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Abstract

Frontotemporal lobar degeneration (FTLD) causes a spectrum of clinical presentations of frontotemporal dementia
(FTD), including progressive changes in behavior, personality, executive function, and language. Up to 20% of familial
FTLD cases are caused by progranulin (GRN) haploinsufficiency (FTD-GRN), with one of the most common causal
variant being a nonsense mutation at arginine 493 (R493X). Recently, a genetic knockin FTD-GRN mouse model was
generated bearing this Gr™** mutation, at the analogous arginine in murine Grn. Aged, homozygous Grn™**** mice
(G849 have been shown to phenotypically replicate several neuropathological hallmarks previously demon-
strated in Grn null mice. We conducted a comprehensive neuropathological and behavioral assessment of 18 month
old G R493X mice, observing a striking lysosomal dysfunction and thalamic neurodegeneration not previously
described in this model, as well as a male-specific increase in generalized anxiety. These findings provide additional
phenotypic markers of pathogenesis in aged Grn™##%3X mjce that will contribute to better defining mechanisms
underlying FTD-GRN, and offer relevant outcome measures for preclinical efficacy testing of novel therapeutics that

Microgliosis, Astrogliosis, TDP-43, Neurodegeneration

target nonsense mutations leading to this devastating disease.
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Introduction

The neuropathology observed in patients bearing pro-
granulin (GRN) loss-of-function (LOF) mutations is
dictated by a gene dosage-dependent effect, with most
haploinsufficient individuals developing an early-onset
form of frontotemporal dementia (FTD-GRN) [4, 14].
Individuals null for GRN typically suffer from a rare form
of neuronal ceroid lipofuscinosis (NCL), CLN11, with
disease onset ranging from teenage years to midlife [22,

*Correspondence: haakon.nygaard@ubc.ca

Djavad Mowafaghian Centre for Brain Health and Division of Neurology,
University of British Columbia, 2215 Wesbrook Mall, Vancouver, BC,
Canada

B BMC

31]. The discovery that GRN-null individuals develop
a lysosomal storage disease has encouraged investiga-
tions into the role of progranulin (PGRN) and granulin
peptides in regulating lysosomal function [6, 11, 12, 16,
17, 20, 21, 33, 35, 37]. The majority of known neurobio-
logical functions of PGRN have been uncovered through
the use of mouse models null for Gru (Grun™""), partially
because preclinical models of Grn haploinsufficiency do
not replicate many of the neuropathological hallmarks
observed in either FTD-GRN or CLN11. Microglial lyso-
somal dysfunction and neuronal lipofuscin accumulation
are the earliest pathological phenotypes observed in the
Grn~/~ mouse brain [16, 24], preceding well-established
phenotypes including microgliosis, synaptic loss, and
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TDP-43 pathology [15, 26, 27, 34, 40, 42]. Recently, the
Gri®*X mouse model was generated to more accu-
rately model FTD-GRN by introducing one of the most
common human nonsense mutation leading to FTD
(R493X) at the analogous mouse Grn codon (R504X)
[29]. Previous characterization of this nonsense mutant
Grn model identified several disease phenotypes seen in
other Grn™~ models, but lysosomal dysfunction beyond
increases in lipofuscin or degeneration of selective neu-
ronal populations have not yet been identified [29]. We
sought to comprehensively characterize behavioral and
neuropathological phenotypes in aged Gruf#93X/R493X
mice, which is critical to fully using this model for drug
discovery and efficacy testing.

Materials and methods

Mice and facilities

Animal procedures were approved by the University
of British Columbia (UBC) Animal Care and Biosafety
Committees. Grr#3XRI93X mice on a C57BL/6 | back-
ground, and C57BL/6 ] wildtype mice (Grn™'") were
obtained from Jackson Laboratories (Stock #029919
and #000664, respectively). Mice were housed at the
UBC Centre for Disease Modeling barrier facility, with
a 12 h light/12 h dark cycle and allowed food and water
ad libitum.

