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Tingting Zhang?, Tuancheng Feng!, Kenton Wul, Jennifer Guol, Alissa L. Nana2, Guang
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Abstract

Heterozygous mutations in the granulin (GRN) gene, resulting in the haploinsufficiency of the
progranulin (PGRN) protein, is a leading cause of frontotemporal lobar degeneration (FTLD).
Complete loss of the PGRN protein causes neuronal ceroid lipofuscinosis (NCL), a lysosomal
storage disorder. Polymorphisms in the GRN gene have also been associated with several other
neurodegenerative diseases, including Alzheimer’s disease (AD), and Parkinson’s disease (PD).
PGRN deficiency has been shown to cause myelination defects previously, but how PGRN
regulates myelination is unknown. Here, we report that PGRN deficiency leads to a sex-dependent
myelination defect with male mice showing more severe demyelination in response to cuprizone
treatment. This is accompanied by exacerbated microglial proliferation and activation in the male
PGRN deficient mice. Interestingly, both male and female PGRN-deficient mice show sustained
microglial activation after cuprizone removal and a defect in re-myelination. Specific ablation of
PGRN in microglia results in similar sex-dependent phenotypes, confirming a microglial function
of PGRN. Lipid droplets accumulate in microglia specifically in male PGRN-deficient mice. RNA
seq analysis and mitochondrial function assays reveal key differences in oxidative phosphorylation
in male versus female microglia under PGRN deficiency. A significant decrease in myelination
and accumulation of myelin debris and lipid droplets in microglia were found in the corpus
callosum regions of FTLD patients with GRN mutations. Taken together, our data support that
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PGRN deficiency leads to sex-dependent alterations in microglia with subsequent myelination
defects.

Keywords
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Introduction

Frontotemporal lobar degeneration (FTLD) is a common cause of dementia in people
under the age of 60 [15]. Haploinsufficiency of progranulin (PGRN), due to heterozygous
mutations in the GRN gene, is one of the major genetic causes of FTLD with aggregates
containing TAR DNA binding protein 43 (TDP-43) [5,13,22]. GRN mutations have been
identified in 20-25% of familial FTLD cases and about 10% of all FTLD cases, and these
mutations have been shown to reduce PGRN levels or result in loss of PGRN function [48].

Interestingly, complete loss of PGRN in humans causes neuronal ceroid lipofuscinosis
(NCL) [2,70], a lysosomal storage disease. In addition, PGRN polymorphisms contribute
to developing the risk of Alzheimer’s disease (AD)[41,45,58,66,86], with serum PGRN
levels inversely proportional to the risk of AD development [36]. GRN has also been
identified as one of the main risk factors for limbic-predominant age-related TDP-43
encephalopathy (LATE)[54]. Furthermore, a recent study identified GRN as one of the
two main determinants of differential aging in the cerebral cortex with genome-wide
significance[61]. Thus, PGRN is intimately linked to brain aging and neurodegeneration.

PGRN is an evolutionarily conserved glycoprotein of 88 kDa comprised of 7.5

granulin repeats (para-granulin and granulins A, B, C, D, E, F, G) [6,55]. In the

brain, PGRN is mainly expressed in neurons and microglia and has been reported to

possess various neuroprotective functions and play a key role in microglia-mediated
inflammation [42,51,75,77]. Microglia are the resident immune cells in the central

nervous system (CNS) and maintain CNS homeostasis through the clearance of apoptotic
bodies and debris, synaptic pruning, and secretion of neurotrophic factors[1,12,26,29,31].
Misregulation of microglia-mediated inflammation is a common mechanism shared by many
neurodegenerative diseases[1,12,26,29,31].

Myelination, the formation of the lipid-rich myelin sheath around axons, is essential not
only for action potential propagation but also for axon maintenance and is intimately linked
to brain health [63]. Recently, FTLD- GRN mutation individuals have been shown to
develop multifocal myelin loss [10,84] and microglial accumulation of myelin debris in the
white matter of the brain [85]. Myelination defects have also been reported in aged PGRN-
deficient mice [38,74] In addition, variability in the GRN gene has been shown to increase
the risk for primary progressive multiple sclerosis (MS), an autoimmune myelination
disorder, specifically in males [20]. PGRN expression is upregulated in microglia in MS
patients [83] and GRN polymorphisms influence disease course and relapse recovery in
MS [82]. However, underlying mechanisms remain unclear. In this study, we investigated
the role of PGRN in myelination using the cuprizone-induced demyelination model. We
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found that PGRN regulates the myelination process by modulating microglial activities in a
sex-dependent manner.

Material and Methods

Mouse strains and treatment

Wild type C57/BL6, Cx3cr1*/CreER [56], Grn ToX/floX. and Grr/~ mice [88] were obtained
from the Jackson Laboratory. Cx3cr1*/CreER Gn flox/flox mice were fed tamoxifen at 3
weeks of age to delete PGRN in microglia[56]. Cx3cr1*/CreER mice were also fed tamoxifen
to be used as controls. Tamoxifen (Sigma T5648, 10mg/ml) was dissolved in filter-sterilized
corn oil by incubating overnight at 37°C. The solution was protected from light and was
administered to mice (75 mg /kg) via oral gavage every other day 7 times total. CNS
demyelination was induced by supplementing the diet of 10-week-old mice with 0.2%
(w/w) cuprizone (bis [cyclohexanone] oxaldihydrazone) in powdered rodent chow [72]).
The rodent chow (5 g/mouse/day) was replaced every other day for 5 weeks. For the
remyelination period, mice were returned to normal chow for 3 weeks. Untreated control
mice were fed normal crushed chow for 5 weeks or 8 weeks. All the mice were housed in
the Weill Hall animal facility at Cornell. All animal procedures have been approved by the
Institutional Animal Care and Use Committee (IACUC) at Cornell.

