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Abstract

Progranulin is a secreted pro-protein that has anti-inflammatory and neurotrophic effects

and is necessary for maintaining lysosomal function. Mutations in progranulin (GRN) are a
major cause of frontotemporal dementia. Most pathogenic GRN mutations cause progranulin
haploinsufficiency, so boosting progranulin levels is a promising therapeutic strategy. Progranulin
is constitutively secreted, then taken up and trafficked to lysosomes. Before being taken up from
the extracellular space, progranulin interacts with receptors that may mediate anti-inflammatory
and growth factor-like effects. Modifying progranulin trafficking is a viable approach to boosting
progranulin, but progranulin secretion and uptake by cells in the brain is poorly understood

and may involve distinct mechanisms from other parts of the body. Understanding the cell

types and processes that regulate extracellular progranulin in the brain could provide insight

into progranulin’s mechanism of action and inform design of progranulin-boosting therapies.

To address this question we used microdialysis to measure progranulin in interstitial fluid

(ISF) of mouse medial prefrontal cortex (MPFC). Gri*/~ mice had approximately 50% lower

ISF progranulin than wild-type mice, matching the reduction of progranulin in cortical tissue.
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Fluorescent /n situ hybridization and immunofluorescence confirmed that microglia and neurons
are the major progranulin-expressing cell types in the mPFC. Studies of conditional microglial
(Mg-KO) and neuronal (N-KO) Grnknockout mice revealed that loss of progranulin from either
cell type results in approximately 50% reduction in ISF progranulin. LPS injection (i.p.) produced
an acute increase in ISF progranulin in mPFC. Depolarizing cells with KCI increased ISF
progranulin, but this response was not altered in N-KO mice, indicating progranulin secretion by
non-neuronal cells. Increasing neuronal activity with picrotoxin did not increase ISF progranulin.
These data indicate that microglia and neurons are the source of most ISF progranulin in mPFC,
with microglia likely secreting more progranulin per cell than neurons. The acute increase in ISF
progranulin after LPS treatment is consistent with a role for extracellular progranulin in regulating
inflammation, and may have been driven by microglia or peripheral immune cells. Finally, these
data indicate that mPFC neurons engage in constitutive progranulin secretion that is not acutely
changed by neuronal activity.
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Introduction

Progranulin is a secreted pro-protein that is genetically associated with neurodegenerative
disease and aging. Loss-of-function progranulin (GRN) mutations are one of the major
autosomal dominant causes of frontotemporal dementia (FTD) (Baker et al., 2006; Cruts et
al., 2006), and are associated with Lewy Body Dementia (Reho et al., 2022). GRN variants
are also associated with risk for FTD (Rademakers et al., 2008), Alzheimer’s disease (Lee et
al., 2011; Perry et al., 2013; Sheng et al., 2014), and Parkinson’s disease (Brouwers et al.,
2007; Mateo et al., 2013; Nalls et al., 2019; Rovelet-Lecrux et al., 2008), as well as aging-
related patterns of gene expression in the cerebral cortex (Rhinn and Abeliovich, 2017).
Most pathogenic GRN mutations cause progranulin haploinsufficiency (Baker et al., 2006;
Cruts et al., 2006; Finch et al., 2009; Meeter et al., 2016), though some mutations impair
progranulin secretion and processing (Kleinberger et al., 2016; Shankaran et al., 2008; Wang
etal., 2010). A common disease-associated GRN polymorphism is also associated with
reduced progranulin levels (Rademakers et al., 2008). These data are consistent with an
important role for progranulin in maintaining brain health with age, and suggest that even
mild reduction of progranulin increases risk for neurodegenerative disease.

Progranulin has several functions that may explain its association with neurodegeneration
and aging. It restrains inflammatory responses in microglia and macrophages (Lui et al.,
2016; Martens et al., 2012; Yin et al., 2010). It also exerts neurotrophic effects, promoting
neuronal survival and outgrowth (Gass et al., 2012; Van Damme et al., 2008). Finally,
progranulin is necessary for maintaining lysosomal function, as individuals with loss-of-
function mutations on both GRN alleles develop the lysosomal storage disorder Neuronal
Ceroid Lipofuscinosis (Almeida et al., 2016; Huin et al., 2019; Smith et al., 2012).
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Consistent with its essential role in lysosomal function, progranulin primarily localizes to
lysosomes in most cell types. Progranulin lacks a typical lysosomal sorting signal, so a
substantial proportion of newly-synthesized progranulin appears to be secreted (Kleinberger
et al., 2016; Shankaran et al., 2008), though some progranulin may be directly trafficked

to lysosomes through the endolysosomal pathway (Tran et al., 2023; Zhou et al., 2015).
Secreted progranulin is taken up and trafficked to lysosomes through several pathways,
including direct binding to sortilin (Hu et al., 2010) and co-trafficking with prosaposin via
receptors such as the mannose-6-phosphate receptor and LRP1 (Nicholson et al., 2016; Zhou
et al., 2015; Zhou et al., 2017b).

While in the extracellular space, progranulin can interact with several signaling receptors.
Progranulin may act as a growth factor by signaling through receptors such as EphA2 (Neill
et al., 2016) and Notch (Altmann et al., 2016). Extracellular progranulin also regulates
inflammatory responses to injury (Zhu et al., 2002). This might be mediated by antagonism
of TNF receptors (Tang et al., 2011), though progranulin’s interaction with TNF receptors
remains unclear (Chen et al., 2013; Etemadi et al., 2013; Lang et al., 2018; Wang et al.,
2015). Progranulin also interacts with perlecan, a component of the extracellular matrix,
which may serve as an additional factor regulating the activity of extracellular progranulin
(Gonzalez et al., 2003).

In both the lysosomal and extracellular compartments, progranulin is cleaved by several
proteases into granulins (Kessenbrock et al., 2008; Lee et al., 2017; Mohan, 2021; Suh et al.,
2012; Zhou et al., 2017a; Zhu et al., 2002). In lysosomes, progranulin cleavage may activate
progranulin, as granulins mimic progranulin’s effects on lysosomal enzymes (Beel et al.,
2017; Butler et al., 2019; Root et al., 2023) and persist in lysosomes longer than progranulin
(Holler et al., 2017). The role of progranulin cleavage in the extracellular space is less clear,
as some granulins have opposing effects on inflammation and cellular growth as progranulin
(Plowman et al., 1992; Shoyab et al., 1990; Zhu et al., 2002), while other granulins mimic
progranulin’s promotion of neuronal growth (De Muynck et al., 2013; Hyung et al., 2019;
Van Damme et al., 2008).