Genotyping

Mouse ear notch DNA was isolated in Chelex® 100.
Briefly, 100 uL Chelex® 100 was added to ear notch,
vortexed for 10 s (sec), and pulse spun to ensure tissue
was submerged in the solution. Samples were then incu-
bated at 95 °C for 20 min. Following the incubation sam-
ples were further agitated by running the bottom of the
tubes across metal tube storage racks and centrifuged
at 21,000 x g for 1.5 min. The polymerase chain reac-
tion (PCR) was run using primers and settings outlined
by Jackson Laboratories for stock #029919. The result-
ing PCR products were resolved on a 2% agarose gel
and detected using SafeView Classic (Applied Biological
Materials).

Antibodies

The antibodies used in this study were anti-Clq
(Abcam, ab182451, 1:500), anti-Dppll (R&D Systems,
AF3436, 1:500), anti-Foxp2 (Abcam, ab16046, 1:500),
anti-Gfap (STEM CELL Technologies, 60128, 1:500),
anti-Ibal (WAKO, 019-19741, 1:500), anti-Lampl (BD
Biosciences, 553792, 1:500), anti-Pgrn (R&D Systems,
AF2420, 1:1000), TDP-43 (Proteintech, 10782-2-AP,
1:500), anti-Tujl (Neuromics, CH23005, 1:500), anti-
Vgat (Synaptic Systems, 131011, 1:300), donkey anti-goat
IgG (H4+L) Alexa Fluor® 488 (Thermo Fisher Scientific,
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A-11006), donkey anti-rabbit IgG (H+L) Alexa Fluor®
647 (Thermo Fisher Scientific, A-31573), goat anti-rat
IgG (H+L) Alexa Fluor® 647 (Thermo Fisher Scientific,
A-12247), donkey anti-mouse IgG (H+L) Alexa Fluor®
488 (Thermo Fisher Scientific, A-21202), goat anti-mouse
IgY (H+L) Alexa Fluor® 488 (Thermo Fisher Scientific,
A-21449) (for immunofluorescence); Ctsd (R&D Sys-
tems, AF1029, 1:500), Lampl (BD Biosciences, 553792,
1:500), LC3-I/II (Cell Signaling, 2775, 1:1000), Pgrn
(R&D Systems, AF2557, 1:100), TDP-43 (Proteintech,
10782-2-AP, 1:1000), p-TDP-43 (Cosmo Bio USA, CAC-
TIP-PTD-P03, 1:500), Actin (Novus Biologicals, NB600-
532, 1:10,000), donkey anti-goat IgG-HRP (R&D Systems,
HAF109), donkey anti-sheep IgG-HRP (R&D Systems,
HAFO016), donkey anti-rat IgG-HRP (R&D Systems,
HAFO005), goat anti-rabbit IgG-HRP (for western blot).

Perfusion and tissue processing

Eighteen month old mice were anesthetized using iso-
flurane and transcardially perfused with phosphate-buft-
ered saline (PBS) solution. Brains were hemisected down
the midsagittal plane, with one half immediately flash
frozen on dry ice and the other fixed overnight in 4%
paraformaldehyde. Frozen halves were stored at — 80 °C
until lysate preparation and fixed halves were trans-
ferred to PBS+0.05% azide for long term storage. Fixed
hemi-brains were sectioned sagittally (40 um) using
a vibratome (Leica). Sections were also stored in PBS
with 0.025% sodium azide at 4 °C until used for immu-
nofluorescence staining. Flash frozen hemi-brains were
later thawed, homogenized in 250 puL radioimmunopre-
cipitation assay (RIPA) lysis buffer (150 mM NaCl, 1 mM
EDTA, 1 mM sodium orthovanadate, 1 mM NaF, 1 mM
B-glycerophosphate, 2.5 mM sodium pyrophosphate,
1 mM PMSE, 1% NP-40, PhosSTOP, cOmplete mini pro-
tease inhibitor), sonicated for 10 s at 20% amplitude and
ultracentrifuged at 100,000 x g for 20 min at 4 °C. The
supernatants were collected as RIPA-soluble extract, and
the insoluble protein pellet was further extracted with
urea buffer (30 mM Tris—HCI pH 8, 7 M urea, 2 M thio-
urea, 4% CHAPS, PhosSTOP, cOmplete mini protease
inhibitor) and centrifuged at 150,000 x g for 45 min at
4 °C. The protein concentration of RIPA-soluble frac-
tions was measured by Bradford, diluted to 1 mg/mL for
enzyme-linked immunofluorescent assay (ELISA) and
western blots. The insoluble urea fractions were diluted
according to the protein concentration of corresponding
RIPA fractions.

