam-

mals, including rodents and humans, possess two such

genes: Rag1 and Rag2. Rag1�/� and Rag2�/� mice are both

considered immunodeficient. The fact that the early LF

accumulation is only observed in the brains of multiple

Rag2�/� mouse strains suggests that early LF accumulation

in Rag2�/� mice may not solely result from immunodefi-

ciency. Rag1 and Rag2 in the brain do show differential

functions. Rag1 is expressed in the HIP, and Rag1�/� mice

show impaired social recognition memory, suggesting

that Rag1 plays a role in cognitive functions (McGowan

et al., 2011). On the other hand, Rag2�/� mice do not

show such memory loss (McGowan et al., 2011). Rag2, but

not Rag1, is required for axonal growth and retinal gangli-

onic cell development, whereas Rag1 is thought to be

more involved in specifying neuronal identity (Alvarez-

Lindo et al., 2019; Feng et al., 2005). Another study has

demonstrated thatRag2�/�mice harboring SOD1mutation

show a remarkably shorter life span compared with their

littermate control animals with SOD mutation only (Beers

et al., 2008), which supports the idea that Rag2 may have

yet-to-be-uncovered novel, neuroprotective functions in

the brain. It would be interesting and significant in future

studies to identify theRag2-specific, aging-related functions

in the brain independent of its role in adaptive immunity.

Our findings have important implications for the studies

involving the use of aged Rag2�/� mice. For instance, two

studies published in 2015–2016 aimed to examine the role

of the adaptive immune system in the beta-amyloid (Ab) pa-

thology ofAlzheimer’s disease but drew completely opposite

conclusions (Marsh et al., 2016; Spani et al., 2015). Both

studies used Alzheimer’s disease (AD) mouse models that
ce than Rag1�/� mice
istribution at 3, 5–6, and 12 months of Rag2�/� IL2rg�/� hCSF1KI

s, respectively.
cortex, corpus callosum (CC), and hippocampus (HIP) of Rag2�/�

t) and enlarged images (right), respectively.
ribution at 3, 7, and 14months of Rag1�/�mice. Scale bars: 500 and

ts of Rag2�/� IL2rg�/� hCSF1KI and Rag1�/� mice (n = 3 mice per
ted as mean ± SEM.
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Figure 3. LF accumulates in Rag2�/� mice across different genetic backgrounds
(A and B) Representative images from sagittal brain sections showing the distribution of AutoF at 5 months of age in Rag2�/� IL2rg�/�

hCSF1KI and shi/shi 3 Rag2�/� mice. Scale bars: 500 and 200 mm in the original and enlarged images, respectively.
(C) Bright-field micrographs show oil red O+ staining in the cortex, HIP, and CC of shi/shi3 Rag2�/�mice. Scale bars: 50 and 10 mm in the
original (left) and enlarged images (right), respectively.
(D) Quantification of AutoF intensity per mm2 at different time points of Rag2�/� IL2rg�/� hCSF1KI and Rag1�/�mice, as well as Rag2�/�

(BALB/c) and shi/shi 3 Rag2�/� (C3H) (n = 3 mice per group). One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001. Data are
presented as mean ± SEM.
were crossed with immunodeficient Rag2�/� mice to

generate AD mouse models lacking the adaptive immune

system. Marsh et al. showed that immunodeficient AD

mice exhibited greater Ab pathology compared with immu-

nocompetent AD mice with functional immune systems,

suggesting that adaptive immune cell populations help

restrain Ab pathology (Marsh et al., 2016). On the other
2386 Stem Cell Reports j Vol. 17 j 2381–2391 j November 8, 2022
hand, Späni et al. showed that Ab pathology was greatly

reduced in immunodeficient AD mice lacking functional

adaptive immune cells (Spani et al., 2015). What could

explain the discrepancy? Both studies used Rag2�/� mice of

comparable chronological age (7–12 months). Perhaps

some of the puncta-like ‘‘Ab plaques’’ in these studies could

have indeed been LF aggregates that were misinterpreted as



Figure 4. LF accumulates in both host and transplanted glial cells in Rag2�/� IL2rg�/� hCSF1KI mouse brains
Representative raw fluorescent super-resolution and 3D surface rendered images showing Iba-1+ staining (A), GFAP+ staining (B), CNPase+

staining (C), and human-specific TMEM119+ (hTMEM119) staining (D) in 5- to 6-month-old Rag2�/� IL2rg�/� hCSF1KI mice. Scale bars: 5
and 3 mm in the original and enlarged images, respectively.
Ab plaques, since there is no information in the studies