The mechanism(s) by which progranulin exerts its protective effects in the brain may
therefore involve an interplay of extracellular and lysosomal progranulin and granulins.
However, the mechanisms regulating levels of extracellular progranulin in the brain are
poorly understood. Immunostaining and reporter mice indicate that neurons and microglia
are the major cell types expressing progranulin in mouse brain (Petkau et al., 2010), though
sequencing studies indicate that astrocytes and other cell types express progranulin to a
higher degree than neurons (Saunders et al., 2018; Zhang et al., 2014). Microglia, neurons,
and astrocytes secrete progranulin in culture (Davis et al., 2021; Elia et al., 2019; Martens
etal., 2012; Suh et al., 2012), and presumably do so in brain, as progranulin is present in
cerebrospinal fluid (CSF). CSF progranulin levels are reduced in GRN mutation carriers
(Meeter et al., 2016), but comparison of blood and CSF progranulin levels indicate that
different mechanisms may regulate extracellular progranulin in the central nervous system
(CNS) than in the rest of the body (Nicholson et al., 2014; Wilke et al., 2016).
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In this study, we used /n vivo microdialysis in mouse medial prefrontal cortex (mMPFC) to
investigate the mechanisms regulating progranulin secretion in the brain. We investigated
the contribution of CNS cell types to progranulin levels in interstitial fluid (ISF) and the
response of ISF progranulin to stimuli such as systemic inflammation or local increases in
neuronal activity.

2. Materials and methods

2.1. Animals

Gr*!~ and Gri!~ mice (Jackson Laboratory #036771) (Martens et al., 2012) were
compared to wild-type littermates for initial validation of progranulin microdialysis.
Conditional Grnknockout mice were generated by crossing Grif/fl mice (Jackson
Laboratory #036770) (Martens et al., 2012) with mice expressing CaMK1//-Cre (Jackson
Laboratory #005359) (Tsien et al., 1996) or Cx3Cr1-Cre-ER (Jackson Laboratory #020940)
(Yona et al., 2013) to produce Grn™f-Cre+ or Cre- littermates. All mouse lines were
maintained on a congenic C57BI6/J background. Young adult mice were used for
microdialysis studies, with most mice aged 2—-6 months. Cx3CrI-Cre-ER was induced by
daily injections of 2 mg tamoxifen (MilliporeSigma) in 0.1 mL corn oil (MilliporeSigma)
for five days, followed by a minimum wait of four weeks before microdialysis sampling

to allow turnover of peripheral mono-nuclear cells (Goldmann et al., 2013). Mice were
housed on a 12 h light/dark cycle with lights on from 6 AM to 6 PM in a facility accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care. Mice
had free access to food (Envigo #7917) and water throughout the study, including during
microdialysis sampling. All experiments were approved by the Institutional Animal Care
and Use Committee of the University of Alabama at Birmingham.

2.2. Invitro microdialysis

Recombinant mouse progranulin (Adipogen) was diluted in artificial CSF (aCSF, 1.3 mM
CaCly, 1.2 mM MgSOy,, 3 mM KCI, 0.4 mM KH,POy, 25 mM NaHCO3, 122 mM

NaCl, pH 7.35. NaCl from Fisher Scientific, all other components from MilliporeSigma)
supplemented with 4% bovine serum albumin (BSA, MilliporeSigma). Dilutions were made
in low protein-binding tubes (ThermoFisher) to prevent progranulin from binding to the
tubes (Gururaj et al., 2020), and post-experimental analysis revealed no detectable loss of
progranulin due to non-specific binding to tubes. Progranulin concentrations for /in vitro
microdialysis were 1, 2, and 5 ng/mL, which approximates the range of concentrations
reported in human cerebrospinal fluid (Batzu et al., 2020; Berghoff et al., 2016; De Riz et
al., 2010; Meeter et al., 2016; Morenas-Rodriguez et al., 2016; Nicholson et al., 2014; Van
Damme et al., 2008; Wilke et al., 2016).

Recombinant progranulin was sampled by microdialysis using 1000 kDa cut-off probes
(Atmos LM, Amuza) (Takeda et al., 2011) with a 2 mm active membrane length.
Microdialysis sampling was conducting using an Atmos (Amuza) protein microdialysis
system, consisting of a syringe pump (Amuza #ESP-180LD) to push dialysate through

the probe, a peristaltic pump (Amuza #ERP-10) to pull dialysate from the probe, and a
refrigerated fraction collector (Amuza #FC-90) for sample collection. Probes were perfused
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with aCSF supplemented with 4% BSA (MilliporeSigma) to maintain osmotic pressure
(Trickler and Miller, 2003) and prevent progranulin from binding to the tubing (Gururaj et
al., 2020). Each concentration of progranulin was measured with two one-hour samples at a
flow rate of 1 uL/min, with a two-hour equilibration phase allowed when switching to each
new concentration. Four independent probes were used for /n vitro microdialysis.

2.3. Invivo microdialysis

Guide cannulae (4 mm length, Amuza) were implanted over the medial prefrontal cortex
(right hemisphere) by stereotaxic surgery (coordinates from bregma: anterior +1.9 mm,
lateral +0.4 mm, —1.0 mm ventral to the surface of the skull). Cannulae were secured to
the skull with screws and dental cement (Stoelting) and kept patent by insertion of a 4 mm
dummy cannula (Amuza). Mice were allowed to recover for a minimum of 48 h before
microdialysis sampling, and only underwent sampling if fully recovered from surgery.

Microdialysis sampling was conducted as described above. The probes were designed

so that the 2 mm membrane extended beyond the guide cannula, allowing sampling of

ISF from the cingulate, prelimbic, and infralimbic cortices. This tissue sampled remained
undisturbed until probe placement. The probe was connected to the system with a tether
and liquid swivel that allowed mice to move freely throughout the experiment. During
sampling, mice were housed in clear plastic chambers (30 cm L x 30 cm W x 35 c¢cm high)
outfitted with bedding, nesting material, and free access to food and water. The system was
configured to sample simultaneously from two chambers, allowing parallel sampling from
two experimental groups.