Antibodies and Reagents

The following antibodies were used in this study: mouse anti-Galectin-3 (BioLegend,
126702), goat anti-human GPNMB (R&D Systems, AF2550), goat anti-mouse GPNMB
(R&D Systems, AF2330), rat anti-mouse LAMP1 (BD Biosciences, 553792), rabbit
anti-IBA-1 (Wako, 01919741), goat anti-AlF-1/Ibal (Novus Biologicals, NB100-1028),
rat anti-CD68 (Bio-Rad, MCA1957), and sheep anti-PGRN (R&D Systems, AF2557),
mouse anti-MBP (Millipore, SMI-99), Goat anti-Olig2 (R&D Systems, AF2418), mouse
anti-APC (Millipore, OP80), rabbit anti-Perilipin2 (Proteintech Group,15294-1-AP), sheep
anti-TREM2 (R&D Systems, AF1729). Detailed information is provided in Supplementary
Table 1.

The following reagents were also used in the study: Dulbecco’s modified Eagle’s medium
(DMEM)(Cellgro, 10-017-CV), Hanks’ Balanced Salt Solution (HBSS) (Cellgro, 21—
020-CV), Dulbecco’s modified Eagle’s medium/Ham’s F-12 (DMEM/F-12)(Cellgro, 10—
092-CV), 0.25% Trypsin (Corning, 25-053-Cl), Autofluorescence Quencher (Biotium,
23007), Odyssey blocking buffer (L1-COR Biosciences, 927-40000), and O.C.T compound
(Electron Microscopy Sciences, 62550-01).

Primary microglia cell culture

Microglia were isolated from postnatal day 0-2 female and male pups according to a
published protocol [94]. Briefly, cortices were rapidly dissected from the brain in 2ml

cold HBSS at 4°C followed by digestion with 0.25% trypsin. The cells were maintained

in DMEM/F12 with 10% FBS at 37 °C in a 5% CO»-humidified atmosphere. GM-CSF
(R&D system) was added at 5 ng/ml to stimulate microglial proliferation. The flasks were
shaken to separate microglia from mixed glial cultures after 14 days in culture. The purity of
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primary microglia was greater than 95% validated by IBA1 immunostaining. After 24 hours,
the cultured medium was replaced with a fresh medium used for experiments.

Oxygen consumption rate (OCR) measurement

The oxygen consumption rate (OCR) of primary microglia was measured using a Seahorse
XF Cell Mito Stress Test Kit (103015-100, Agilent Technologies) with a Seahorse XFe

96 Extracellular Flux Analyzer (Seahorse Bioscience) according to the manufacturer’s
instructions [65]. Briefly, triplicates or quadruplicates of microglia were plated on XF-96
cell culture microplates overnight and then treated with or without purified myelin (10ug/ml)
for 24 hours. Microglia were washed and analyzed in the XF assay medium (10 mM
glucose, 1 mM pyruvate sodium, 2 mM L-Glutamine). Measurements were obtained in
real-time with no drug treatment (basal conditions) and with the sequential treatment of 1
UM oligomycin, 2 uM FCCP, and 0.5 uM rotenone plus antimycin A (Rote/AA). After the
measurements, the number of cells within the plate was determined by Hoechst staining and
subsequent counting of nuclei. Data were analyzed using Seahorse XF 96 Wave software
and the results were represented as pmol/min, and then normalized by the cell number.

OCR measurement under basal conditions in the absence of drugs represents the basal OCR.
Spare respiratory capacity was calculated as the differences between the basal OCR and the
maximal OCR after FCCP addition. Experiments were repeated three times with different
batches of male and female WT and Grr/~ microglia cultured independently.

Brain tissue

Human brain tissues were obtained from the Neurodegenerative Disease Brain Bank at the
University of California, San Francisco. Authorization for autopsy was provided by the
patients’ next-of-kin, and procedures were approved by the UCSF Committee on Human
Research. Neuropathological diagnoses were made in accordance with consensus diagnostic
criteria [39,49]. Cases were selected based on neuropathological diagnosis and genetic
analysis. Formalin-fixed, paraffin-embedded tissue sections of the corpus callosum were
used from subjects with FTLD-TDP type A with GRN mutations and healthy controls.
Healthy control tissues were obtained from individuals without dementia who had minimal
age-related neurodegenerative changes. Detailed information is provided in Table 1.

Immunohistology and analysis

For paraffin-embedded human brain samples, 8 um-thick sections including the corpus
callosum were deparaffinized with xylene and ethanol. Antigen retrieval was performed

by microwaving in citrate buffer (pH 6.0) for 20 min. For mouse brain immunostaining,
mice were anesthetized with isoflurane transcardially perfused with PBS and 4%
paraformaldehyde (PFA). The brains were removed and continuously postfixed overnight
in 4% PFA at 4°C. After being dehydrated, coronal brain sections including cortex and
corpus callosum (overlying the fornix approximately between bregma 0.86 and 0.14 mm)
were cut using a cryostat (Leica, Heidelberg, Germany) and processed for immunostaining.

Sections were first permeabilized and blocked with 0.1% saponin in Odyssey blocking
buffer and incubated with primary antibodies overnight at 4°C. Sections were washed with
PBS three times followed by incubation with secondary fluorescent antibodies and Hoechst
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at room temperature for two hours the next day. Images were acquired on a CSU-X spinning
disc confocal microscope (Intelligent Imaging Innovations) with an HQ2 CCD camera
(Photometrics) using 63X and 100X objectives or on a Leica DMi8 inverted microscope
with a 20X objective. Three to five non-adjacent brain sections per mouse were used. Ten to
fifteen different random confocal images were captured from the corpus callosum region of
mouse brain sections. Five to ten random fields of the corpus callosum were examined for
human brain sections.

For the quantitative analysis of MBP and IBAL1 levels in the mouse or human brain

sections, the fluorescence intensity was measured directly using ImageJ software (National
Institutes of Health, Bethesda, MD, USA) after a threshold application. The protein

levels were determined by the total fluorescence signals. For the quantitative analysis of
CD68, Galectin3, GPNMB, and TREM2 levels in microglia, the IBA1+ microglia were
selected using the region of interest (ROI) tool after the data channels were separated
(Image\Color\Split Channels). Next, CD68, Galectin3, GPNMB, and TREM2 signals within
the IBA1 ROI were selected (Analyze\tools\ROI manager) and measured.