regarding whether LF removal treatment was performed. As

both Ab plaques and LF do not have a generic stereotypical

morphology, it can be difficult to determine from immuno-

staining data alone what staining signals are authentic Ab

and what may be attributable to LF AutoF. It is noteworthy

that LF AutoF has wide excitation (360–647 nm) and emis-

sion (500–640 nm) ranges of wavelength (Cho and Hwang,

2011), and LF aggregates can appear as both green and red

under the microscope (Haralampus-Grynaviski et al.,
2003). In addition, the potential Rag2-specific neuroprotec-

tive function in the brain cannot be neglected. Taken

together, due to AutoF of LF having very broad excitation

and emission spectra, for immunohistochemical analyses

in old Rag2�/� mouse brains (i.e., >6 months), precautions

must be taken, and LF removal should be performed,

particularly when examining proteins with puncta-like

immunostaining patterns, such as synaptic markers, e.g.,

synapsin-1, PSD95, etc., and protein aggregates, e.g., soluble

Ab, soluble hyperphosphorylated tau, etc.
Stem Cell Reports j Vol. 17 j 2381–2391 j November 8, 2022 2387



Immunodeficient mice are widely used for stem

cell transplantation studies. Our current findings also

provide useful guidance regarding the selection of appro-

priate immunodeficient mouse strains as transplant re-

cipients of human neural cells. Recently, we developed

a chimeric mouse model by transplanting hiPSC-derived

microglia into the brain of neonatal Rag2�/� IL2rg�/�

hCSF1KI mice (Xu et al., 2020). The engrafted hiPSC-

derived microglia proliferate, migrate, and widely

disperse in the adult mouse brain. At 6 months post-

transplantation, xenografted hiPSC-derived microglia

recapitulate features of adult human microglia at the

transcriptomic and functional levels (Xu et al., 2020).

We think that maturation of donor-derived human mi-

croglia is accelerated in the much faster-developing

mouse brain relative to the human brain, particularly

in the Rag2�/� mouse brains with accelerated aging. It

is challenging to model aging-related neurodegenerative

diseases with hiPSCs because hiPSC-derived neural cells

grown in two-dimensional (2D) cultures or 3D orga-

noid/spheroid cultures exhibit limited cellular matura-

tion even after long-term culture, and they mostly

approximate brain cells in prenatal or early postnatal

stages (Di Lullo and Kriegstein, 2017; Patterson et al.,

2012). Thus, engrafting those hiPSC-derived neural cells

into the brains of Rag2�/� mouse strains may facilitate

analysis of aging-dependent pathological changes in hu-

man neural cells. hiPSCs have also been generated from

disorders that show accelerated aging, such as Down syn-

drome (Chen et al., 2014; Cuadrado and Barrena, 1996;

Horvath et al., 2015; Lott and Head, 2005; Teipel and

Hampel, 2006). In addition, a previous study demon-

strates that hiPSC-derived neurons that express progerin,

a truncated form of lamin A associated with premature

aging, exhibit aging-related markers and characteristics

(Miller et al., 2013). Transplantation of these and related

hiPSC-derived neural cells with premature genetic

makeup into the brains of Rag2�/� mice that confer a

premature aging host environment would greatly facili-

tate analysis of the interplay of intrinsic/genetic versus

extrinsic/environmental factors in driving age-related

pathologies in neurodegenerative diseases. Our recent

study showcasing Down syndrome microglia are prone

to pathologic tau-associated senescence provides an

example of such possibilities (Jin et al., 2022).
EXPERIMENTAL PROCEDURES

Animals
All animal work was performed without gender bias with the

approval of the Rutgers University Institutional Animal Care and

Use Committee. The animals used in this study are summarized

in Table S1.
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hiPSC culture
One control hiPSC line was used in this study. The hiPSCs were

cultured on dishes coated with hESC-qualified Matrigel (Corning)

inmTeSR plusmedia (STEMCELLTechnologies) under a feeder-free

condition. The hiPSCs were passaged with ReLeSR media

(STEMCELL Technologies) once per week.