Microdialysis probes were placed the afternoon prior to sampling. Mice were briefly
anesthetized with isoflurane to allow insertion of the probe, then placed in microdialysis
chambers to recover. Probes were perfused with aCSF supplemented with 4% BSA as
described above. Probes were perfused at 10 pL/min for at least 10 min to flush away any
debris from insertion into the brain, then perfused at experimental flow rates for 8-12 h to
allow equilibration with ISF prior to sampling.

Quantitative zero-flow microdialysis (Jacobson et al., 1985; Justice Jr., 1993) was conducted
at flow rates ranging from 0.4 to 2 pL/min, with the initial equilibration phase conducted

at 0.4 uL/min. All other experiments were conducted at a constant flow rate of 1 uL/

min. Following equilibration, several hours of baseline samples were collected before
administering treatments. LPS (Lipopolysaccharides from Escherichia coliO111:B4,
MilliporeSigma #L.2630) was administered by i.p. injection of 10 mg/kg LPS in 0.9%
saline. Mice injected with saline served as the control group. Potassium was administered by
perfusing aCSF with 100 mM KCI (MilliporeSigma) for one hour before switching back to
standard aCSF (3 mM KClI as described above). Picrotoxin (Tocris) was dissolved in DMSO
at 100 mM, then diluted in aCSF to a concentration of 100 uM and perfused through the
probe for six hours. aCSF containing 0.01% DMSO served as the vehicle control.

Immediately following microdialysis sampling, mice were anesthetized with pentobarbital
(200 mg/kg i.p., Euthasol, Virbac), the probe and guide cannula were removed, and
mice were transcardially perfused with 0.9% saline. The brain was removed and cut into
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hemibrains. The right hemibrain was post-fixed in 4% paraformaldehyde (MilliporeSigma).
The left hemibrain was frozen on dry ice for analysis by ELISA or qPCR. Correct probe
placement was confirmed by slicing the right hemibrain into 60 pm sections on a sliding
microtome. Mice with incorrect probe placement or with excessive damage around the probe
site were excluded from the study.

2.4. Progranulin ELISA

Progranulin levels in dialysate and brain tissue were determined by ELISA (Adipogen

# AG-45A-0019YEK-KI01) according to the manufacturer’s instructions. Microdialysis
samples were diluted 1:1 with ELISA buffer prior to loading onto the ELISA plate. Brain
tissue was prepared for ELISA by homogenizing in lysis buffer (50 mM Tris, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) and centrifuging for

10 min at 5000 x g. Protein concentration of the supernatant was analyzed by BCA

assay (ThermoFisher), and 40 pg of protein were loaded per well of the ELISA plate.
ELISA signal was detected by reading absorbance using a Biotek Synergy LX plate reader.
Concentrations of progranulin were determined based on a standard curve run on each plate.

To determine if the ELISA was capable of detecting granulins, 50 pg of recombinant mouse
progranulin (Adipogen #AG-40A-0189Y) was cleaved overnight at 37 °C with 6 ng of
recombinant human cathepsin L (R&D systems #952-CY-010) using a previously described
protocol (Lee et al., 2017). For control samples, progranulin was incubated in reaction
buffer without cathepsin L, or with cathepsin L and a protease inhibitor cocktail (Halt
protease inhibitor cocktail, ThermoFisher #78429). After the reaction, complete cleavage
was confirmed by SDS-PAGE on 10% polyacrylamide gels (Bio-Rad), followed by staining
with Coomassie Fluor Orange (ThermoFisher). Samples were then diluted to 1 ng/mL
progranulin in ELISA buffer and analyzed as described above.

2.5. Lactate assay

L-lactate levels in dialysate were determined using a kit (Biovision #K607/Abcam
#ab65330) according to the manufacturer’s instructions. Samples were diluted 1:5 in
assay buffer, then analyzed using the manufacurer’s protocol for colorimetric detection.
Absorbance was read using a Biotek Synergy LX plate reader, and lactate concentrations
were determined based on a standard curve run on each plate.

2.6. Magnetic-activated cell sorting (MACS)

Microglia, neurons, and astrocytes were isolated from mouse hemibrains by MACS, adapted
from previously described methods (Bordt et al., 2020). For comparison of Grrin neurons,
microglia, and astrocytes, a total of 6 mice were used. Brains from these mice were sliced at
the midline to generate a total of 12 hemibrains, with each hemibrain assigned to isolation of
one cell type. Mice were transcardially perfused with 0.9% saline, brains were removed,
sliced into hemibrains, and immediately processed for MACS. Tissue was dissociated

by digestion with 2 mg/mL Collagenase A (MilliporeSigma) and 0.5 mg/mL DNase |
(MilliporeSigma) and trituration with a series of fire-polished pipettes (Bordt et al., 2020).
After dissociation, samples were treated with debris removal solution (Miltenyi #130-
109-398) according to the manufacturer’s instructions. Microglia were isolated using anti-
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Cd11b microbeads (Miltenyi #130-049-601), astrocytes were isolated using anti-ASCA-2
microbeads (Miltenyi #130-097-678), and neurons were isolated by negative selection
using a mouse neuron isolation kit (Miltenyi #130-115-390). Microbead-bound cells were
separated using a Quad-roMACS separator and LS columns (Miltenyi #130-091-051).
After separation, cells were pelleted by centrifugation, then processed with Trizol reagent
(ThermoFisher) for RNA isolation.

RNA was isolated from frontal cortical tissue or MACS-purified cells using Trizol

reagent (ThermoFisher). Samples were treated with DNase (Invitrogen TURBO DNA-
free kit, ThermoFisher), then reverse transcribed using iScript reverse transcriptase (Bio-
Rad). The resulting cDNA was analyzed by qPCR using PowerTrack SYBR green

master mix (ThermoFisher) on a QuantStudio 3 system (ThermoFisher). Transcripts

were analyzed with the following primers (Prime-Time, Integrated DNA Technologies):
Grn(Mm.PT.58.16608371.g), 7nf(Mm. PT.58.12575861), //16 (Mm.PT.58.41616450),
Rbfox3 (Mm. PT.58.32889417), /tgam (Mm.PT.58.14195622), Cx3Cr1 (Mm.
PT.58.17555544), Tmem119 (Mm.PT.58.6766267), Aldoc (Mm. PT.58.43415246), Gfap
(Mm.PT.58.6609337), S100b (Mm. PT.58.30112765), Olig2 (Mm.PT.58.140319010), and
Plp1 (Mm. PT.58.28833929). Expression of transcripts was normalized to expression of
Gapdh (F.GGGAAGCCCATCACCATCTT, R: GCCTTCTCCATGGTGGTGAA) or Actb
(F: GGCTGTATTCCCCTCCATCG, R:CCAGTTGGTAACAATGCCATGT).

