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Abstract

Progranulin (PGRN) is a neurotrophic and anti-inflammatory factor with protective
effects in animal models of ischemic stroke, subarachnoid hemorrhage, and trau-
matic brain injury (TBI). Administration of recombinant (r) PGRN prevents exagger-
ated brain pathology after TBI in Grn-deficient mice, suggesting that local injection of
recombinant progranulin (rPGRN) provides therapeutic benefit in the acute phase of
TBI. To test this hypothesis, we subjected adult male C57BI/6N mice to the controlled
cortical impact model of TBI, administered a single dose of rPGRN intracerebroven-
tricularly (ICV) shortly before the injury, and examined behavioral and biological
effects up to 5 days post injury (dpi). The anti-inflammatory bioactivity of rPGRN
was confirmed by its capability to inhibit the inflammation-induced hypertrophy of
murine primary microglia and astrocytes in vitro. In C57BI/6N mice, however, ICV
administration of rPGRN failed to attenuate behavioral deficits over the 5-day ob-
servation period. (Immuno)histological gene and protein expression analyses at 5 dpi
did not reveal a therapeutic benefit in terms of brain injury size, brain inflammation,
glia activation, cell numbers in neurogenic niches, and neuronal damage. Instead, we
observed a failure of TBI-induced mRNA upregulation of the tight junction protein
occludin and increased extravasation of serum immunoglobulin G into the brain pa-
renchyma at 5 dpi. In conclusion, single ICV administration of rPGRN had not the
expected protective effects in the acute phase of murine TBI, but appeared to cause
an aggravation of blood-brain barrier disruption. The data raise questions about pu-

tative PGRN-boosting approaches in other types of brain injuries and disease.

Abbreviations: (S) BDPs, (spectrin) breakdown products; BBB, blood-brain barrier; CCl, controlled cortical impact; CNS, central nervous system; Ctsl, cathepsin L; DCX, doublecortin;
dpi, days post injury; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; Ibal, ionized calcium-binding adapter molecule 1; ICV,
intracerebroventricular; IgG, immunoglobulin G; II1b, interleukin 1 beta; IR, immunoreactive; LPS, lipopolysaccharide; Mmp9, matrix metallopeptidase 9; NSS, Neurological Severity
Score; Ocln, occludin; PBS, phosphate-buffered saline; PDL, poly-p-lysine; PFA, paraformaldehyde; rPGRN, recombinant progranulin; RR, RotaRod; RRID, Research Resource Identifier
(see scicrunch.org); SerpinA3N, serpin peptidase inhibitor A3N; SGZ, subgranular zone of the dentate gyrus; Slpi, secretory leukocyte protease inhibitor; TBI, traumatic brain injury;
TNFa, tumor necrosis factor alpha; TSPO, 18-kDa translocator protein.
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1 | INTRODUCTION

Traumatic brain injury (TBI) is a major cause of death, and survivors
often suffer on lifelong consequences (Stocchetti & Zanier, 2016).
The primary injury causes multifactorial secondary events including a
rapid inflammatory response predominantly driven by brain-resident
microglia, astrocytes, and infiltrating peripheral immune cells.
Together, these cells create a highly inflammatory microenvironment
at lesion sites, which is required for the removal of necrotic tissue
and formation of the glial scar (Schifer & Tegeder, 2018). However,
the injury may also spread to distant locations and result in sustained
neuroinflammation, blood-brain barrier (BBB) disruption, axonal pa-
thology, and neurodegeneration that can persist for years after the
initial injury (Hay et al., 2015; Johnson et al., 2013; Scott et al., 2018).
Consequently, TBI patients have an increased risk to develop various
comorbidities including chronic neurodegenerative diseases such as
frontotemporal dementia (LoBue et al., 2016), Alzheimer's disease
or Parkinson's disease (Crane et al., 2016; Faden & Loane, 2015). In
particular, the identification of gene mutations that cause chronic
neurodegenerative diseases and functional characterization of their
non-mutated gene products have revealed potential therapeutic
targets in TBl. Among them is the soluble glycoprotein progranulin
(PGRN), encoded by the GRN gene that is mutated in patients with
frontotemporal dementia and certain subtypes of neuronal lipofus-
cinosis (Hsiung & Feldman, 1993). PGRN is a neuroprotective and
anti-inflammatory factor involved in various neuropathological and
inflammatory disease conditions (Bateman et al., 2018; Chitramuthu
et al., 2017). In the brain, PGRN is primarily synthesized in neurons
and upregulated in microglia following injury (Petkau et al., 2010).
Studies in PGRN-deficient mice found that endogenous PGRN is a
brain protective factor that prevents exaggerated axonal injury, as-
trogliosis, microgliosis, and BBB damage in response to experimental
TBI (Menzel et al., 2017; Tanaka et al.,. ,,2013, 2014). Similar re-
sults were reported in PGRN-deficient or PGRN knockdown mouse
models of stroke (Jackman et al., 2013b; Kanazawa et al., 2015; Li
et al.,, 2020), spinal cord injury (Wang et al., 2019), or sciatic nerve
injury (Altmann et al., 2016). Thus, neuroprotective actions of en-
dogenous PGRN have been demonstrated in various types of acute
nervous system injuries. In addition, transgenic mice overexpressing
PGRN showed reduced cerebral infarction volume and improved
neurological recovery after ischemic stroke (Tao et al.,, 2012) or
sciatic nerve injury (Altmann et al., 2016). These results suggest
that administration of PGRN is protective. Along this line, single
intracerebroventricular (ICV) administration of recombinant PGRN
(rPGRN) attenuated brain pathology after TBI in PGRN-deficient
mice (Menzel et al., 2017), after subarachnoid hemorrhage in rats (Li
etal.,, 2015; Zhou et al., 2015), and after ischemia-reperfusion injury
in mice (Egashira et al., 2013). Overall, several studies have charac-

terized endogenous and exogenous PGRN as a beneficial factor of

therapeutic value in various rodent brain injury models. However,
the therapeutic value of rPGRN following experimental TBl in genet-
ically unmodified animals is still elusive.