Differentiation and culture of PMPs
Primitivemacrophage progenitors (PMPs) were generated from the

control hiPSC cell line using a previously established protocol

(Haenseler et al., 2017). The yolk sac embryoid bodies (YS-EBs)

were generated by treating the YS-EBs with mTeSR 1 media

(STEMCELL Technologies) supplemented with bone morphoge-

netic protein 4 (BMP4; 50 ng/mL), vascular endothelial growth fac-

tor (VEGF; 50 ng/mL), and stem cell factor (SCF; 20 ng/mL) for

6 days. To stimulate myeloid differentiation, the YS-EBs were

plated on dishes with X-VIVO 15 medium (Lonza) supplemented

with interleukin-3 (IL-3; 25 ng/mL) and macrophage colony-stim-

ulating factor (M-CSF; 100 ng/mL). At 4–6 weeks after plating, hu-

man PMPs emerged into the supernatant and were continuously

produced for more than 3 months.

Cell transplantation
PMPs were collected from the supernatant and suspended at a con-

centration of 100,000 cells/mL in PBS. Cells were then injected into

the brains of P0 Rag2�/� IL2rg�/� hCSF1KI immunodeficient mice

(C; 129S4-Rag2tm1.1Flv Csf1tm1(CSF1)Flv Il2rgtm1.1Flv/J, The Jackson Lab-

oratory; stock no. 017708). The transplantation sites were bilateral

from the midline = ±1.0 mm, posterior from bregma = �2.0 mm,

and dorsoventral depths = �1.5 and �1.2 mm (Xu et al., 2020).

The pups were placed in ice for 4 to 5 min to anesthetize them

and then injected with 0.5 mL of cells into each site (four sites total)

using a digital stereotaxic device (David KOPF Instruments) that was

equipped with a neonatal mouse adapter (Stoelting).

Tissue immunostaining, image acquisition, and

analysis
Mouse brains were fixed with 4% paraformaldehyde. The brains

were then placed in 20%, and later in 30%, sucrose for dehydra-

tion. Following dehydration, brain tissues were immersed in

optimal cutting temperature (O.C.T) compound and frozen for

sectioning. The frozen tissues were cryo-sectioned with 30 mm

thickness for immunofluorescence staining. The tissues were

blocked with a blocking solution (5% goat serum in PBS with

0.8% Triton X-100) at room temperature (RT) for 1 h. The primary

antibodies were diluted in the same blocking solution and incu-

bated with the tissues at 4�C overnight (all the primary antibodies

are listed in Table S1). The sectionswerewashedwith PBS and incu-

bated with secondary antibodies for 1 h at RT. After washing with

PBS, the slides were mounted with anti-fade Fluoromount-G me-

dium containing DAPI (1, 40,6-diamidino-2-phenylindole dihy-

drochloride) (Southern Biotechnology).

All fluorescent images were captured with a Zeiss 800 confocal

microscope. Large scale images in Figures 1A, 2A, 2B, 4A–4D, and

S1A–S1D were obtained by confocal tile scan by the Zen software

(Zeiss). To obtain a 3D reconstruction, images were processed by

the Zen software (Zeiss).



For each animal, whole-brain tile images were taken from 3–5

brain sections and used for quantification. LF AutoF intensity

under red channel was analyzed and quantified using ImageJ

(NIH).

Lipid staining
Stock solution of oil red O stain was prepared by dissolving 50 mg

oil red O powder (Sigma; O-0625) in 10 mL isopropanol. A 37�C
water bath was used to gently heat the solution to facilitate disso-

lution of the solid.Working solution of oil redO stainwas prepared

by diluting 3 mL of the stock solution with 2 mL distilled water for

a total volume of 5mL. The solutionwas then filtered.Working so-

lution was prepared fresh each time. Frozen tissue sections were

washed in PBS to remove OCT compound. Tissue sections were

then immersed in 60% isopropanol for 30 s and stained with

freshly prepared oil red O working solution for 15 min. Stained tis-

sue sections were then immersed in 60% isopropanol for 30 s and

mounted usingmountingmedia. All the imageswere captured by a

wide-field microscope (Olympus BX63).

TrueBlack treatment
TrueBlack (13) solution was prepared by diluting 503 TrueBlack

(Biotium) stock solution in 70% ethanol, according to the manu-

facturer’s instructions. The solution was vortexed to mix well

and shielded from light. Following immunostaining, brain slices

were removed from PBS. The sections were covered with 13

TrueBlack solution for 20 s. After that, the 13 TrueBlack solution

was discarded, and the sections were rinsed three times with PBS.

Statistical analysis
All data are represented as mean ± SEM. When only two indepen-

dent groups were compared, significance was determined by using

two-tailed unpaired t test with Welch’s correction or paired t test.

When three or more groups were compared, one-way ANOVA

with Bonferroni post-hoc test was used. A p value of <0.05 was

considered significant. All the analyses were done in GraphPad

Prism v.9.
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