2.8. Small molecule fluorescent in situ hybridization (FISH)

FISH was performed as described previously (Fox et al., 2022) with the following
modifications using the RNAscope Multiplex Fluorescent V2 Assay (Advanced Cell
Diagnostics/ACD #323270). Mice were anesthetized with isoflurane and decapitated. Brains
were removed and flash frozen on powdered dry ice. Brains were sliced into 20 pm

sections on a cryostat, which were mounted onto SuperFront Plus slides (Fisher Scientific
#1255015), immediately refrozen on dry ice, and stored at —80 °C until use. For the
RNAscope V2 assay, tissue was fixed 15 min in 4% paraformaldehyde followed by
dehydration with ethanol, then treated with hydrogen peroxide and protease 111 (ACD
#322381). Next, slides were incubated with a mixture of RNAscope probes (Grn#539011
and either C1gb#438101-C3, Rbfox3#313311-C3, or Gjal #486191-C3, all from ACD) for
2h at 40°C followed by fluorescent amplification. After amplification steps, each channel
was fluorescently labeled individually as follows: C1 probe (Grn): TSA Vivid Fluorophore
520 (ACD #323271) and C3 probe (C1gb, Rbfox3, or Gjal): TSA Vivid Fluorophore 570
(ACD #323272). Slides were coverslipped with Prolong Gold anti-fade mounting media
containing DAPI (ThermoFisher).

2.9. Immunostaining

After transcardial perfusion of mice with 0.9% saline, brains were sliced into hemibrains
and post-fixed for 48 h in 4% paraformaldehyde. Hemibrains were cryoprotected in 30%
sucrose and sliced into 30 um sections on a sliding microtome. Fluorescent immunostaining
was conducted as previously described (Arrant et al., 2019). Brain sections were blocked in
3% BSA prior to overnight incubation with primary antibodies in 3% BSA. The following
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primary antibodies were used: progranulin (R&D #AF2557, sheep polyclonal, 1:500),

Ibal (Wako #019-19,741, rabbit polyclonal), NeuN (MilliporeSigma #Abn91, chicken
polyclonal, 1:1000), and S100p (Abcam #ab52642, rabbit monoclonal, 1:1000). Primary
antibodies were then labeled with species-matched Alexa Fluor-conjugated secondary
antibodies (ThermoFisher). Progranulin was labeled with Alexa Fluor 488 and cell markers
were labeled with Alexa Fluor 594. After incubation with antibodies, all sections were
stained with DAPI (ThermoFisher) and then with Sudan Black B (Acros Organics) to
quench autofluorescence in the Grri/~ control sections.

2.10. Imaging and analysis

For comparison of progranulin intensity between CNS cell types and mouse genotypes, all
sections were processed in parallel to avoid batch effects on intensity. Sections processed for
FISH and immunofluorescence were imaged on a Nikon Ti2-C2 confocal microscope. 20x
z-stacks were taken of the red (cell markers), green (progranulin), and blue (DAPI) channels.
Laser and detector settings were adjusted so that no channel had saturated intensity, and
were kept uniform for all images. Maximum intensity projections were generated for
analysis of progranulin intensity within each cell type using Cell Profiler (Carpenter et

al., 2006; Stirling et al., 2021).

Cell profiler was used to draw ROIs around the boundaries of each cell type. The following
cell markers were used: for FISH, microglia (C1gb), neurons (Rbfox3), and astrocytes
(Gjal); for immunofluorescence, microglia (Ibal), neurons (NeuN), and astrocytes (S100p).
Signal for all protein markers, C1gb, and Gjal filled the cell body sufficiently that ROIs
were drawn using these signals. Rbfox3 exhibited a punctate signal, so Rbfox3+ DAPI
nuclear profiles were used to draw ROIs for neurons in FISH sections. These ROIs were
overlaid onto the green channel (progranulin), and the fluorescent intensity within each

cell was measured. For all cell types, Gri/~ sections were run in parallel and used to
correct for background fluorescence. For comparison of CNS cell types, integrated intensity
(mean fluorescent intensity x ROI area) was analyzed due to size differences between cell
types. The integrated intensity of cell types from each mouse was normalized to microglial
intensity from the same mouse to correct for individual differences in fluorescent intensity.
For comparison of microglial and neuronal progranulin intensity in conditional knockout
mice, the mean progranulin intensity was analyzed due to similar cell sizes between groups.

2.11. Statistics

in vitro microdialysis data were analyzed by Pearson correlation. Progranulin levels in
cortical tissue or ISF of mouse lines were analyzed by #test. Progranulin transcript in
MACS-sorted CNS cell types was analyzed by one-way ANOVA followed by Tukey’s
post-hoc test, and in MACS-sorted microglia from Mg-KO mice by two-way ANOVA
(factors of cell type and Cre) followed by Sidak’s post-hoc test. Progranulin intensity in
CNS cell types was analyzed by nested (by mouse) one-way ANOVA, followed by Tukey’s
post-hoc test. Cellular progranulin intensity in conditional Grrnknockout mice was analyzed
by nested ~test. ISF progranulin from zero flow curves was calculated using a one-phase
decay curve with least squares fit. Time-course analyses of ISF progranulin after treatment
with LPS, KCI, or picrotoxin were conducted with repeated measures ANOVA, or mixed
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effects analysis for data with missing values, as noted in the figure legends. LPS data

were analyzed for an effect of sex using three-way repeated measures ANOVA (factors of
treatment, sex, and time), with Greenhouse-Geisser correction. Since no effect or interaction
of sex was observed, a lower-order two-way ANOVA was then conducted with factors of
treatment and time and followed by Sidak’s post-hoc test. Analysis of the average baseline
versus treated ISF progranulin levels from these experiments was performed by paired £test
for KCI, or by two-way repeated measures ANOVA (factors of treatment/genotype and time)
followed by Sidak’s post-hoc test for LPS, picrotoxin, and KCI in N-KO mice. Comparisons
of tissue cytokine and progranulin levels after LPS and the change in progranulin after KCI
infusion in N-KO mice were performed by #test.

For all analyses, two-tailed p values were calculated with a set at 0.05. Due to unequal
variance, progranulin transcript and protein levels in CNS cell types and levels of cytokines
and progranulin in tissue of LPS-treated mice were log-transformed prior to analysis. All
analyses were performed with GraphPad Prism 9, except for three-way ANOVA, which was
performed with IBM SPSS Statistics 27.