To this end, we subjected adult male C57BI/6N mice to the con-
trolled cortical impact (CCl) model of TBI. The observation time was
set to 5 days post injury (dpi) to cover the acute phase of TBI. Post-
injury analyses included the monitoring of neurological deficits and
motor performance over 5 days, followed by brain (immuno)histopa-
thology and gene and protein expression analyses at 5 dpi.

2 | MATERIALS AND METHODS
2.1 | Primary mixed glial cultures

Primary mixed glial cultures were prepared from cerebral cortices of
newborn C57BL6 mouse pups (two mouse pup cortices per 25 cm?
tissue culture flask at postnatal day 1 or 2 sacrificed by decapitation)
as described (Menzel et al., 2017; Schildge et al., 2013), and cells were
dissociated using the Neural Tissue Dissociation Kit (Miltenyi Biotec).
The cells were cultivated in Dulbecco's Modified Eagle Medium
(DMEM, 10% fetal calf serum, 1% penicillin/streptomycin) on poly-b-
lysine (0.1 mg/ml)-coated culture flasks (Greiner). Mixed glial cultures
were maintained for 12 days. Next, 2 x 10° cells/mL were seeded on
poly-p-lysine-coated coverslips (0.1 mg/ml), maintained for 48 hr, and
treated with lipopolysaccharide (LPS, 100 ng/ml; Sigma-Aldrich), and/
or recombinant mouse PGRN (500 ng/ml, R&D Systems) for 16 hr
and processed for immunocytochemistry and fluorescence micros-
copy. Briefly, cells were fixed with 4% paraformaldehyde (PFA) for
20 min and stained with rabbit anti-ionized calcium-binding adapter
molecule 1 (lbal), 1:500; WAKO, Research Resource Identifier,
RRID:AB_839504) and rat anti-glial fibrillary acidic protein (GFAP),
1:500; DAKO, RRID:AB_10013382) overnight at 4°C. After incuba-
tion with fluorophore-conjugated antibodies (goat anti-rabbit al488,
RRID:AB_2576217, goat anti-rat al568, RRID:AB_2534121, 1:1,000;
Thermo Fisher) images were taken using a confocal microscope (LSM5
Exciter; Zeiss) with equal acquisition parameters. Morphological
parameters of single cells were analyzed using ImageJ (NIH Image,
RRID:SCR_003070) and appropriate threshold settings. Independent
cell culture preparations were performed (n = 3 for microglia, n = 5
for astrocytes), and individual cells were examined in each condition

(n = 55 for microglia, n = 297 for astrocytes).

2.2 | Mice

Male C57BL6/N mice (Janvier, ~22 g, 6-7 weeks old) were housed
individually and maintained in a controlled environment (12-hr dark/
light cycle, 23°C, 55% humidity) with food and water ad libitum. All
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experiments were conducted in compliance with the institutional
guidelines of the Johannes Gutenberg University, Mainz, Germany,
and approved by the Animal Care and Ethics Committee of the
Landesuntersuchungsamt Rheinland-Pfalz (Tierversuchsantrag pro-
tocol number G12-1-052). Mice were randomized using a web-based
random group generator (www.pubmed.de/tools/zufallsgenerator).
Data acquisition and analyses were blinded to the experimenter.
Two cohorts of rPGRN/control mice were subjected to experimental
CCl and ICV of rPGRN/vehicle followed by assessment of neurologi-
cal and physiological parameters. The groups were in Cohort 1: CCl
vehicle n = 10, CCI rPGRN n = 10, sham vehicle n = 5, sham rPGRN
n =5 and in Cohort 2: CCl vehicle n = 12, CCI rPGRN n = 12, sham
vehicle n = 8, sham rPGRN n = 8. Cohorts were pooled for behav-
ioral analyses and subdivided for (immuno)histochemical stainings
(see Table 1 and respective figures). This experimental and explora-
tory animal study was not preregistered. The required sample size
of the CCl groups was based on the assumption that a change in
20% in the brain lesion as a main outcome factor is relevant (e.g.,
anticipated means 23 mm?® versus. 28 + 4 mm? standard deviation).
The probability of Type | error was set to a = 0.05, and the standard
statistical power was set to 1 - g = 0.8 (80%), resulting in g = 0.2
(probability of Type Il error).

2.3 | Surgical procedures

Experimental TBI was performed during daytime using the CCI
model essentially as described (Hummel et al., 2020). Briefly,
animals were anesthetized with isoflurane inhalation (induction
4%, maintenance 2.1% (v/v)) to ensure sufficient anesthesia dur-
ing the whole procedure. Mice were fixed to a stereotactic ap-
paratus (Kopf Instruments), rectal temperature was maintained
at 37°C with a feedback-controlled heating pad (Hugo Sachs,

TABLE 1 Group allocation and animal numbers

Ccl Ccl Sham Sham
vehicle rPGRN vehicle rPGRN
NSS and weight n=22 n=22 n=13 n=13
Brain lesion n=16 n=16 - -
volume
Gene n=16 n=16 n=9 n=9
expression
analysis
Protein analysis n=16 n=16 n=9 n=9
IHC (Ibal/GFAP, n=6 n==6 n=4 n=4
DCX/Ki-67
vibratome
sections)
IHC (IgG, n=10 n=10 - -
cryotome
sections)

Abbreviations: CCl, controlled cortical impact; DCX, doublecortin;
GFAP, glial fibrillary acidic protein; IgG, immunoglobulin G; rPGRN,
recombinant progranulin.