Immunofluorescence microscopy

Free-floating sagittal brain sections were blocked and
permeabilized with 10% donkey or goat serum (Sigma-
Aldrich) in Dulbecco’s PBS (D-PBS) containing 0.1%
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Triton X-100 (Abcam) for 2 h at room temperature (RT).
Primary antibodies were then diluted (see antibody sec-
tion) in 10% donkey or goat serum in D-PBS and applied
to sections overnight at 4 °C with gentle agitation. All
Alexa Fluor®-tagged secondary antibodies were used
at a dilution of 1:500 at RT for 2 h. The sections were
then mounted in 4/,6’-diamidino-2-phenylindole (DAPI)
mounting medium (Vector Laboratories). Z-stacks and
tilescans were captured with ZEN 2 software using a
Zeiss 880 scanning laser confocal microscope using a
40X objective lens. High magnification (100X, 2.5X digi-
tal zoom with 40X objective) Tujl-TDP-43-DAPI co-
stained images were captured as single Z-plane images.
All other images were obtained through single field
30 pum thick (1 image / 5 pum step) z-stack and z-stack
tilescan acquisitions and were processed into maximum
intensity projections using ZEN 2 software prior to image
quantification performed using the Fiji processing pack-
age for Image] (National Institutes of Health).

Western blot

RIPA- and urea-soluble lysates were diluted in 4X sodium
dodecyl sulphate—polyacrylamide gel electropheresis
(SDS-PAGE) loading buffer + 100 mM DTT and boiled at
95 °C for 5 min. 15 g of protein from each boiled SDS
lysate was separated on 4-15% gradient precast poly-
acrylamide gel (Bio-Rad), electroblotted onto a nitrocel-
lulose membrane and blocked for 1 h in 5% (w/v) non-fat
milk (blocking buffer). Samples from GriR#o3X/RIBX g
wildtype control mice (Grn™*) were run on the same
precast gel to allow for direct comparison. Membranes
were incubated with primary antibodies diluted in block-
ing buffer overnight at 4 °C, washed three times with tris-
buffered saline (TBS)+0.1% (v/v) Tween-20 (TBS-T),
incubated with a 1:10,000 dilution of HRP-conjugated
secondary antibody, washed again 3X with TBS-T and
incubated with enhanced chemiluminescence substrate
(Millipore). Films were developed, scanned, and analyzed
using Fiji for densitometry analysis. To reprobe blots with
the same species of primary antibody, membranes were
stripped with 0.1 N NaOH for 5 min, washed twice with
deionized H20, and incubated for 30 min with non-fat
milk blocking buffer before incubation with an additional
primary antibody.

Progranulin ELISA

Pgrn levels in RIPA soluble hemi-brain lysates were
determined by ELISA (Adipogen, mouse) using the man-
ufacturer’s protocol. RIPA-soluble lysates (10 mg/mL)
were diluted (Grn™* 1.5:10 and GruR#3YR¥3X 1.5) in
ELISA buffer.
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Behavioral analysis

The open field test was performed to evaluate anxiety
in Grif#93X/RI9X and wildtype control mice (Grn™/™).
The test consisted of one 10 min trial in a white opaque
40 cm x40 ¢cm x 30 cm arena (Maze Engineers). The
center zone was defined as a square covering 16% of
the total area (16 cm x 16 c¢cm central square). The
mice were moved to the experimental room at least 1 h
before starting the tests. To begin each test, a mouse
was introduced to the center of the square and its
behavior was captured on video over the course of
10 min. All males were tested prior to any females, and
the area was cleaned with 50% ethanol and allowed to
dry completely between each test. The duration that
each mouse stayed in either the peripheral or cen-
tral regions was quantified using JWatcher software
(UCLA).