3. Results

3.1. Validating progranulin microdalysis

3.2. Grn*-

We established a microdialysis protocol for measuring ISF progranulin using a push-pull
pump system and probes with a 1000 kDa cut-off membrane (Takeda et al., 2011).
Progranulin was measured using an ELISA that detected progranulin, but only weakly
detected granulins (Fig. S1). Reported values of progranulin in human cerebrospinal fluid
range from around 0.7 to 6 ng/mL (Batzu et al., 2020; Berghoff et al., 2016; De Riz et

al., 2010; Meeter et al., 2016; Morenas-Rodriguez et al., 2016; Nicholson et al., 2014; Van
Damme et al., 2008; Wilke et al., 2016). We therefore conducted /n vitro microdialysis to
assess our ability to detect progranulin in this range. We found a consistent relationship of
the progranulin recovered by microdialysis from samples ranging in concentration from 1 to
5 ng/mL (Fig. 1a), with a similar percent recovery across these concentrations (Fig. 1b).

When beginning /n vivo microdialysis, we considered the effect of inflammation around
the probe site. Brain injury in mice increases progranulin expression, though this response
occurs between 1 and 4-5 days after injury (Menzel et al., 2017; Tanaka et al., 2013).
Consistent with these prior studies, we found that progranulin levels did not dramatically
increase within the first 24 h after probe placement (Fig. 1c), achieving a roughly stable
baseline within 8-9 h after probe placement. In some instances, we observed dramatic
increases in progranulin at time points longer than 24 h after probe placement. We therefore
conducted experiments between 8 and 24 h after placing microdialysis probes.

mice have approximately half of wild-type ISF progranulin levels

As a final validation step, we compared ISF progranulin levels in wild-type and Grr*/~-
mice. G~ mice had approximately 50% lower levels of ISF progranulin than wild-type
littermates (Fig. 1d, €), which was consistent with roughly 50% loss of Grm mRNA (Fig.
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1f) and progranulin protein (Fig. 1g) in frontal cortical tissue. Analysis of ISF from several
Gri'~ mice revealed no detectable progranulin.

3.3.  Analysis of progranulin expression in cell types of the mPFC

We next used microdialysis to investigate the contributions of various CNS cell types to

ISF progranulin. A study using reporter mice and immunostaining found that microglia

and neurons are the major progranulin-expressing cell types in the CNS (Petkau et al.,
2010). However, sequencing-based analyses indicate much higher expression of progranulin
in microglia, and in some cases astrocytes and other cell types, than neurons (Saunders et
al., 2018; Zhang et al., 2014). We therefore used several approaches to assess progranulin
expression in microglia, neurons, and astrocytes. Analysis of Grntranscript in microglia,
neurons, and astrocytes isolated from dissociated brain tissue using MACS (Fig. S2)
revealed much higher Grnexpression in microglia than neurons and astrocytes, which both
exhibited low Grnexpression (Fig. 2a).

However, analysis of /n situ progranulin expression produced a different pattern of results.
Fluorescent /n situ hybridization (FISH) for progranulin and markers of microglia, neurons,
and astrocytes in mouse mPFC (Fig. 2b, c¢) revealed high levels of Grntranscript in
microglia, with somewhat lower levels in neurons, and much lower levels in astrocytes.
Similarly, immunofluorescence (Fig. 2d, e) revealed that of these cell types, microglia
contained the most progranulin protein, with neurons having somewhat lower levels, and
astrocytes having even lower levels of progranulin protein.

Collectively these data indicate that tissue dissociation may activate microglia, resulting in
higher than normal progranulin expression. They also reveal a clear order of progranulin
expression levels, with microglia expressing the highest levels, followed by neurons, and
then astrocytes, which exhibited low levels of progranulin transcript and protein. We
therefore focused our microdialysis experiments on microglia and neurons.

3.4. Microglia and CNS-resident macrophages contribute a significant portion of ISF
progranulin in mPFC

We assessed the contribution of microglia and CNS-resident macrophages to ISF
progranulin using Gr™f Cx3Cri-Cre-ER (Mg-KO) mice. Mg-KO mice and Cre—
littermates were treated with tamoxifen or vehicle at least four weeks prior to microdialysis
sampling to allow for turnover of peripheral monocytes (Goldmann et al., 2013). Consistent
with prior data on Mg-KO mice (Krabbe et al., 2017), we found selective depletion of
Grntranscript from Cd11b+ cells isolated by MACS (Fig. 3a, Fig. S3). Analysis of
progranulin protein levels with immunofluorescence also revealed a strong depletion of
progranulin from Ibal+ cells (Fig. 3b—d). Mg-KO mice exhibited significant reduction in
Grntranscript (Fig. 3e) and progranulin protein (Fig. 3f) in frontal cortical tissue, confirming
that microglia and CNS-resident macrophages are a significant source of progranulin in the
frontal cortex. Finally, Mg-KO mice had a nearly 50% reduction in ISF progranulin levels
(Fig. 3g, h), showing that microglia and CNS-resident macrophages are a significant source
of extracellular progranulin in the mPFC.
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3.5. Excitatory neurons contribute a significant portion of ISF progranulin in mPFC

We also assessed the contribution of excitatory neurons to ISF progranulin in the mPFC
using Grn™f: CaMK1I-Cre (N-KO) mice. As previously reported (Arrant et al., 2017),
CaMKII-Cre depleted neuronal progranulin in frontal cortex (Fig. 4a, b). Despite the fact
that CaMK/I-Cre only targets excitatory neurons (Tsien et al., 1996), distribution analysis
showed that nearly 90% of NeuN+ cells exhibited >50% loss of progranulin relative to the
average control neuron (Fig. 4c). This loss of neuronal progranulin resulted in significant
reduction of total tissue Grntranscript (Fig. 4d) and progranulin protein (Fig. 4e) in frontal
cortex. N-KO mice also had a roughly 50% reduction of ISF progranulin on average (Fig.

4f, g), showing that excitatory neurons are a significant source of extracellular progranulin in
the mPFC.

3.6. Inflammation increases ISF progranulin in mPFC

We next investigated processes that might alter progranulin secretion in the brain. Patients
with inflammatory conditions exhibit elevated levels of progranulin in CSF (Berghoff et
al., 2016; Kimura, 2017; Vercellino et al., 2011), so we investigated the effects of systemic
inflammation on ISF progranulin in the mPFC.