March-Hugstetten, Germany), and a small burr hole was drilled
for ICV injection. ICV injection of recombinant mouse progranu-
lin (rPGRN; R&D Systems) or vehicle (phosphate-buffered saline
[PBS]) was performed shortly before CCl. rPGRN was injected
into the ipsilateral ventricle using a Hamilton syringe placed to the
stereotactical coordinates: anteroposterior -0.5 mm, lateral from
bregma +1 mm, and ventral from dura -1.6 mm. The syringe was
hold in place for 2 min before and 5 min after injection. A total
volume of 4 ul (1 ug rPGRN in PBS) was injected per 2 pl/min. After
midline incision and craniotomy, CCl was induced above the right
parietal cortex with an electromagnetically controlled stereotaxic
impactor (Leica Biosystems, Impact One; velocity: 6 m/s; duration:
200 ms; impact depth: 1.5 mm). The post-TBI observation time
was 5 dpi. Sham mice were treated equally to CCIl mice in terms
of anesthesia, skin incision, wound closure, and ICV injection with
PBS or rPGRN but without craniotomy. Craniotomy itself can
contribute to brain damage in our TBI model (Cole et al., 2011).
Therefore, only light non-penetrating drilling on the bone surface
was performed to allow comparisons between non-injured and in-
jured brains (Kramer et al., 2017). Criteria for postoperative anal-
gesic treatment were predefined and included exhibiting signs of
severe pain or discomfort (e.g., aggression, piloerection, hunched
posture, or autonomous reactions like rapid, shallow breathing) in
accordance with national and international recommendations, and
animals were correspondingly screened several times daily. No an-
imals in the CCl or sham groups, however, needed postoperative
analgesic treatment. This is in line with a recent study that shows
that CClI causes only minor signs of pain and stress (Staib-Lasarzik
et al., 2019). Before and after TBI, the neurobehavioral outcome
of mice was daily assessed using a neurological severity score
(NSS) as described (Hummel et al.,, 2020). Mouse performance
was tested in nine different tasks pre-injury and at 1, 3, and 5 dpi
to evaluate the motor ability, alertness, balancing, and general
behavior (severe neurological dysfunction NSS = 12; Figure 2a).
Three experimenters did the experiments, all in a blinded manner,
one performing the sham or CCI procedure, one performing drug
or vehicle application, and the third performing behavioral analy-
ses. All post-interventional analyses were performed in a blinded
and unbiased fashion.

2.4 | (Immuno)histology

Mice were anesthetized with 4 vol% isoflurane, decapitated, and
brains were dissected, immediately frozen in powdered dry ice
and stored at —20°C. Cryostat brain sectioning (HM 560 Cryostat;
Thermo Scientific) and cresyl violet staining were carried out
as described (Golz et al., 2019). Brains were cut to 12-um-thick
slices and collected every 500 um on glass slides (SuperFrost Plus,
Thermo Scientific). The quantification of brain lesion volumes was
performed as described (Menzel et al., 2017; Schaible et al., 2014).
Briefly, 16 coronal sections beginning at bregma +3.14 mm accord-

ing to the Mouse Brain Library atlas (http://www.mbl.org) each
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at a distance of 500 um were analyzed. The region of damaged
brain tissue is defined as the region lacking cresyl violet staining.
To calculate the lesion volume, the areas from the 16 sections
were multiplied and calculated based on the following formula:
0.5*(A1+A2+...4+A16). Brain tissue material containing the lesion
or corresponding healthy tissue from sham animals was taken be-
tween the sections collected for histological analyses, snap-frozen
in liquid nitrogen, and further processed for gene and protein ex-
pression analyses.

Digitalization and analysis was carried out in a blinded fash-
ion using a bright-field microscope (Stemi 305, Zeiss) and Zen
software (Zeiss, RRID:SCR_013672). For immunohistochemis-
try, 12-um frozen sections were air-dried for 30 min, fixed with
4% PFA for 10 min, and blocked in PBS, pH 7.4 containing 5%
goat serum, 0.5% bovine serum albumin, and 0.1% Triton X-100.
Vibratome sections, 80 um thick, were fixed in 4% PFA for 1 day
and blocked in PBS, pH 7.4 containing 5% goat serum, 0.5% bo-
vine serum albumin, and 0.3% Triton X-100 at room tempera-
ture for 2 hr. The following primary and secondary antibodies
were used (designation, dilution, supplier, RRID): rabbit anti-Ibal
(1:1,500; Wako, RRID:AB_839504), rat anti-GFAP (1:1,000;
Invitrogen, RRID:AB_86543), rat anti-Ki-67 (1:500; eBioscience,
RRID:AB_10853185), and guinea pig anti-doublecortin (anti-DCX,
1:500; Merck Chemicals, RRID:AB_1586992). Primary antibod-
ies were diluted in blocking solution and incubated on sections
overnight at 4°C. Secondary antibodies (goat anti-rabbit al488,
RRID:AB_2576217, goat anti-rat al488 RRID:AB_141373, goat
anti-guinea pig al568, RRID:AB_2534119, goat anti-rat al568,
RRID:AB_141874, 1:500; Invitrogen/Thermo Fisher) were di-
luted in blocking solution, and sections were incubated overnight
at 4°C. All sections were counterstained with DAPI (1:10.000;
Sigma-Aldrich) and mounted in Immu-Mount (Thermo Fisher).

Images of individual immunostainings were captured using
equal filter and acquisition parameters to assure comparability
independent of experimental conditions with a confocal laser
scanning microscope (LSM5 Exciter; Zeiss). The number of GFAP
and Ibal immunoreactive (IR) particles were determined in the
perilesional brain tissue. Images were analyzed using Imagel
(NIH Image) with appropriate threshold settings for background
subtraction and the particle count plugin (size: GFAP-IR parti-
cles: 30-1000 um?, Ibal-IR particles: 20-1000 pm?). Ki-67 and
DCX-positive cells were counted by visual inspection of the sub-
granular layer of the upper blade of the hippocampus. For anti-
immunoglobulin G (IgG) immunostaining, cryosections were
air-dried, fixed in 4% PFA, and stained with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG antibody (1:500;
Santa Cruz Biotechnology, RRID:AB_631737) for 90 min at room
temperature. After digitalization of the images, quantification of
the extravasation volume relative to the ipsilesional hemisphere
was performed using a bright-field microscope (Stemi 305; Zeiss)
and Zen software (Zeiss, RRID:SCR_013672) according to already
published protocols (Huang et al., 2016). All analyses were carried

out in a blinded fashion.
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2.5 | Gene expression analyses