The number of IBA1+ microglia, perilipin2+IBA1+ microglia, Olig2+ cells (representing
all oligodendrocyte lineage cells), and APC-positive cells (APC+, mature oligodendrocyte
cells) was counted using the “analyze particles” function of ImageJ after a threshold
application. Perilipin2 positive area in microglia was quantified using ImageJ after a
threshold application.

Microglia morphometric analysis was performed using ramification index (RI) (4w x

cell area/(cell perimeter)?) as previously described [9,30]. Cell area and perimeter were
calculated with Image J. 10-15 microglia were analyzed for mice fed with a normal diet. A
total of 60 to 70 cells were analyzed from 3 to 5 independent mice for each cuprizone treated
and recovery group.

RNA-seq analysis

CD11b+ microglia were isolated from adult mouse brains using Magnetic-activated cell
sorting (MACS) according to published protocols [32,44]. The purity of microglia was
verified by immunoblotting with microglia marker IBAL, astrocyte marker GFAP, and
neuronal marker NeuN. Total RNA was extracted from isolated microglia using Trizol
(Thermo scientific). RNA quality was checked using nanodrop, gel electrophoresis, and
Agilent Fragment Analyzer. RNAseq libraries were generated by the Cornell TREXx Facility
using the NEBNext Ultra Il Directional RNA Library Prep Kit (New England Biolabs) using
700ng input total RNA per sample. At least 20M reads (2x150nt PE) were generated on a
NovaSeq (Illumina). Reads were trimmed to remove low-quality and adaptor sequences with
TrimGalore (a wrapper for cutadapt and fastQC), requiring a minimum trimmed length of
50nt. Reads that passed quality control were aligned to reference genome (mouse GRCm38/
mmZ10) [89] using STAR [17], using ‘--quantMode GeneCounts’ to output counts per gene.
SARTOools [80] and DESeq?2 [46] were used to generate normalized counts and statistical
analysis of differential gene expression. Genes with FDR control p-value < 0.05 and log

fold change = 0.5 were identified as differentially expressed genes (DEGS). Heatmap of the
DEGs was generated by using Heatmapper [4]. Enrichment analysis using Hallmark gene
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sets and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses (KEGG)
gene sets was performed using Gene Set Enrichment Analysis (GSEA)[73]. GSEA was
applied using the list of all genes expressed, ranked by the fold change with recommended
default settings (1,000 permutations and a classic scoring scheme). The false discovery rate
(FDR) was estimated to control the false-positive finding of a given normalized enrichment
score (NES) by comparing the tails of the observed and null distributions derived from 1,000
gene set permutations. The gene sets with an FDR of <0.05 were considered significantly
enriched.

Statistical analysis

Results

In all experiments, data were expressed as mean + standard error of the mean

(SEM). Statistical significance was assessed by unpaired Student’s t-test (for two groups
comparison) or Two-way ANOVA tests with Bonferroni’s multiple comparisons (for
multiple comparisons). All statistical analyses were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA). P values less than or equal to 0.05 were
considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Male Grri/~ mice are more susceptible to cuprizone-induced demyelination and fail to
re-myelinate

To investigate the role of PGRN in myelination, we treated wild-type (WT) and G~
mice with cuprizone (CPZ) for 5 weeks to induce the apoptosis of mature oligodendrocytes
and demyelination [25,52,95]. Mice were then fed with a normal diet for 3 weeks

to allow recovery and remyelination (Fig. 1a). After 5 weeks of treatment, cuprizone-
induced demyelination was observed in multiple regions of WT and G~ mice based

on immunostaining of myelin basic protein (MBP), including the cortex and the corpus
callosum (CC), as previously reported for cuprizone [52,69] (Fig. 1b—1e). Interestingly,
PGRN loss leads to exacerbated myelin loss in the male but not female mice after 5

weeks of cuprizone treatment compared to age and sex-matched WT control (Fig.1b-1e),
supporting a sex-dependent effect of PGRN on demyelination in response to cuprizone
treatment. After 3 weeks of cuprizone removal and recovery, MBP intensities were restored
close to the normal levels in the WT mice (Fig. 1b-1e), indicating successful remyelination.
However, the reduction of MBP levels persists in both male and female PGRN-deficient
mice (Fig. 1b-1e). Taken together, our data support that PGRN deficiency leads to
exacerbated demyelination in males but not in females in response to cuprizone and a failure
to re-myelinate in both male and female mice after cuprizone removal.

To determine changes in oligodendrocytes during demyelination and remyelination, we
examined the numbers of total and mature oligodendrocytes at different time points using
Olig2 and APC as markers, respectively. Although both WT and G~ mice showed

a decrease in the number of total (Olig2*) and mature (APC*Olig2*) oligodendrocytes
following 5 weeks of cuprizone treatment, the reduction in the number of mature but not
total oligodendrocytes is significantly more pronounced in the male G777~ mice compared
with WT mice (Fig. 2a-2c), supporting increased death of mature oligodendrocytes in male
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G~ mice upon cuprizone treatment. In addition, three weeks after cuprizone removal, the
number of mature oligodendrocytes returned to normal conditions in WT mice. However,
a decreased number of mature oligodendrocytes and a decreased ratio in the number of
mature oligodendrocytes (APC+0lig2+) to the number of total oligodendrocytes (Olig2+)
were observed in male Grn™”~ mice compared with WT mice (Fig. 2d), indicating impaired
differentiation of oligodendrocyte precursor cells (OPCs) in male Grn™~ mice during
recovery. However, oligodendrocyte differentiation defects during the recovery were not
observed in the female Grn™~ mice (Fig. 2d), further supporting a sex-dependent effect

of PGRN on myelination. The fact that female mice also show myelination defects as
shown by decreased MBP intensity (Fig. 1e) supports that the myelination process but not
oligodendrocyte differentiation is affected by PGRN loss in females.