Systemic administration of lipopolysaccharide (LPS) activates microglia (Hoogland et al.,
2015) and increases levels of inflammatory cytokines in ISF within a few hours of injection
(Takeda et al., 2011). To determine if injection of LPS would also induce an acute increase
in ISF progranulin in mPFC, we administered a single dose of 10 mg/kg, i.p. of LPS and
measured ISF progranulin for the following six hours.

LPS significantly increased ISF progranulin relative to saline-injected mice (Fig. 5a, b).
Progranulin levels increased over the sampling period, reaching a peak of around 2.5-fold
higher than baseline. LPS-treated mice exhibited robust increases in 7nfand //16 expression
in the contralateral frontal cortex (Fig. 5¢, d), confirming an inflammatory response to

LPS. However, the increase in ISF progranulin was not associated with an increase in Grn
transcript (Fig. 5e) or protein levels (Fig. 5f) in frontal cortical tissue. While some mice did
seem to show increased tissue progranulin levels, the increase in ISF progranulin was not
significantly correlated with levels of Grntranscript (r=—0.2915, p = 0.3339) or progranulin
protein (r=-0.4031, p=0.1939) in the contralateral hemisphere.

While collecting LPS data, we noticed that the LPS-treated group contained a mix of mice
with robust increases in ISF progranulin and mice with almost no change in ISF progranulin
(Fig. 5b). Given recent reports of sex differences in microglia and other immune responses
in progranulin knockout mice (Houser et al., 2022; Zhang et al., 2023), we powered this
study to compare the LPS response in male and female mice. However, we did not observe
a significant sex difference in LPS response (Fig. S4), and both sexes included a mix of
“responder” and “non-responder” mice. We do not anticipate that this variability was due to
inconsistent LPS injections, as all mice showed robust cytokine increases in mPFC from the
contralateral hemisphere (Fig. 5c, d).
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3.7. Stimulation of neuronal activity does not increase ISF progranulin in mPFC

We then investigated whether increases in neuronal activity might increase levels of ISF
progranulin in mPFC. Progranulin promotes neuronal growth and survival (Gass et al., 2012;
Ryan et al., 2009; Van Damme et al., 2008), and neuronal activity may increase secretion

of progranulin in cultured neurons (Petoukhov et al., 2013). We began by depolarizing cells
near the probe by infusing aCSF with a high concentration of potassium chloride (100 mM
KCI). Infusion of aCSF with high-KCI immediately increased ISF progranulin (Fig. 6a, b),
which returned to baseline over several hours. We confirmed that this was associated with an
increase in activity by measuring levels of lactate in ISF (Fig. 6c, d) (Yamada et al., 2014),
though lactate levels increased more slowly than progranulin levels.

To determine if the response to KCI indicated that neuronal activity increases ISF
progranulin, we infused picrotoxin (100 uM) through the probe to disinhibit neuronal
activity. In contrast to KCI infusion, 100 uM picrotoxin failed to increase ISF progranulin
(Fig. 7a, b), despite the fact that this dose of picrotoxin robustly increased ISF lactate (Fig.
7c, d), indicating an increase in neuronal activity.

Given the lack of increase in ISF progranulin with infusion of picrotoxin, we hypothesized
that the increase in ISF progranulin observed after 100 mM KCI might be mediated by
non-neuronal cells. To test this hypothesis, we infused 100 mM KCI into N-KO mice and
Cre-littermates. We observed no difference in the response to KCI between groups (Fig.
7e—g), indicating that this KCI response was not mediated by excitatory neurons in the
mPFC. Given the dramatic overall loss of neuronal progranulin in CaMK//I-Cre + mice (Fig.
4a—c), the KCI response may be driven instead by non-neuronal cells.

4. Discussion

In this study, we report that microglia and neurons are major contributors to ISF progranulin
in the mPFC. Microglia, neurons, and astrocytes have been reported to express progranulin
in the central nervous system and in culture (Elia et al., 2019; Martens et al., 2012; Petkau
et al., 2010; Saunders et al., 2018; Suh et al., 2012; Zhang et al., 2014). Of these cell

types, we confirmed that under normal conditions in the mPFC, microglia express the most
progranulin per cell, followed by neurons, then astrocytes, which have low expression of
progranulin (Fig. 2). Consistent with this expression pattern, microglia appear to secrete
more progranulin than neurons into ISF, as Mg-KO and N-KO mice have roughly similar
loss of ISF progranulin despite the lower abundance of microglia than neurons in mPFC.
Based on the decrease in ISF progranulin from Mg-KO and N-KO mice (nearly 50% in each
line), we infer that most ISF progranulin in mPFC is secreted from microglia and neurons.
We also report that induction of systemic inflammation, but not stimulation of neuronal
activity, acutely increases ISF progranulin levels.

In addition to the reduction of ISF progranulin in conditional Grnknockout mice, we
observed roughly 50% reduction of ISF progranulin in Gri*/~ mice. This 50% loss of
progranulin closely matched the reduction of tissue progranulin levels in Gt~ mice,
showing no sign of a compensatory increase in progranulin secretion in the mPFC. This is
consistent with human data, in which heterozygous GRN mutation carriers have reduced
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CSF progranulin (Meeter et al., 2016), as do carriers of the GRNVrs5848 T allele (Nicholson
et al., 2014). Collectively, these data indicate that extracellular progranulin levels are closely
associated with progranulin expression in the surrounding tissue, and may be determined by
constitutive secretion of progranulin from the trans-Golgi network.

The increase in ISF progranulin after systemic LPS treatment is consistent with data
showing that people with inflammatory conditions have elevated CSF progranulin (Berghoff
et al., 2016; Kimura, 2017; Vercellino et al., 2011), and with data showing a role for
extracellular progranulin in regulating inflammation (Zhu et al., 2002). However, our data
do not allow us to determine the cellular source of this progranulin. The increase in ISF
progranulin after LPS might be driven by increased progranulin secretion from activated
microglia, as systemic LPS treatment activates microglia (Hoogland et al., 2015) and
activated microglia and macrophages have increased progranulin expression (Ma et al.,
2017; Naphade et al., 2010; Tanaka et al., 2013).