During histological processing of the brains, 30-um coronal slices
at the contusion level (beginning at bregma +3.14 mm) were sepa-
rated between the left and right hemisphere, and the upper right
quadrants containing the lesioned and the perilesional brain tis-
sue were snap-frozen in liquid nitrogen, stored at -80°C, and pro-
cessed for gene expression analyses as described (Timaru-Kast
et al., 2012). RNeasy and QuantiTect Reverse Transcription Kits
(Qiagen) were used to extract RNA and to transcribe mRNA to
cDNA. Analyses were carried out using SYBR Green Kit or Maxima
Hot Start Kit (both Thermo Scientific) with primer and probes
from Eurofins by quantitative polymerase chain reaction (qQPCR)
(LightCycler 480; Roche). All values were normalized to the house-
keeping gene cyclophilin A (Ppia), and absolute quantification was
performed using a gene specific standard curve of mRNA cop-
ies (Thal et al., 2008). For sequences of applied oligonucleotide

primer pairs (5'-3') see Table 2.

2.6 | Immunoblotting

Brain tissue sections at perilesional sites were collected during his-
tological sectioning and processed for immunoblotting essentially
as described (Golz et al., 2019). Briefly, tissue sections were ho-
mogenized in ice-cold RIPA lysis buffer [composition: 50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 0.1% (v/v)
sodium dodecyl sulfate, complete protease inhibitors (Roche)], and
protein concentrations were determined and equal amounts of pro-
teins (50 pg per sample) were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (Perbio Science). The following
primary antibodies were used: rabbit anti-GFAP (6F2, 1:2000,
Dako, RRID:AB_10013382), mouse anti-all-spectrin (1:750; Enzo
Life Sciences, RRID:AB_10554860) and mouse anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH), Acris Antibodies, 1:1,000,
RRID:AB_1616730) with appropriate species-specific second-
ary infrared dye-conjugated antibodies (LI-COR, 1:10,000, goat
anti-rabbit 1gG IRDye 680, RRID:AB_621841; goat anti-mouse
IgG IRDye 800, RRID:AB_10793856) to reveal protein band den-
sities using the Odyssey SA Imaging System and quantification
with Image Studio (RRID:SCR_014579; LI-COR). To evaluate BBB
integrity, proteins lysed in RIPA buffer (2 ul per dot, 2 ug protein
each) were spotted onto nitrocellulose membrane, washed 10 min
in TBST, and incubated with goat anti-mouse IRdye800 (1:10,000;
goat anti-mouse IgG IRDye 800, RRID:AB_10793856) for 1 hr at
room temperature. The fluorescence signal was detected using the

Odyssey SA Imaging System and quantified with Image Studio.

2.7 | Statistical analysis

Data was analyzed using GraphPad Prism (Versions 7.04 and 8.1,
RRID:SCR_002798). All datasets were tested for normal distribution
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PCR assay

(amplicon size) Oligonucleotide sequences 5'-3’

Ppia fw-GCGTCTSCTTCGAGCTGTT
rev-RAAGTCACCACCCTGGCA

l11b fw-GTGCTGTCGGACCCATATGAG
rev-CAGGAAGACAGGCTTGTGCTC

Tnfa fw-TCTCATCAGTTCTATGGCCC
rev-GGGAGTAGACAAGGTACAAC

Ibal fw-ATCAACAAGCAATTCCTCGATGA
rev-CAGCATTCGCTTCAAGGACATA

Tspo fw-GCCTACTTTGTACGTGGCGAG
rev-CCTCCCAGCTCTTTCCAGAC

Gfap fw-CGGAGACGCATCACCTCTG

rev-TGGAGGAGTCATTCGAGACAA

SerpinA3N fw-GCCTCGTCAGGCCAAAAAG
rev-TGAACGTGTCAAGAGGGTCAA

Slpi fw-GTTCCCATTCGCAAACCAG
rev-ACTTTCCCACATATACCCTCAC

Ctsl fw-AAGCCATCCGTCTCTCCAGTTC
rev-TCCATACCCCATTCACTTCCCC

Mmp9 fw-AAGTCTCAGAAGGTGGAT
rev-AATAGGCTTTGTCTTGGTA

Grn fw-ATGCTGTGTGCTGTGAGGAC
rev-CACTCCACATTCCCAACCTT

Ocln Cy5-AGATGCCAGTTGCGGGAGAA

fw-GCAAATTATCGCACATCAAGAG
fl-GGAGATTATGACAGACGGAAACCTTAG
rev-TGTTCAGCCCAGTCAATTATC

TABLE 2 Primer sequences for PCR
Gene bank

number

NM_008907

NM_008361

NM_008361

NM_019467

NM_009775

NM_001131020

NM_009252

NM_011414.3

NM_009984.4

NM_013599

NM_008175

NM_008756

Abbreviations: Ctsl, cathepsin L; GFAP, glial fibrillary acidic protein; Il1b, interleukin 1 beta; Mmp9,
matrix metallopeptidase 9; NSS, Neurological Severity Score; Ocln, occluding; SerpinA3N, serpin

peptidase inhibitor A3N; Slpi, secretory leukocyte protease inhibitor.

using the Shapiro-Wilk test and QQ-plots, and outliers were identified
by ROUT test and excluded from further analysis as indicated in the
figure legends. Parametric data were statistically analyzed using un-
paired Student's t-test, and nonparametric data were analyzed using the
Mann-Whitney U-test with two-sided tests. For multiple groups, one-
way ANOVA or Kruskal-Wallis tests with adequate post hoc analyses
(Holm-Sidak or Dunn's correction, respectively) were used. Values are
expressed individually and as mean + SEM. Tests were considered statis-
tically significant at multiplicity-adjusted p-value < 0.05. Significance lev-
els are indicated by asterisks (*p <.05, **p <.01, ***p <.001, ****p <.0001).