PGRN deficiency leads to more pronounced microglial activation in male mice in response
to demyelination

Cuprizone-induced death of oligodendrocytes is known to result in the accumulation of
myelin debris and activation of microglia [95]. Since PGRN is known to play a critical

role in microglial activation [42], we examined PGRN expression in microglia in response
to cuprizone treatment. An obvious increase in PGRN levels was found in IBA1-positive
microglia in the corpus callosum region after 5 weeks of cuprizone treatment as we
previously reported [90] (Fig. 3a). Next, we examined whether microglial proliferation and
activation in response to cuprizone are altered by PGRN deficiency by analyzing microglia
number and microglia morphology. A significant increase in the number of IBA1 positive
(IBA1+) microglia was observed in the male but not female G~ mice compared to
sex-matched WT controls after 5 weeks of cuprizone treatment (Fig. 3b-3c). In addition,

3 weeks after cuprizone removal, the number of IBA1+ microglia in WT mice is greatly
reduced (Fig. 3b-3c). However, this decrease is not observed in either male or female Grn™~
mice after cuprizone removal (Fig. 3b-3c).

To determine changes in microglial morphology, we used a ramification index according to
previous studies [9,30]. The microglia in a resting state display a ramified morphology with
a ramification index (RI) value close to zero and acquire an amoeboid shape once activated
with a ramification index (RI) value close to one. Five weeks after CPZ treatment, Grr-/-
microglia acquire a typical activated amoeboid shape in both male and female mice (Fig.
3d). The RI for Grr—/- microglia is significantly higher than the Rl of WT microglia in both
male and female mice, with a bigger difference between WT and Grr-/- in male mice (Fig.
3d). Three weeks after cuprizone removal, WT microglia return to a ramified shape with the
RI significantly lower compared to that of 5 weeks after CPZ treatment. However, Grn-/-
microglia in both male and female mice remain amoeboid shape with a RI significantly
higher than WT microglia 3 weeks after cuprizone removal (Fig. 3d), indicating prolonged
microglial activation and a failure of microglia to return to normal homeostasis in PGRN
deficient mice after demyelination.

Next, we determined whether microglial activation status in response to demyelination
is altered by PGRN deficiency. We examined the protein levels of TREM2, Galectin3,
GPNMB, and CD68, markers for disease-associated microglia (DAM), which are known
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to get upregulated in microglia in response to demyelination and other disease conditions
[35,59]. After 5 weeks of cuprizone treatment, male but not female G~ mice showed
significantly increased protein levels of CD68, Galectin3, and TREM2 in microglia
compared to sex-matched WT controls (Fig. 4a—b and Fig. 5a—d), indicating that PGRN
deficiency leads to enhanced microglial activation in response to demyelination in male but
not female mice. Interestingly, the levels of another DAM marker, GPNMB, which was
recently identified as the most up-regulated protein in response to PGRN loss [18,38], are
elevated in microglia in both male and female G~ mice compared to sex-matched WT
controls after 5 weeks of cuprizone treatment (Fig. 5c, 5d). Thus, PGRN deficiency only
affects the expression of a subset of DAM markers in a sex-dependent manner.

Three weeks after cuprizone removal, microglial expression of TREM2, Galectin3,
GPNMB, and CD68 returns to normal levels in WT mice (Fig. 4 and Fig. 5). However,
the levels of these proteins remain elevated in microglia in both male and female Grin™~
mice. This result is consistent with our IBAL staining results and supports an important
sex-independent role of PGRN in the resolution of microglial activation in response to
demyelination.

Microglial accumulation of lipid droplet and lipofuscin in PGRN deficient mice

Recently PGRN deficient microglia have been shown to accumulate lipid droplets

upon aging [50]. Lipid droplet-associated microglia are commonly found during
neurodegeneration and are thought to represent a dysfunctional and pro-inflammatory state
with altered metabolism [11,50]. To determine whether lipid storage is affected by PGRN
loss in response to demyelination, we stained brain sections from WT and G~ mice with
antibodies against microglial marker IBA1 and perilipin 2, a protein associated with lipid
droplets. We found a dramatic increase in the number of microglia with perilipin 2 positive
puncta in the male Grn™~ mice with cuprizone treatment (Fig. 6a—6b). A further increase
was detected 3 weeks after cuprizone removal. This increase in lipid droplet accumulation
is not observed in female Grn™”~ mice compared to age and sex-matched WT control both
in the cuprizone-treated and recovery group (Fig. 6a—6b). Thus, the loss of PGRN leads to
a significant defect in lipid metabolism in male mice but not in female mice in response to
cuprizone-induced demyelination.

In addition, the accumulation of lysosomal substrates in microglia has been shown to result
in autofluorescence and impaired functions during aging [8]. We observed a significant
accumulation of the autofluorescent material lipofuscin in microglia in the male but not
female Grn™”~ mice (Fig. 6¢, 6d), which could be caused by lipid overloading in the male
G~ mice.

Microglia-specific ablation of PGRN results in myelination defects and exacerbated
microglia activation in male mice but not female mice

The exacerbated demyelination in response to cuprizone and failed re-myelination in PGRN-
deficient mice could be caused by PGRN loss in neurons, oligodendrocytes, or microglia.

To further confirm the role of microglia in inducing myelination defects in PGRN-

deficient mice, we specifically deleted PGRN in microglia by expressing the tamoxifen-
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inducible Cre recombinase under the control of the CX3CR1 promoter (Cx3cr1*/CreER)
[56]. Cx3cr1*/CreER G flox/flox mice were fed with tamoxifen to activate Cre-mediated
recombination specifically in microglia. Cx3cr17/€"€ER mice were used as controls. These
mice were then treated with cuprizone for 5 weeks, or treated with cuprizone for 5 weeks
and then allowed to recover for 3 weeks before tissue collection (Fig. 7a). The ablation

of PGRN was confirmed by immunostaining (Fig. 7b). Brain sections were also stained
with anti-MBP antibodies to determine alterations in myelination. Consistent with the

data from whole-body knockout, microglia-specific ablation of PGRN leads to exacerbated
demyelination in response to cuprizone in male mice and a defect in re-myelination in both
male and female mice (Fig. 7c—7d), supporting that PGRN functions in microglia to regulate
the myelination process.