However, while cytokine expression indicated that all LPS-treated mice mounted an
immune response in mPFC, we did not observe a significant increase in tissue progranulin
expression. This data is consistent with microglial activation in the mPFC, but not with
robust increases in microglial progranulin expression. A prior study with mice also found no
change in brain tissue progranulin levels 6 h after LPS treatment, but did observe increased
progranulin 24 h after LPS injection (Ma et al., 2017). Another study reported that serum
progranulin is elevated 6 h after LPS injection (Yu et al., 2016). Thus, progranulin from
peripheral immune cells may have crossed the blood brain barrier and contributed to the
acute increase in ISF progranulin of LPS-treated mice. It is possible that microdialysis
sampling conducted at least 24 h after LPS injection might reveal more robust and consistent
increases in ISF progranulin, based on the report of increased progranulin expression in
microglia at this time point (Ma et al., 2017).

Our data indicate that synaptic activity and neuronal depolarization do not acutely increase
ISF progranulin levels. This stands in contrast to neurotrophic factors such as BDNF

and NGF, which exhibit activity-dependent secretion from neurons (Blochl and Thoenen,
1995; Griesbeck et al., 1999). A previous study reported activity-dependent secretion of
progranulin from cultured hippocampal neurons (Petoukhov et al., 2013). Our data indicate
that if mPFC neurons do engage in activity-dependent secretion of progranulin, they do not
do so on a scale that produces detectable changes in ISF progranulin. Instead, our data are
consistent with mPFC neurons engaging in low-level constitutive progranulin secretion that
does not significantly change with neuronal activity. It is also possible that there are regional
differences in neuronal progranulin secretion, or in progranulin secretion from neurons in
culture versus in vivo.

This study provides insight into previously reported effects of selective progranulin
overexpression and knockdown in mouse models. Overexpressing progranulin in neurons
improves not only neuronal lipofuscinosis, but also microglial reactivity in Grri/~ mice
(Arrant et al., 2018b). This may be due to neuronal progranulin secretion and subsequent
uptake by microglia. Additionally, conditional knockout of progranulin from either
microglia (Arrant et al., 2018a; Krabbe et al., 2017; Petkau et al., 2017b) or neurons (Arrant
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et al., 2018a; Arrant et al., 2017; Petkau et al., 2017a) fails to recapitulate the full microglial
or neuronal phenotypes of Grri/~ mice, perhaps because the targeted cell type still has
access to progranulin secreted by non-targeted cells.

This study primarily focused on progranulin secretion by microglia and neurons, but
microdialysis is also a useful technique for analyzing other processes regulating levels

of extracellular progranulin. Microdialysis studies have already confirmed that blocking
progranulin uptake by sortilin increases levels of ISF progranulin (Kurnellas, 2023;
Miyakawa et al., 2020), which is consistent with data from cultured cells and sortilin
knockout mice (Hu et al., 2010; Lee et al., 2014). Progranulin also binds to perlecan
(Gonzalez et al., 2003), raising the possibility of an extracellular pool of progranulin bound
to the extracellular matrix. Microdialysis could help determine the functional consequences
of this interaction. Progranulin’s binding to the extracellular matrix may also provide

a caveat to our finding that stimulating neuronal activity does not acutely increase ISF
progranulin, as there might be small increases in secreted progranulin that bind to nearby
cells and are not available for detection in ISF.

A limitation of this study is the lack of data on granulins in ISF, as the ELISA used to
analyze microdialysis samples exhibited dramatic loss of signal after cleavage of progranulin
into granulins (Fig. S1). Progranulin is cleaved into granulins both extracellularly
(Kessenbrock et al., 2008; Mohan, 2021; Suh et al., 2012; Zhu et al., 2002) and in lysosomes
(Lee et al., 2017; Zhou et al., 2017a). Granulins are also secreted (Holler et al., 2017),
perhaps directly by lysosomes (Davis et al., 2021), and the ratio of granulins to progranulin
may differ between brain regions (Zhang et al., 2022). There may therefore be changes in
ISF granulins after inflammation or neuronal activity that are distinct from changes in ISF
progranulin.

5. Conclusions

Using /n vivo microdialysis, this study shows that microglia and neurons are major sources
of ISF progranulin in mPFC. Based on analysis of cellular progranulin expression and ISF
progranulin in conditional knockout mice, microglia express more progranulin than neurons
and likely secrete more progranulin than neurons. ISF progranulin levels increase within a
few hours of the onset of systemic inflammation due to LPS, despite a lack of detectable
increase in progranulin in cortical tissue. In contrast, stimulating neuronal activity or directly
depolarizing neurons failed to increase ISF progranulin. These data are consistent with
studies showing an important role for progranulin in regulating inflammation in microglia
(Krabbe et al., 2017; Lui et al., 2016; Martens et al., 2012; Zhang et al., 2020), but also show
that neurons are a significant source of extracellular progranulin in the mPFC.
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CNS central nervous system

CSF cerebrospinal fluid
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Fig. 1.

Va?lidation of progranulin microdialysis. /n vitro microdialysis revealed a significant
correlation between the concentration of progranulin sampled and the concentration of
progranulin recovered by microdialysis (a, Pearson r=0.9989, p= 0.0301), but no
significant correlation with the concentration of progranulin sampled and the % recovery
(b, Pearson r=10.5902, p=0.4423). n= 4 probes, each denoted by symbol color.

ISF progranulin recovered by /n vivo microdialysis stabilized within 8-9 h after probe
placement, and typically remained stable for at least 24 h (c shows representative data from
5 mice sampled hourly for 22 h after probe placement). Gri7*/~ mice exhibited lower levels
of ISF progranulin (d, extrapolated extracellular concentration = 2.006 ng/mL for Gr*'* and
0.9339 for Gri*!™, e, ttest, p=0.025, n= 6-8 mice per group). This was consistent with
roughly 50% lower Grntranscript (f, £test, o = 0.0445) and progranulin protein (g, £test, o
=0.03) in frontal cortical tissue of G/~ mice than wild-type littermates. /7= 5-8 mice per
group. Illustrations in a and ¢ created using Biorender.com.
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Fig. 2.