Statistical analysis

All values are expressed as the mean+SEM. In experi-
ments where two groups were compared, a standard
unpaired two-tailed Student’s ¢-test was performed to
measure significance. For comparisons of more than two
groups, one-way analysis of variance (ANOVA) was used
followed by Tukey’s post hoc test. p values less than 0.05
were considered significant. Statistical analysis was per-
formed using GraphPad Prism Software, Version 5.0.

Results

Brain Pgrn expression in aged Grn mice

We obtained the previously generated FTD-GRN/CLN11
mouse model bearing homozygous Grrn R504X muta-
tions analogous to the human GRN R493X mutation for
further neuropathological and behavioral characteri-
zation [29]. Homozygous introduction of the Grm***X
premature termination codon (PTC) in these mice was
confirmed by PCR (Additional file 1: Fig. S1). Central
nervous system (CNS) Pgrn expression in 18 month
old Grut/* and Grn®#3YR93X mice was assayed using
multiple immunological detection methods, includ-
ing western blot (Fig. 1a), ELISA (Fig. 1b), and immu-
nofluorescence microscopy (Fig. 1c, d). These results
demonstrate that nonsense mutant Pgrn expression is
significantly reduced, detecting Grif#3VR¥B3X glohal
Pgrn CNS expression levels of 14.7% £ 1.7% (ELISA) and
21.7% 4 2.5% (western blot) relative to Grn*/* expression
levels (Fig. 1a, b). Immunofluorescent quantification of
Pgrn expression in hippocampal CA3 and thalamic ven-
tral posteromedial (VPM)/ventral posterolateral(VPL)
GruR¥#3X/RI93X hathological hotspots  identified even
lower levels of Pgrn, with total Pgrn area per cell of

R493X/R493X
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Fig. 1 Pgrn expression in the CNS of aged Grn#***™?3X mice. 18 month old Grn*/* and Grm™*#%X hemibrain RIPA-soluble lysate samples were
subjected to both Pgrn western blot (a) and Pgrn ELISA (b). Densitometric quantification of Pgrn western blot signal was normalized to actin
loading control. ¢, Pgrn expression was also detected in the hippocampal CA3 and thalamic VPM/VPL regions by immunofluorescence staining of
18 month old Grn™* and Grn*****%3X prain sections (scale bar, 20 um). d, Total Pgrn positive area in CA3 (i) and VPM/VPL (ii) was quantified and
normalized to the total number of cells (DAPI, blue). For western blot/ELISA n=6 mice were used per sex/genotype; for immunofluorescence
staining n= 10 mice were used per sex/genotype (except male Grn*#3#93X n — 8): values are shown as mean == SEM; ***p <0.0001, Student’s t-test

4.3%+0.7% (CA3) and 4.6%+0.7% (VPM/VPL) relative
to Grn™* tissue levels (Fig. 1c, d).

Lysosomal dysfunction in aged Grn®*93¥f493X mjce

Previous studies in Grn~’~ mice have found that CNS
lipofuscin accumulation occurs as early as 2—-3 months
of age [24]. We replicated the thalamic/hippocam-
pal autofluorescent lipofuscin phenotype reported
in the Gruf#3VR¥3X mouse model [29], observing
extensive lipofuscin in 18 month old mice in both

the CA3 hippocampal region and thalamus (Fig. 2a).
Further, aged R493X knockin mice exhibit increased
expression of the lysosomal proteins Lampl and
Dppll, which were also shown to accumulate in these
brain regions (Fig. 2b, c¢). We quantified Lampl-
positive and Dppll-positive areas in the thalamus
and hippocampus of aged Gruf*3¥R43X mijce and
observed a significant increase in the expression of
these lysosomal markers in the CA3 and VPM/VPL
brain regions (Fig. 2d—g). Increased lysosomal vesicle
size has been previously reported in several models of
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Fig. 2 Lysosomal dysfunction in the ventral thalamus and CA3 hippocampal region of aged Grn****#%X mice. Representative hippocampal/