Furthermore, PGRN deficiency in microglia results in enhanced microglial proliferation and
activation as shown by an increased number of IBA1+ microglia (Fig. 7e, 7f), amoeboid like
morphology (Fig. 7g) and elevated levels of IBA1 and CD68 (Supplementary Fig. 1a, 1b) in
the male but not female mice 5 weeks after cuprizone treatment. In contrast to whole-body
PGRN deficiency (Fig. 4b), CD68 and IBAL levels and the number of IBA1+ microglia are
comparable in female Cx3cr1*/CTeER and Cx3cr1?/CeER Grn Tlox/flox mice three weeks after
cuprizone removal (Fig. 7e, 7f; Supplementary Fig. 1a, 1b,). Intriguingly, we failed to see

a decrease in the number of IBA1+ microglia or a return of microglia morphology to the
ramified state 3 weeks after cuprizone removal in both Cx3cr1*/CreER and Cx3cr1?/CreER
Grn Tox/flox mice (Fig. 7e-7g), suggesting that haploinsufficiency of CX3CR1 might lead to
a defect in microglia deactivation during the recovery phase.

The lack of differences in microglial recovery between female Cx3cr1*/C"ER and
Cx3cr1?/CreER Grp flox/flox js unexpected considering the strong phenotypes observed in
whole-body female PGRN deficient mice (Fig. 4 and 5) and known lysosomal functions of
PGRN. While it might suggest a potential function of PGRN in other cell types that help
deactivate microglia in the female whole body G~ mice during recovery, an alternative
explanation is that haploinsufficiency of CX3CRL1 causes alterations in microglia that

have masked the difference caused by PGRN deficiency. Since GPNMB is the strongest
marker associated with PGRN deficiency[18,38], next we examined GPNMB expression
levels in Cx3cr1?/CreER and Cx3cr1*/CreER Grn flox/flox mice in response to cuprizone
treatment. Interestingly, PGRN deficiency in microglia leads to significantly increased levels
of GPNMB in both male and female mice in response to cuprizone treatment and during
the recovery phase (Supplementary Fig. 1c—d). Since increased levels of GPNMB reflect
lysosomal dysfunction [79], these data support that PGRN deficiency in microglia leads to
lysosomal dysfunction in a sex-independent manner.

PGRN deficiency leads to sex-dependent alterations in oxidative phosphorylation in

microglia

To further dissect the function of PGRN in microglia, we isolated microglia from WT
and Grn™~ mice with or without cuprizone treatment using magnetic beads coated with
antibodies against CD11b, a cell surface transmembrane protein commonly used as a
marker for microglia [40]. The gene expression profiles in these microglia were analyzed

Acta Neuropathol. Author manuscript; available in PMC 2023 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

by bulk RNA seq (Supplementary Dataset 1). Interestingly, the oxidative phosphorylation
pathway shows opposite regulation in male versus female microglia under PGRN deficiency
with a decrease in expression in male microglia but an increase in expression in female
microglia after 5 weeks of cuprizone treatment based on Gene Set Enrichment Analysis
(GSEA) (Supplementary Fig. 2a—d). Since decreased oxidative phosphorylation could result
in increased accumulation of lipid droplets[11], which we have observed in the male PGRN
deficient microglia, we analyzed possible changes in oxidative phosphorylation in cultured
primary microglia using the Seahorse mitochondrial stress test kit. Consistent with our RNA
seq analysis, we found PGRN deficiency leads to a significant decrease in the maximum and
spare respiration capacity as shown by oxygen consumption rate (OCR) specifically in male
microglia in response to myelin treatment (Fig. 8a, 8b). A decrease in the basal respiration
rate and the ATP-linked respiration was also observed in male G~ microglia compared to
sex-matched WT controls but did not reach statistical significance (Fig. 8a). No difference
in OCR was observed in female G~ microglia (Fig. 8b). Taken together, our results
support a loss of mitochondria function specifically in the male PGRN deficient microglia
in response to myelin challenge, which could lead to alterations in lipid metabolism and
microglial activation states.

Myelin loss and microglia activation in the white matter of FTLD-GRN patients

To investigate the role of PGRN in myelination in humans, we examined myelination
defects in the postmortem brain samples of patients with FTLD-TDP and carrying a GRN
mutation (FTLD-GRN) (Table 1). Sections from the corpus callosum regions were stained
with antibodies against MBP and IBA1. To determine any gender-specific effect of PGRN
haploinsufficiency on myelination, we analyzed male and female patient samples separately.
Additionally, since the FTLD risk factor TMEMZ106B is known to play a role in myelination
[19,92], we also considered TMEMI106B genotypes in our analysis. It has been shown

that TMEM106B allele rs19906224 acts as a risk factor and rs1990622C reduces the odds
of patients with GRN mutations developing FTLDJ[78]. Due to the limited sample size,

we only examined samples with TMEM106B rs1990622~C and rs1990622¢/C genotypes.
A significant reduction in MBP staining intensity was found in male patients with FTLD-
GRN compared to control subjects (Fig. 9a-9b). No significant difference was found in
females, although there is a trend of reduction, probably due to low sample size and

large variability among the samples since we only have four samples from female patients
with FTLD-GRN with either TMEM1068 rs1990622”/C or TMEM1068 rs1990622C/C
genotypes. A significant increase in IBA1 and GPNMB staining intensities and the number
of IBA1-positive microglia was observed in both male and female patients with FTLD-GRN
compared to control subjects (Fig. 9a, 9c, 9d). In addition, a decrease in the intensity of
myelin basic protein is observed in both male and female FTLD-GRN patients compared

to control subjects, but only reaching significance in the males and when female and male
samples were combined (Fig. 9b). In addition, myelin accumulation in the IBA1 positive
microglia is frequently observed in samples from both male and female patients with FTLD-
GRN (Fig. 9a), consistent with the results from a recently published study [85]. Moreover, a
significant increase in the percentage of lipid droplet-containing microglia was observed in
the corpus callosum regions in the FTLD-GRN patient samples (Supplementary Fig. 3). Due
to low sample size, it is difficult to determine whether there is a gender-dependent effect
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of PGRN loss. Nevertheless, this indicates a failure of microglia in clearing myelin debris
and a defect in microglial lipid metabolism due to PGRN deficiency. It should be noted
that heterozygous mutations in the GRN gene, resulting in PGRN haploinsufficiency, lead
to FTLD in humans [5,13,22]. However, PGRN haploinsufficiency in mice does not have
any obvious phenotypes [62] and thus homozygous PGRN knockout mice were used in our
study.