3 | RESULTS

3.1 | rPGRN inhibits the inflammation-induced
morphological transition of microglia and astrocytes
in vitro

To test the biological activity of rPGRN, murine primary glial cultures
were grown for 2 weeks and treated with pro-inflammatory LPS (100 ng/
ml) in the presence or absence of rPGRN (500 ng/ml) for 16 hr. In un-

treated control cultures or in cultures treated with rPGRN alone, double

immunostaining for the microglia marker Ibal or the astrocyte marker
GFAP demonstrated a typical “resting” morphology of microglia and a
polygonal fibroblast-like shape of astrocytes (Figure 1a). LPS treatment
caused marked morphological alterations, that is, an increase in the area
of microglia and a shift toward an irregular, stellate shape of astrocytes
(Figure 1b). However, the LPS-induced morphological transitions ap-
peared to be less pronounced in the presence of rPGRN (Figure 1c,d).
Quantification of microglia area and the relative number of stellate shape
astrocytes revealed that rPGRN almost prevented the LPS-induced
morphological alterations of microglia and astrocytes (Figure 1e,f). Thus,
rPGRN inhibited inflammation-induced morphological transitions of mi-
croglia and astrocytes in vitro, confirming its anti-inflammatory biological
activity in accordance with previous findings from our and other labora-
tories (Chiba et al., 2018; Lau et al., 2016; Menzel et al., 2017).

3.2 | Administration of rPGRN does not influence
acute neurological deficits or brain lesion size

To test the hypothesis that rPGRN has therapeutic effects in TBI,
we subjected C57BIl6 wild-type mice to the CClI model of TBI and
administered rPGRN (250 ng/ul in PBS) or vehicle solution (PBS) via
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FIGURE 1 Recombinant progranulin (rPGRN) inhibits the
inflammation-induced morphological transition of microglia and
astrocytes in vitro. (a-d) Double immunofluorescence staining

of microglia (anti-Ibal, ionized calcium-binding adapter molecule

1, green) and astrocytes (anti-GFAP, glial fibrillary acidic protein,
red). (a, c) Cultures in the absence or presence of rPGRN. Microglia
showed a typical “resting” morphology and astrocytes a polygonal
fibroblast-like shape. (b,d) Cultures treated with lipopolysaccharide
(LPS) in the absence or presence of rPGRN. Microglia and
astrocytes showed marked morphological transitions which
appeared, however, less pronounced in the presence of rPGRN.

(e) Histogram showing the mean area of anti-lbal-immunostained
microglia under different treatment conditions. rPGRN inhibited
the LPS-induced increase in area of microglia. (f) Histogram
showing the percentage of anti-GFAP-immunostained stellate
astrocytes under different treatment conditions. rPGRN attenuated
LPS-induced morphological transition from polygonal to stellate
astrocytes. Data are expressed as mean + SEM, and individual
values are shown, and p-values were calculated by ANOVA with
Holm-Sidak correction (***p < .001, ****p < .0001). Scale bar:

200 um. Sample size: microglia (number of independent cell culture
preparations: n = 3, at least 55 cells per group); astroglia (number of
independent cell culture preparations: n = 5, at least 297 cells per
group)
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ICV to anesthetized animals immediately prior to CCI. The duration

4

Neurochemistry Nafl
of anesthesia and surgery was similar between the experimental
groups (sham vehicle: 28.3 + 0.6 min, sham rPGRN: 29.5 + 0.7 min,
CClI vehicle: 30.9 + 0.8 min, CCI rPGRN: 30.7 + 0.7 min, + SEM).
Physiological parameters including body temperature during the
operation or perioperative body weight of the animals were moni-
tored. While body temperature was unaffected, rPGRN-treated CCl
animals showed a trend toward an increased loss of body weight at
1 dpi compared with vehicle (Figure 2b p = .075). At 5 dpi, how-
ever, the body weights of rPGRN- and vehicle-treated CCl mice were
similarly restored. Sham groups gained weight over time regardless
of rPGRN treatment (Figure 2b). All mice survived the CCl or sham
procedure and the 5 dpi.

Furthermore, assessment of neurological deficits using a com-
posite NSS did not reveal significant differences between rPGRN-
and vehicle-treated animals at 1, 3, or 5 dpi (Figure 2c). At 5 dpi,
animals were sacrificed, and brains were dissected and processed
for cryosectioning, cresyl violet staining, and brain lesion volumetry
(Figure 2d). The extent of brain lesion was not statistically different
between rPGRN- or vehicle-treated CCl mice. However, rPGRN-
treated animals showed a trend toward increased brain damage
(Figure 2e p =.0984).

3.3 | rPGRN does not alter pro-inflammatory
cytokine expression and glia activation after TBI

Our previous work showed that ICV rPGRN treatment in Grn-
deficient mice prevented the exaggerated brain inflammatory re-
sponses to TBI that result from progranulin deficiency (Menzel
et al., 2017). To study the effects of rPGRN on brain inflammation
in wild-type mice, we examined gene expression regulation of the
pro-inflammatory cytokines tumor necrosis factor alpha and IL-18,
the astrocyte activation markers GFAP and serpin peptidase inhibi-
tor A3N (SerpinA3N), and the microglia markers Ibal and 18-kDa
translocator protein at 5 dpi. Both expressions of Tnfa and Il1b were
significantly increased after CCI, but were not influenced by ICV
administration of rPGRN (Figure 3a,b). Similar results were ob-
tained for the gene expressions of the microglia markers Ibal and
Tspo as well as the astrocyte markers Gfap and Serpina3n, which
were induced after CCI, but equally in vehicle and rPGRN groups
(Figure 3c-f).