thalamic tilescans highlighting autofluorescent lipofuscin (a, green channel), Lamp1 (b), and Dppll (c) accumulation in 18 month old Grnf#*7>/#493%
mice (scale bar, 500 um). d, e Representative Lamp1 and Dppll immunofluorescence images of hippocampal CA3 and thalamic VPM/VPL regions in
18 month old Grn™* and Grn*****3X prain sections (scale bar, 20 um). f, g Total Lamp1-positive and Dppll-positive area in CA3 (i) and VPM/VPL (ii)
images were quantified and normalized to the total number of cells (DAPI, blue). For immunofluorescence staining n= 10 mice were used per sex/
genotype (except male Grn*¥¥R4%3X n = g): values are shown as mean & SEM; **p <0.01, ***p <0.0001, Student’s t-test

Grn-deficiency, including Grn™’~ mouse hippocampal R#93X CA3 and VPM/VPL regions accumulate signifi-

neurons [12] and Gru®**3** primary cortical neurons  cantly larger Lampl-positivelysosomal vesicles than
[11]. In line with these data, we found that Grn®#3X/  Grn™" control mice (Additional file 1: Fig. S2A, B).
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Aged Grn™'~ mice develop global CNS lysosomal dys-
function, including disrupted autophagosome clearance
[6], overexpression of lysosomal enzymes [16], and cyto-
plasmic accumulation of insoluble TAR DNA-binding
protein 43 (TDP-43) [17]. To evaluate CNS-wide lysoso-
mal dysfunction in this model, we conducted a series of
western blot assays on RIPA-soluble and -insoluble hemi-
brain lysates. Unlike previous findings in Grn™~ mice
[3], Lampl protein levels were not found to be signifi-
cantly increased in the GrnR**3*/R493X brain, although the
data trended toward elevated Lampl expression (Fig. 3a,
b). Increased expression and enzymatic maturation of
the lysosomal protease Cathepsin D (Ctsd) has been
reproducibly observed in whole Grn™/~ brain tissue [16].
Expression of both the pro- and mature forms of Ctsd
were significantly increased in Grr®*3YR43X brain com-
pared to Grn™* (Fig. 3a, c). Lysosomal dysfunction can
lead to functional impairments in autophagy, an essential
process in maintaining cellular health. Chang et al. iden-
tified impaired autophagy pathway signaling in whole
cortical tissue obtained from 18 month old Grn™~ mice,
including an approximate 35% increase in the LC3 II:LC3
I ratio, which indicates autophagosome accumulation [6].
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Our similarly aged Grnf#3XR43X mice exhibited a nearly

twofold increase in LC3 ILLC3 I over Grn™* (Fig. 3a, d),
suggesting a dysregulated autophagy phenotype that per-
sists despite the low levels of lysosomal accumulation of
partially functional Pgrn-R493X that may occur in these
mice [29].

Impaired autophagy has been linked to increases in
pathological forms of TDP-43, a pathologic hallmark
of FTD-GRN. Although Grn™~~ mice develop a limited
form cytoplasmic/nuclear TDP-43 aggregation slightly
resembling histopathology observed in FTD-GRN
patients [39], biochemical observations in Grn™'~ mice
have identified increased full-length and phosphorylated
TDP-43 (p-TDP-43) expression in whole-brain RIPA-
insoluble fractions [17, 39]. Full-length TDP-43 can be
cleaved into aggregation-prone c-terminal fragments
(CTFs) that form the major protein component of TDP-
43 positive inclusions [1, 10]. 12 month old Gru*3¥
k493X brains were found to contain diffuse cytoplasmic
TDP-43/pTDP-43 positivity similar to Grrn™/~ mice
in select thalamic neurons that was absent in Grn™*
mice [29]. We reasoned that older mice may display a
more robust TDP-43 phenotype. Using a polyclonal
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Fig. 3 Global dysregulation of lysosomal function in aged Grm™**#43X brain. Representative western blots of hemibrain RIPA-soluble lysates
from 18 month old Gr™* and Grn™***#**X mice probed with the indicated antibodies (a). Expression of Lamp1, total/pro/mat-Ctsd, and LC3I/
Ilin Grn™* and Grnf#3#93X hemibrain lysates was analyzed by western blotting, using actin as the loading control. Densitometric quantification
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normalized to Grn™* levels. n =6 mice were used per sex/genotype; values are shown as mean £ SEM; ns=not significant, **p < 0.01, ***p <0.0001,
Student’s t-test