Discussion

PGRN regulates microglial activities to modulate the myelination process

In response to demyelination, microglia help remove myelin debris, recycle lipids and
promote the differentiation of oligodendrocyte precursor cells and subsequent remyelination
[53,60,64,68]. The critical roles of microglia in myelination are supported by the results of
our study. PGRN expression levels are increased in microglia in response to demyelination
(Fig. 3a). In male mice, specific ablation of PGRN in microglia recapitulates the myelination
defects seen in whole-body PGRN knockout mice, including exacerbated demyelination

in response to cuprizone treatment and failed remyelination upon cuprizone removal (Fig.
7¢,7d). In female mice, PGRN deficiency in microglia also results in a myelination defect
during recovery (Fig. 7c,7d). In addition, myelin debris accumulates in microglia under
PGRN-deficient conditions in FTLD-GRN patients (Fig. 9) [85].

PGRN is also expressed in other cell types, including neurons, oligodendrocytes, and
astrocytes. PGRN is known to promote neuronal survival and axon outgrowth [7,21,23,77],
thus PGRN deficiency might interfere with neuronal recovery after demyelination. Increased
astrogliosis has also been reported under PGRN deficiency [42]. In addition, PGRN
expression can be detected in oligodendrocytes at the protein level (data not shown),
although the function of PGRN in oligodendrocytes remains to be explored. Thus, PGRN
deficiency is likely to result in slower recovery of neurons, astrocytes, and oligodendrocytes
to the normal homeostasis after cuprizone withdrawal, which might contribute to the
prolonged microglial activation and myelination defects seen in whole-body PGRN
knockout mice. Nevertheless, our results from microglia-specific ablation of PGRN strongly
support the critical role of PGRN in microglia regulating the myelination process.

Sex-dependent alterations in microglial dynamics in PGRN deficient mice in response to
demyelination

In this study, we demonstrated sex-dependent alterations in microglial dynamics in PGRN
deficient mice in response to demyelination: (1) Male but not female PGRN knockout

mice show exacerbated demyelination in response to cuprizone treatment (Fig. 1&2);

(2) Male but not female PGRN knockout mice show increased microglial proliferation

and activation after 5 weeks of cuprizone treatment (Fig. 3-5); (3) Male but not female
PGRN deficient microglia show significantly increased lipid droplet accumulation and
lipofuscin accumulation after cuprizone treatment (Fig.6); (4) Microglia specific deletion

of PGRN causes more severe myelination defects in males but not in females in response to
cuprizone treatment (Fig. 7); (5) In cell culture, male but not female G~ microglia show
significantly decreased mitochondrial functions in response to myelin treatment (Fig. 8); (6)
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In the postmortem FTLD-GRN human patient samples, GRN mutations result in a decreased
myelination in both male and females, but the effect is only significant in males with the
limited samples we have. All these data show key differences in microglial dynamics in male
versus female Grn™~ microglia in response to demyelination. Our results might also explain
the finding that GRN gene variability is significantly linked to the risk for MS in males but
not in females [20].

The molecular basis for the observed sex dimorphism remains to be fully explored. Many
differences have been reported between males and females in their innate and adaptive
immune responses [43]. Microglial functionality is also known to differ between males
and females during development, aging, and under disease conditions, such as stroke, and
experimental autoimmune encephalomyelitis (EAE) [76] [27,28,47]. A recent study has
demonstrated sex-dependent dysregulation in the periphery and central immune system as
a result of PGRN deficiency [34]. Our RNA seq analysis (Supplementary Fig. 2) suggested
that the activity of oxidative phosphorylation might be regulated differently upon PGRN
loss in male and female microglia in response to cuprizone-induced demyelination. We
confirmed this with the mitochondrial stress test, which showed that male G~ microglia
has significantly reduced maximum respiration and spared respiration capacity in response
to myelin treatment compared to WT control (Fig. 8). Since oxidative phosphorylation

is directly linked to lipid metabolism[11], decreased respiration capacity could lead to
increased lipid accumulation and lipid droplet formation and likely alter the microglial
activation state in male Grn~ microglia (Fig. 10). Mitochondrial dysfunction could also
contribute to lysosomal abnormalities, resulting in a specific accumulation of lipofuscin in
the male Grn™~ microglia (Fig. 6¢, 6d), due to poor lysosomal acidification by the V-ATPase
proton pump with low ATP supply from the mitochondria [71].

Regulation of mitochondrial functions by PGRN

How PGRN regulates mitochondrial function specifically in males remains to be

determined. Many studies have reported key differences in mitochondrial functions between
males and females [16,81]. The female hormone estrogen has been shown to increase
mitochondrial function and protect mitochondria under stress conditions through several
different mechanisms, resulting in enhanced mitochondrial functionality in females than
males under many circumstances [81]. For example, females have been shown to exhibit
significantly higher mitochondrial function in peripheral blood mononuclear cells than males
[67]. Females have increased resistance to brain injury, which may be related to lower
mitochondrial oxidative stress and higher antioxidant defenses [3,16]. In addition, female
mitochondria have been reported to metabolize more lipids than male mitochondria [81].

Several recent studies have shown a connection between PGRN and mitochondrial function.
PGRN was shown to help maintain mitochondrial homeostasis through Sirt1-PGC-1a./
FoxO1 mediated signaling in podocytes [91] and promote mitochondrial functions in
cortical neurons in response to hyperglycemia [14]. While the mechanisms by which PGRN
deficiency specifically affects male mitochondrial function remain to be fully elucidated, the
protective effect of estrogen on mitochondria might render PGRN dispensable for proper
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mitochondrial function in females. In this regard, it was interesting that serum estrogen
levels were recently reported to increase in PGRN-deficient mice [87].