To study the local activation of microglia/macrophages and astro-
cytes at perilesional sites at 5 dpi, we performed immunohistochemis-
try using antibodies specific to Ibal or GFAP, respectively (Figure 4a).
An increased number of Ibal-IR cells demonstrated brain inflamma-
tion after CCl, but no differences were observed between rPGRN-
and vehicle-treated CCl animals (Figure 4b). Likewise, the number
of GFAP-IR astrocytes was significantly increased after trauma,
but the extent of gliosis did not differ between treatment groups
(Figure 4c). Hence, single-dose ICV injection of rPGRN did not alter

pro-inflammatory cytokine expression and activation of glia after CCI.
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FIGURE 2 Administration of recombinant progranulin (rPGRN) does not influence acute neurological deficits or brain lesion size. (a)
Experimental timeline: neurological severity score (NSS) was examined at 1 day before controlled cortical impact (CCl) at 1, 3, and 5 days
post injury (dpi). Animals received vehicle or rPGRN intracerebroventricular (ICV) shortly before craniotomy and CCI (or sham procedure).
After a survival time of 5 days, brains were processed for histology, mMRNA, and protein analyses. (b) Body weight of mice at posttraumatic
day 1, 3, and 5 in difference to pre-OP [g]. (c) NSS day 1, 3, and 5 points in difference to the pre-CCl baseline. Sample size NSS/ weight:
vehicle CCl: n (number of animals) = 22, rPGRN CCl: n = 22, vehicle sham: n = 13, rPGRN sham: n = 13. (d) Representative images of cresyl
violet-stained brain sections at two different bregma levels (out of 16) at 5 dpi with vehicle or rPGRN treatment (e) Quantification of lesion
volume in % of the ipsilesional hemisphere (vehicle CCl: n = 16, rPGRN CCI: n = 16). Data points represent individual animals, and data

are expressed as mean + SEM. Data was analyzed by one-way ANOVA with Holm-Sidak correction (b), Kruskal-Wallis test with Dunn's

correction (c), and unpaired t-test (e)
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FIGURE 3 Recombinant progranulin (rPGRN) does not alter pro-inflammatory cytokine expression and glia activation after traumatic
brain injury. Gene expression analyses of pro-inflammatory and gliosis markers normalized to Ppia (sham set to 100% = red line).

Quantification of the pro-inflammatory cytokines Tnfa (a) and interleukin

1 beta (l11b) (b), microglia markers Ibal (c) and Tspo (d) and the

astrogliosis markers glial fibrillary acidic protein (Gfap) (e) and Serpina3n (f). (a-f) Sample size vehicle controlled cortical impact (CCl): n

(number of animals) = 16, rPGRN CCl: n = 16. One significant outlier as d
in (a), (d), and (e). Data are expressed as mean + SEM, and individual value

3.4 | PGRN proteolysis regulatory genes are
upregulated after TBI

PGRN is cleaved by various proteases to release individual granu-
lin peptides (Bateman et al., 1990). To assess the interaction of
regulatory genes in our TBI model, we analyzed gene expression
of enzymes involved in the proteolytic cleavage of PGRN. After
CCl, secretory leukocyte protease inhibitor (SIpi), cathepsin L (Ctsl),
and matrix metallopeptidase 9 (Mmp9) were upregulated compared
with sham animals, but not influenced by rPGRN administration
(Figure 5a-c). However, we found that mice that received rPGRN had

a reduced Grn mRNA expression after CCl (Figure 5d), suggesting a

etermined by ROUT's test was removed from the rPGRN CCI group
s are shown

counter-regulatory response that may have obscured putative thera-
peutic effects.

3.5 | Cell proliferation and the number of immature
neurons in neurogenic niches are not affected by
rPGRN after TBI

Depending on the severity of the injury, TBI increases or sup-
presses neurogenesis in the adult hippocampus (Dash et al., 2001,
Wang et al., 2016). Previous work indicated that PGRN increases

adult hippocampal neurogenesis following voluntary exercise
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(Asakura et al., 2011) and maintains neurogenesis in the pres-
ence of excessively activated microglia (Ma et al., 2017). To as-
sess cell proliferation and neurogenesis in neurogenic niches after
CCI with/without rPGRN ICV treatment, we examined the sub-
granular zone of the hippocampal dentate gyrus (Figure 6a) by
double immunostaining with antibodies specific for the cell cycle
and proliferation marker Ki-67 and the immature neuron marker
doublecortin (DCX) (Figure 6b). IR cells in the upper blade of the

septal hippocampus were counted in sections from rPGRN- and

FIGURE 4 Recombinant progranulin (rPGRN) does not have

an impact on the activation of microglia/macrophages or the
number of astrocytes at perilesional sites. (a) Representative
immunofluorescence images of vibratome sections stained for Ibal
(ionized calcium-binding adapter molecule 1) and glial fibrillary
acidic protein (GFAP), illustrating distribution and morphology

of microglia/macrophages and astrocytes, respectively. Images

are taken in the region of the perilesional cortex of the injured
hemisphere 5 days after traumatic brain injury. Quantification of
Ibal-immunoreactive (IR) cells (b) and GFAP-IR cells (c). Sample size:
vehicle controlled cortical impact (CCl): n (number of animals) = 6,
rPGRN CCI: n = 6, vehicle sham: n = 4, rPGRN sham: n = 4. Data are
expressed as mean + SEM, and individual values are shown. Scale
bar: 50 um

vehicle-treated animals. While the number of Ki-67-IR cells almost
doubled after CCl, the number of DCX IR cells did not change
(Figure 6c¢). However, treatment with rPGRN had no effect on
the number of proliferating cells or immature neurons in the hip-

pocampal subgranular zone at 5 dpi.

3.6 | Neuronal injury and astrocyte
activation are not influenced by rPGRN

Spectrin breakdown products (SBDPs) serve as indicators of

2* homeostasis, ex-

an overall disturbance of intracellular Ca
citotoxicity, and neuronal and axonal injury after experimen-
tal TBlI (Hummel et al., 2020; Newcomb et al., 1997; Schober
et al., 2014). Immunoblot analyses revealed an increase of SBDPs
of 145/150 kDa owing to calpain and caspase-3 induced spectrin
cleavage after CCl (Figure 7a). However, administration of rPGRN
did not attenuate or increase the generation of SBDPs compared
with vehicle (Figure 7b).

TBI can also lead to mechanical injury of astrocytes and increased
posttraumatic reactivity (Zhou et al., 2020). To confirm our findings
on GFAP gene expression and perilesional astrocyte reactivity, we
investigated GFAP protein levels in ipsilesional and sham brain tis-
sue. Immunoblot analysis showed a marked increase of GFAP protein
expression after CCl, but rPGRN treatment did not affect the levels

of GFAP (Figure 7c).