Progranulin expression is high in microglia, moderate in neurons, and low in astrocytes.
Enrichment of CNS cell types using magnetic activated cell sorting (MACS) revealed

high Grntranscript levels in microglia (Cd11b+) versus neurons (negative selection) and
astrocytes (ASCA-2+) (a, ANOVA effect of cell type, p< 0.0001, n= 12 samples for

total cells and 4 samples for each cell type. Each sample was isolated from a single
hemibrain from a total of 6 mice.). However, analysis of Grntranscript with /n situ
hybridization (ISH) revealed less dramatic differences between microglia and other cell
types (b, ¢). Microglia (CIgb+) also exhibited the highest /n situ Grn expression, with
neurons (Rbfox3+) exhibiting moderate expression, and astrocytes (GjaZ+) exhibiting lower
expression (b, ¢, nested ANOVA effect of cell type, p=0.0007, 7= 105 microglia, 269
neurons, and 94 astrocytes from 3 mice). Analysis of progranulin immunofluorescence

(IF) revealed a similar pattern, with microglia (Ibal+) having the highest progranulin
immunoreactivity, followed by neurons (NeuN+), then astrocytes (S100p+) (d, e, nested
ANOVA effect of cell type, p< 0.0001, 7= 149 microglia, 540 neurons, and 172 astrocytes
from 4 mice). Imaging data in b and d were corrected for background fluorescence by
subtracting values obtained from Gr77*~ mice. Scale bars in ¢ and e represent 20 ym. * = p<
0.05, ** = p< 0.01, *** = p< 0.001, and **** = p< 0.0001 by Tukey’s post-hoc test.
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Fig. 3.

Microglia and CNS-resident macrophages are a significant source of ISF progranulin in
mPFC. Analysis of Cd11b+ cells isolated by MACS revealed selective depletion of Grn
transcript in Mg-KO mice (a, ANOVA cell type x Cre interaction, p< 0.0001, **** =

p < 0.0001 by Sidak’s post-hoc test 7= 3-5 samples per group). Similarly, analysis of
progranulin immunoreactivity in Ibal+ cells revealed depletion of progranulin in Mg-KO
mice (b, nested #test, p=0.0099, n= 186-199 cells from 4 mice per genotype). Analysis
of the distribution of progranulin intensity revealed that nearly 70% of microglia in Mg-KO
mice had less than half the progranulin intensity of the average control microglia (c).
Mg-KO mice also exhibited reduction of total Grntranscript (e, #test, p=0.0463, n=5-7
mice per group) and progranulin protein (f, #test, p=0.019, n = 12-14 mice per group)

in frontal cortex. Mg-KO mice exhibited a roughly 50% decrease in ISF progranulin (g,
extrapolated extracellular concentration = 1.923 ng/mL for controls and 0.8885 for Mg-KO,
h, £test, p<0.0001, n=7-9 mice per group), indicating that microglia are a significant
source of ISF progranulin. Scale bar in d represents 20 um.
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Fig. 4.

Neurons are a significant source of ISF progranulin in mPFC. Analysis of progranulin
immunofluorescent intensity in NeuN+ cells revealed depletion of neuronal progranulin

in N-KO mice (a, b, nested #test, p=0.0022, n= 474-487 cells from 4 mice per
genotype). Since CaMK//-Cre only targets excitatory neurons, we assessed the distribution
of progranulin intensity in NeuN+ cells, and found that nearly 90% of neurons in N-KO
mice had less than half the progranulin intensity of the average control neuron (c). Thus,
the majority of neurons in mPFC exhibited substantial loss of progranulin immunoreactivity.
N-KO mice exhibited reduction of total Grntranscript (d, #test, p=0.0097, n = 7-10 mice
per group) and progranulin protein (e, #test, p=0.0198, n = 10-13 mice per group) in
frontal cortex. N-KO mice also exhibited a roughly 50% decrease in ISF progranulin (f,
extrapolated extracellular concentration = 1.766 ng/mL for controls and 0.7936 for N-KO,
g, ttest, p=0.011, n=8-9 mice per group), indicating that excitatory neurons are also a
significant source of ISF progranulin. Scale bar in b represents 20 pum.
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Induction of inflammation with LPS increases ISF progranulin in mPFC. Mice injected with
10 mg/kg LPS, i.p. (arrow in a) exhibited an increase in ISF progranulin in the mPFC over
the six hours following injection (a, Mixed effects analysis effect of LPS, p=0.0425, time
x LPS, p=0.0003, b, RM ANOVA time x LPS, p=0.0268, *** = p< 0.001 by Sidak’s
post-hoc test, 7= 16 mice per group). LPS produced a robust increase in 7nf(c, +test, p<
0.0001, n=13-14 mice per group) and //1b6 (d, #test, p< 0.0001, n = 14 mice per group),
but failed to significantly increase Grntranscript (e, £test, p=0.0885, n = 13-15 mice

per group) or progranulin protein (f, #test, p= 0.2457, n = 12-14 mice per group) in the

contralateral frontal cortex.
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Fig. 6.

Cellular depolarization increases ISF progranulin in mPFC. Infusion of aCSF containing 100
mM KCI produced an immediate increase in ISF progranulin that returned to baseline over
the next few hours (a, mixed effect analysis effect of time, p=0.0019, b, paired #test, p
=0.0051, n= 11 mice). Stimulation of metabolic activity was confirmed by an increase in
ISF lactate after KCI infusion (c, mixed effects analysis effect of time, p=0.0087, d, paired
ttest, p=0.0408, n = 7 mice).
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Fig. 7.

Neuronal activity does not increase ISF progranulin in mPFC. Stimulating neuronal activity
by infusion of 100 um picrotoxin did not increase ISF progranulin (a, repeated measures
ANOVA effect of picrotoxin, p=0.9341, time x picrotoxin, p=0.8395, b, repeated
measures ANOVA effect of picrotoxin, p=0.2708, time x picrotoxin, p= 0.4795, n=6-8
mice per group). This was not due to a failure to stimulate neuronal activity, as picrotoxin
robustly increased lactate levels in ISF (c, repeated measures ANOVA effect of picrotoxin,
p<0.0001, time x picrotoxin, p< 0.0001, * = p< 0.05, ** = p< 0.01 by Sidak’s post-hoc
test, d, repeated measures ANOVA time x picrotoxin, o= 0.0006, ** = p< 0.01 by Sidak’s
post-hoc test, n = 6—7 mice per group). Infusion of aCSF containing 100 mM KCI produced
a similar increase in progranulin in N-KO mice and control littermates (e, mixed effects
analysis effect of time, p=0.0217, effect of Cre, p=0.9434, time x Cre, p=0.9923, f,
repeated measured ANOVA effect of KCI, p=0.0006, * = p< 0.05 and ** = p< 0.01 by
Sidak’s post-hoc test, n = 5 mice per genotype), and the change in progranulin concentration
from baseline did not differ between control and N-KO mice (g, #test, p=0.6099).
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