Lysosomal functions of PGRN and microglial activation

Recent studies have shown that PGRN is a lysosome resident protein [37] and is critical for
proper lysosomal function [42,57]. PGRN is an evolutionarily conserved protein comprised
of 7.5 granulin repeats [6]. Within the lysosome, PGRN is proteolytically cleaved into
biologically active granulin peptides by cathepsins[33,93]. PGRN deficiency has been
shown to result in lysosome abnormalities with aging [42,57] and lysosomal defects have
been observed in PGRN-deficient microglia much earlier than neurons [24]. Thus, PGRN-
deficient microglia are likely to have a defect in lysosomal degradation of myelin after the
uptake of myelin debris, which might contribute to sustained microglial activation under
PGRN-deficient conditions after cuprizone removal. This is supported by the upregulation
of lysosomal genes in the transcriptomic analysis (Supplementary Fig. 2) and elevated levels
of GPNMB, a lysosomal membrane protein, in both male and female G777~ microglia

in response to cuprizone-induced demyelination and in the recovery phase (Fig. 5c, 5d).
Lysosomal dysfunction caused by PGRN deficiency in microglia could cause myelination
defects observed in both male and female G777~ mice and in the FTLD patients with GRN
mutations, despite the differences in mitochondrial responses to myelin challenge in male
and female Grn™~ microglia (Fig. 10).

In summary, our results reveal that PGRN deficiency leads to sex-dependent alterations
in microglial mitochondria that influence microglial response to demyelination. Future
work to dissect the mechanisms by which PGRN affects mitochondrial activities in males
and lysosomal functions in microglia will help us better understand how PGRN regulates
microglial functionality in the myelination process.

Data availability

The data supporting the findings of this study are included in the supplemental material.
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Fig. 1. PGRN deficiency resultsin myelination deficitsin a sex-dependent manner.
a Experimental design for the cuprizone-induced demyelination mouse model. 10 weeks

old male and female G777/~ mice and littermate wildtype (WT) mice were fed with normal
diet (ND), or cuprizone-containing diet (CPZ 5w) for 5 weeks. Another group of mice

was fed with a normal diet for 3 weeks after 5 weeks of cuprizone treatment (Rec 3w).
Coronal brain sections were stained with MBP antibody. b-e Representative images from
the corpus callosum region and frontal cortex were shown for experiments described in (a).
Scale bar = 100 pm. MBP intensity was quantified in (c) and (€) from male and female
mice, respectively. Data represent the mean = SEM. Statistical significance was analyzed by
unpaired two-tailed Student’s t-test (n = 3-5 mice per group). ns, not significant, *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 2. PGRN deficiency resultsin the loss of mature oligodendrocytesin response to cuprizone
and oligodendrocyte differentiation defects during recovery in male mice.

a-c Brain sections were stained with antibodies against APC and OLIG2. Representative
images from the corpus callosum region were shown in (a). Scale bar = 100 um. Total
numbers of all oligodendrocytes (OLs) (OL1G2+) and mature oligodendrocytes (APC+/
OLIG2+) at different time points were quantified in (b) and (c), respectively. Data represent
the mean + SEM. Statistical significance was analyzed by unpaired two-tailed Student’s
t-test (n = 3—4 mice per group). ns, not significant, *, p < 0.05; **, p<0.01,***p < 0.001.

d The ratio of mature OLs (APC+/OLIG2+) and total OLs (OLIG2+) at Rec3w time point
was quantified. Data were analyzed by unpaired two-tailed Student’s t-test (n = 3—4 mice per
group). ns, not significant, *p < 0.05.
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Fig. 3. PGRN deficiency leads to more pronounced microgliosisin male micein response to
demyelination.
a Brain sections from WT mice fed with ND or cuprizone-containing chow for 5 weeks

(CPZ 5w) were stained with antibodies against PGRN, IBAL, and LAMPL. Representative
images from the corpus callosum region were shown. Scale bar = 10 ym. b-c WT and
Gri!~ male and female mice were fed with normal chow (ND), or cuprizone-containing
chow for 3 weeks (CPZ 3w) or 5 weeks (CPZ 5w). Another group of mice was fed with
normal chow for 3 weeks after 5 weeks of cuprizone treatment (Rec 3w). Brain sections
were stained with IBA1 antibody. Representative images from the corpus callosum region
were shown (b). Scale bar = 100 um. The numbers of IBA1+ microglia in the corpus
callosum region were quantified and normalized to WT (c). Data represent the mean = SEM.
Statistical significance was analyzed by unpaired two-tailed Student’s t-test (n = 3-5 mice
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per group). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001. d

A ramification index [RI = 47 x cell area/ (cell perimeter)?] that describes microglial cell
shape was calculated for WT and Gr77/~ microglia under different conditions. 10 microglia
were analyzed for mice fed with a normal diet. A total of 60 cells from 3 to 5 independent
mice were analyzed for each CPZ treated and recovery group. Data represent the mean

+ SEM. Statistical significance was analyzed by unpaired two-tailed Student’s t-test (n =
10-60 microglia per group). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001; ****p
< 0.0001.
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Fig. 4. PGRN deficiency leadsto increased protein levels of CD68 and Galectin3 in microgliain
male but not female micein response to demyelination.
a-b WT and Grr/~ mice were fed with cuprizone-containing chow (CPZ 5w) for 5 weeks

or 3 weeks after cuprizone removal (Rec 3w). Brain sections were stained with Galectin-3,
CD68, and IBAL1 antibodies. Representative images in the corpus callosum region were
shown (a). Scale bar = 10 um. CD68 and Galectin-3 levels in microglia were quantified
(b). Data represent the mean + SEM. Statistical significance was analyzed by unpaired
two-tailed Student’s t-test (n = 3-5 mice per group). ns, not significant, *p < 0.05, **p <
0.01.
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Fig. 5. PGRN deficiency leadsto increased protein levelsof TREM2 and GPNMB in responseto
demyelination.
a-d WT and Grri/~ mice were fed with cuprizone-containing chow (CPZ 5w) for 5 weeks

or 3 weeks after cuprizone removal (Rec 3w). Brain sections were stained with TREM?2
and IBA1 antibodies (a) or GPNMB and IBA1 antibodies (c). Representative images in the
corpus callosum region were shown (a,c). Scale bar = 10 ym. TREM2 and GPNMB levels
in microglia were quantified (b,d). Data represent the mean + SEM. Statistical significance
was analyzed by unpaired two-tailed Student’s t-test (n = 3-5 mice per group). ns, not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Acta Neuropathol. Author manuscript; available in PMC 2023 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 27

a Female
IBA1
|_
=
2
o]
N
o
O .
IS
U]
'_
=
2
(s2]
[&]
[0}
tr -~
s
O
b
£120
Q
(]
+
<
m
i
N
Zz
- |
o
ks
X
o o 5N N N
0?1/ ?\GG 691/ ?\eo
C Male Female d
) ) . ) EWT
lipofuscin IBA1 Merge lipofuscin IBA1 Merge g mGr*
=
= 4
5 = £ T
Q 3
bK -3 ns
3 g 2 .
o -« 3 °
E 1
- 0
Male Female