3.7 | rPGRN adversely affects the blood-brain
barrier after TBI

PGRN has beenreported to protect the BBB in arat model of acute is-
chemic stroke (Kanazawa et al., 2015). To assess the effect of rPGRN
on BBB leakage in our TBI model, extravasated serum IgG levels
were analyzed by dot-immunoblot assay. At 5 dpi, brain lysates of ip-
silesional hemispheres from vehicle-treated CCl mice contained IgG
levels more than five times higher than sham mice. Corresponding
brain samples from rPGRN-treated CCl mice, however, contained

significantly higher levels of IgG compared with vehicle treatment,
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of animals) = 16, rPGRN (recombinant PGRN) CCl: n = 16. One
significant outlier as determined by ROUT's test was removed

from the rPGRN CCI group in (a) and (c). Data are expressed as
mean + SEM with individual values, and p-values were calculated by
unpaired t-test (*p < .05)

suggesting exacerbated BBB damage (Figure 8a,b). To substantiate
this result, brain sections were immunostained with anti-IgG, and the
extent of IgG extravasation was determined. IgG extravasation was
apparent as a diffuse staining in the perilesional brain parenchyma.
In agreement with the result from the dot immunoblot, the area of
IgG extravasation in brain sections of rPGRN-treated compared with
vehicle-treated CCl mice was increased by 12% (Figure 8d,e).

Tight junctions are an important component of the BBB and con-
sidered sensitive indicators of normal and impaired functional states
of the BBB (Almutairi et al., 2016). Regulation of the tight junction
protein occludin has been shown at both the mRNA and protein level
in animal models of stroke (Jiao et al., 2011) or TBI (Wen et al., 2014).

FIGURE 6 Cell proliferation and the number of immature
neurons in neurogenic niches are not affected by recombinant
progranulin (rPGRN) after traumatic brain injury. (a) Scheme
showing the lesion core (red) and the region of interest for the
examination of cell proliferation and of immature neurons by
anti-Ki6é7 and anti-doublecortin (DCX) immunohistochemistry
(IHC, black box). (b) Representative images of vehicle- and rPGRN-
treated sham and controlled cortical impact (CCl) animals at 5 dpi.
(c) Quantification of Ki-67 and DCX immunoreactive (IR) cells.
Sample size: vehicle CCl: n (number of animals) = 6, rPGRN CCl:

n = 6, vehicle sham: n = 4, rPGRN sham: n = 4. Data represent
mean + SEM with individual values. Scale bar: 50 pm

Therefore, we examined gene expression levels of occludin to assess
the molecular integrity of the BBB. Occludin mRNA expression was

increased in ipsilesional brain samples from vehicle-treated CCl mice
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but was not altered in rPGRN-treated CCl mice compared with sham
(Figure 8c). Hence, in our TBI model, rPGRN did not protect the BBB
but rather further impaired BBB integrity.

4 | DISCUSSION

The pleiotropic factor PGRN has wide-ranging functions in the pe-
riphery as well as in the central nervous system where its expression
is confined to certain neuronal populations and activated microglia
(Petkau & Leavitt, 2014). Its anti-inflammatory (Tang et al., 2011) and
neurotrophic (Gass, Lee, et al., 2012) properties have been evaluated
in various acute brain disorders and were predominantly interpreted
as being beneficial. More recent studies, however suggest a possible
negative effect of cleaved PGRN on cerebral inflammation and T-
cell infiltration after brain injuries (Amado et al., 2019; Horinokita
et al., 2019). As the pathophysiological roles of PGRN and cleaved
granulins after brain injury have not yet been fully understood, the
therapeutic value of rPGRN after experimental TBI is still unclear.
It is of great importance to study putative positive and negative ef-
fects prior to development of PGRN-enhancing or supplementary
treatments in the context of brain injuries (Chitramuthu et al., 2017;
Gass et al., 2012). In this study, we assessed effects of an ICV injec-
tion of rPGRN immediately prior to experimental brain trauma for
the acute phase after TBI. Neurological testing before (immuno)his-
tochemical, mMRNA, and protein analyses of the injured mouse brain
at 5 dpi was carried out.

In contrast to the positive effects of rPGRN administration
described by our and other laboratories (Egashira et al., 2013; Li
et al., 2015; Menzel et al., 2017; Zhou et al., 2015), a single dose of

rPGRN administered by ICV injection was not sufficient to attenuate

- ** * _GAPDH

products of spectrin. Sample size: vehicle
controlled cortical impact (CCI): n (number
of animals) = 16, rPGRN CCl n = 15.

One significant outlier as determined

by ROUT's test was removed from the
rPGRN CCI group. (c) Quantification of
GFAP protein levels. Sample size: vehicle
CCl: n =10, rPGRN CCI: n = 10. Data are
expressed as mean + SEM, and individual
values are shown

the detrimental pro-inflammatory posttraumatic effects in our TBI
model. The rescue effect of rPGRN in PGRN-deficient mice shown
in our previous work may be explained by replacement of the missing
PGRN, that is, restoration of the normal levels (Menzel et al., 2017).

In the present study, we unexpectedly observed that rPGRN-
treated animals had an exacerbated BBB disruption. The mainte-
nance of BBB functions is a major therapeutic goal, which is supposed
to reduce the deleterious secondary effects of TBI (Jullienne &
Badaut, 2013; Thal & Neuhaus, 2014). Expression of PGRN in the
developing cerebral microvasculature indicates that a role in patho-
logical conditions like FTD (Daniel et al., 2003; De Reuck et al., 2012)
and PGRN has been reported to protect the BBB in an animal model
of ischemic stroke (Kanazawa et al., 2015). However, here we found
that rPGRN administration caused a further barrier breakdown ev-
idenced by increased 1gG extravasation into the perilesional brain
tissue and nonoccurrence of the normal TBIl-evoked counter-
regulatory upregulation of the tight junction marker occludin. This
is in contrast to studies in ischemic brain injury with PGRN-deficient
mice showing an impaired ultrastructure of the BBB with alterations
in endothelial tight junctions and increased hemorrhage (Jackman
et al., 2013a). Furthermore, previously, PGRN at doses in the nano-
gram range improved neurological function and cerebral edema in
subarachnoid hemorrhage in rats (Li et al., 2015; Zhou et al., 2015).
Hence, the controversy may arise from differences in doses, treat-
ment schedules, injury models, or animal species.

As mentioned, rPGRN is sufficient to rescue exaggerated injury
and inflammation in PGRN-deficient mice in the CCl model of TBI
(Menzel et al., 2017). Our data suggest that excess exogenous admin-
istration of rPGRN might lead to a ceiling effect and cannot further
enhance its neuroprotective effects over baseline values. For example,

inhibition of tumor necrosis factor alpha by rPGRN strongly depends
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FIGURE 8 Recombinant progranulin (rPGRN) adversely affects the blood-brain barrier after traumatic brain injury. (a) Representative
examples of immunodot blots to assess immunoglobulin G (IgG) extravasation in the lesioned hemisphere at 5 days post injury (dpi) (b)
Quantification of IgG extravasation into brain tissue as arbitrary units (AU) relative to sham. Sample size: vehicle controlled cortical impact
(CCI): n (number of animals) = 15, rPGRN CCI: n = 16. One significant outlier as determined by ROUT's test was removed from the vehicle
CCl group. (c) Gene expression analyses of the tight junction marker occludin (Ocln), normalized to PPIA (sham set to 100% = red line).
Sample size: vehicle CCIl: n = 16, rPGRN CCl: n = 15. One significant outlier as determined by ROUT's test was removed from the rPGRN
CCl group. (d) Histological staining of 1gG in cryosections of vehicle- and rPGRN-treated CCl animals dpi. (e) Quantification of extravasation
in % of the ipsilesional hemisphere. Sample size: vehicle CCl: n = 10, rPGRN CCI: n = 10. Data are expressed as mean + SEM with individual
values, and p-values were calculated by Student's unpaired t-test (*p < .05, ***p < .001 for differences between vehicle and rPGRN

treatment)

on the number of TNF receptors on the cell surface. Once saturation
of TNF receptor binding sites is reached, no further anti-inflammatory
effects can be obtained from rPGRN (Tian et al., 2014). Consistent
with this assumption, the histone deacetylase inhibitor suberoylanilide
hydroxamic acid (SAHA) was only able to increase PGRN mRNA and
protein levels in a dose-dependent manner up to a certain point (Cenik
et al., 2011). These results support the idea that only certain levels of

PGRN can be achieved or tolerated in vivo and higher concentrations

cannot increase the neuroprotective effects of PGRN. This interpreta-
tion is also supported by the counter-regulatory decrease in endoge-
nous PGRN mRNA expression in rPGRN-treated TBI mice.

The functional regulation of PGRN is complex because its bio-
logical activity is heavily dependent on proteolytic processing that
leads to the release of small peptides (Bateman et al., 1990; Kao
etal., 2017). Onthe one hand, full-length PGRN has anti-inflammatory

and trophic activity, but, on the other hand, the proteolytic cleavage
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products of PGRN, termed granulins, promote inflammatory activity
(Cenik et al., 2012; Zhu et al., 2002). We analyzed gene expression
of factors involved in PGRN proteolysis. MMP9 can cleave PGRN
into granulin peptides extracellularly (Jawaid et al., 2009), the cys-
teine protease cathepsin L exerts its activity inside the lysosome
after endosomal uptake of PGRN (Paushter et al., 2018), and Slpi
inhibits PGRN cleavage in the extracellular compartment (Eriksen &
Mackenzie, 2008). This tightly controlled balanced process of pro-
and anti-proteolytic actions might be dysregulated under pathologi-
cal conditions such as TBI. For instance, dysregulation of fibrinolysis
with posttraumatic coagulation malfunction is a critical process in
promoting secondary brain damage after murine and human TBI
(Griemert et al., 2019; Hijazi et al., 2015). We found that the brain
gene expression of the PGRN processing enzymes was markedly
increased in CCl compared with sham animals, indicating a patho-
physiological role in acute TBIl. However, no difference was found
between rPGRN- or vehicle-treated CCl animals.

Up to date, little is known about the biological processing of
exogenously administered rPGRN. Cleavage by proteases can
occur before the protein is taken up by the cells, and as a conse-
quence, rPGRN has failed to exert its biological effects, but was
possibly cleaved into granulin peptides, which then turn PGRN's
putative benefit into the opposite, because these granulins evoked
pro-inflammatory effects (Kessenbrock et al., 2008; Salazar
et al., 2015). By inhibiting the production of granulins at early
stages after cerebral ischemia via the administration of sivelestat,
a specific neutrophil elastase inhibitor, neurological deficits in rats
can be improved substantially (Horinokita et al., 2019). Therefore,
rPGRN administration into a pro-inflammatory milieu with acti-
vated proteases might lead to a preferential increase in granulin
levels rather than an accumulation of uncleaved PGRN, resulting
in harmful effects. Hence, the time of injection may be critical, and
further detailed studies into PGRN processing and granulin pro-
duction are required.

Some limitations of our findings need to be taken into consid-
eration. Sortilin is a protein expressed by neurons and mediates
endocytosis and lysosomal localization of PGRN, thus decreas-
ing the available amount of PGRN in the extracellular space (Hu
et al., 2010). The rPGRN used in our study has a C-terminal 6-His
tag that likely masks the sortilin interaction site (Zheng et al., 2011)
and could lead to unphysiologically high PGRN levels in the per-
ilesional brain parenchyma. Second, our open-skull TBI model re-
quires craniotomy, which can be considered as a contributing factor
to the injury (Cole et al., 2011). A third limiting aspect is our survival
time point of 5 dpi. Shorter and longer observation times might
shed further light on the effects of rPGRN, especially since opening
of the BBB is an event occurring within hours after trauma (Cash
& Theus, 2020).

Taken together, our study underscores the need for careful re-
flection and further studies focusing on the effects of PGRN and
processing proteases, before considering PGRN supplementary or
enhancing therapies for neurodegenerative disorders in clinical set-

tings of brain injury.
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