Fig. 6. PGRN deficiency leadsto increased lipid droplet formation and lipofuscin accumulation
in microgliain male but not female mice.

a-b Brain sections from both male and female WT and Gr7/~ mice at CPZ 5w or Rec
3w were stained with Perilipin2 (PLIN2) and IBA1 antibodies. Representative images

in the corpus callosum region were shown (a). Scale bar = 10 pm. The percentage of
PLIN2+IBA1+ microglia to total microglia and the area of PLIN2+ signals in microglia
were quantified, respectively (b). Data represent the mean + SEM. Statistical significance
was analyzed by unpaired two-tailed Student’s t-test (n = 3—4 mice per group). ns, not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. c-d Brain sections from
male WT and Grri/~ mice at Rec3w were stained with IBA1 antibody. Autofluorescent
signals were imaged in the green channel. Representative images in the corpus callosum
region were shown (c). Scale bar = 10 um. The autofluorescent intensity in microglia was
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quantified (d). Data represent the mean + SEM. Statistical significance was analyzed by
unpaired two-tailed Student’s t-test (n = 3—4 mice per group). *p < 0.05.
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Fig. 7. Microglia-specific ablation of PGRN leads to myelination deficits and exacer bated
microglia activation in male mice.

a A diagram to show the experimental design: 3-week-old Cx3cr1*/CreER Grpflox/flox mice
were fed with tamoxifen to specifically delete PGRN in microglia. Cx3cr1*/C"ER mice were
used as controls. At 10 weeks of age, these mice were fed with a normal diet (ND) or
cuprizone-containing diet (CPZ 5w) for 5 weeks. For another group of mice, cuprizone was
removed for 3 weeks to allow recovery (Rec 3w). b 10 weeks after Tamoxifen treatment,
Cx3cr1*/CreER mice (ctrl) and Cx3cr1*/CreER Grn lox/flox mice (Grnfl/fhy were perfused and
brain sections were stained with antibodies against PGRN and IBA1. Representative images
from the corpus callosum region were shown. Scale bar = 10 um. c¢,d Coronal brain sections
from male and female Cx3cr1?/C"ER mice (ctrl) and Cx3cr1?/CreER Grn lox/flox mice
(Grnfl/fly at different time points were stained with MBP antibodies. Representative images
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from the corpus callosum region and frontal cortex were shown. Scale bar = 100 um. MBP
intensity was quantified in (d). e-f Brain sections were stained with anti-IBAL1 antibodies.
Representative images from the corpus callosum region were shown. Scale bar = 100 um.
The number of IBA1-positive cells was quantified and normalized to control mice. Data
represent the mean + SEM. Statistical significance was analyzed by unpaired two-tailed
Student’s t-test (n = 3-5 mice per group). ns, not significant, *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. g A ramification index [RI = 4r x cell area/ (cell perimeter)?] that
describes microglial cell shape was calculated for microglia under the different conditions
as indicated. 15 microglia were analyzed for mice fed with a normal diet. A total of 60 to
70 cells/ group from 3-5 independent mice/group were analyzed for each CPZ treated and
recovery group. Data represent the mean + SEM. Statistical significance was analyzed by
unpaired two-tailed Student’s t-test (n = 15-70 microglia per group). ns, not significant; *p
< 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001.
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Fig. 8. PGRN deficiency leads to mitochondrial dysfunction in male microglia in response to
myelin challenge.

a-b Male and female WT and Gri/~ primary microglia were fed with or without myelin

for 24h and then subjected to a mitochondria stress test using the Seahorse XF96 analyzer.
Oxygen consumption rates (OCR) were measured with no drug treatment (basal conditions)
and with the sequential treatment of 1 uM oligomycin, 2 uM FCCP, and 0.5 uM rotenone
plus antimycin A (Rote/AA). Basal respiration, ATP-linked respiration, maximal respiration,
and spare respiratory capacity were calculated. Data represent the mean + SEM. Statistical
significance was analyzed by two-way ANOVA (n = 11-12). ns, not significant. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 9. Myelin loss and microglia activation in the white matter of FTLD-GRN patients.
a-e Corpus callosum sections of postmortem human brain tissues from healthy control

subjects and patients with FTLD-TDP and carrying a GRN mutation (Table 1) were stained
with MBP, IBAL, and GPNMB antibodies. Representative confocal images from males and
females were shown (a). Scale bar = 10 um. Five to ten 20X images were taken from each
section for quantification. Total MBP intensities and the number of IBA1 positive microglia
per image were quantified in (b) and (c), respectively. Total IBA1 levels and GPNMB
levels in microglia were quantified in (d,e). AG and GG indicates different TMEM1068B
alleles. Data represent the mean + SEM. Statistical significance was analyzed by unpaired
two-tailed Student’s t-test (n = 3 males and 4-5 females for each group). ns, not significant.
*p <0.05, **p < 0.01.
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Fig. 10. A model for sex-dependent functions of PGRN in microglia to regulate myelination.
In response to demyelination, the uptake of myelin leads to mitochondrial dysfunction in

male but not female G/~ microglia, resulting in increased lipid droplet accumulation

and exacerbated microglial activation as well as lipofuscin accumulation. PGRN deficiency
results in lysosomal defects in both males and females, which leads to prolonged microglial
activation after cuprizone removal and a defect in re-myelination during the recovery phase.
“X” indicates dysfunction in mitochondria or lysosomes.
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