Frew and Nygaard acta neuropathol commun (2021) 9:57

N-terminal TDP-43 antibody known to detect multiple
forms of TDP-43, including full-length and several trun-
cated CTFs [36], we probed RIPA-soluble and -insoluble
hemi-brain lysates for TDP-43 expression. Full-length
TDP-43 expression in the soluble fraction was signifi-
cantly decreased in GruR**3¥/R493X mice (Fig. 4a, b), with
a similar trend observed for CTFs (Fig. 4a, arrows). Sur-
prisingly, decreased soluble TDP-43 expression did not
correspond with an increase in insoluble TDP-43 levels
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(Fig. 4a, c). We further probed these lysate fractions for
Ser409 p-TDP-43 expression and observed a similar phe-
notype to that observed with TDP-43 total (Additional
file 1: Fig. S3A—C). As previously observed in Grn™* and
Grn™/" brains [39], the insoluble fractions of both Grut/*+
and Grrf#3VRIBX exhibited higher levels of full-length
p-TDP-43 compared to the soluble fraction (Fig. 4a).
Since TDP-43 pathology in this model has previously
been demonstrated using TDP-43 immunofluorescent
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+/+ R493X/

staining [13, 29], we co-stained Gru and Grn
R493X brain sections for Tujl and TDP-43 to assess neu-
ronal TDP-43 cellular localization (Fig. 4d, e). Tujl-
TDP-43 Gruf*3X/R%X hippocampal/thalamic tilescans
showed a major increase in neuronal TDP-43 expression
localized to the thalamic VPM/VPL regions compared to
Grn™*. Similar to previous reports, high magnification
micrographs of the Gru#3XR493X yPM/VPL revealed
considerable cytoplasmic TDP-43 accumulation in ven-
tral thalamic neurons (Fig. 4e).

Neuroinflammation and astrogliosis in the CA3
hippocampus and ventral thalamus of aged Grn
mice

Pathologic increases of both microglia and astrocytes
in the CA3 hippocampal region and ventral thalamus
are well established phenotypes in Gru-deficient mice
[26, 30]. We sought to characterize neuroinflammation
and astrogliosis in aged Gri®*3YR¥3X mice. Nguyen
et al. previously described a temporal increase in tha-
lamic microglial density in GruR#*3¥/R493X mjce [29], and
this was also observed in our aged Gru®#YRI%BX mjce
(Fig. 5a). The number of microglia per thalamic VPM/
VPL field was significantly greater in mutant mice
(Fig. 5b, c.ii); however, no microgliosis was observed in
the hippocampal CA3 region (Fig. 5b, c.i). A common
feature of pro-inflammatory activated microglia is a
morphological transition from a highly ramified state to
an amoeboid shape with enlarged soma [9]. To quantify
microglia morphology, we conducted skeletal analysis
to measure the number of Ibal-positive branches and
normalized that to the number of microglia present in
a given field to obtain the average branches/microglia
(Additional file 1: Fig. S4A, B) [41]. Decreased microglial
branching was observed in both the CA3 and VPM/VPL
regions of the Gruf#3VRI%BX hrain, although the phe-
notype was more pronounced in the VPM/VPL, which
exhibited 56.3% 1 6.6% of the branching levels observed
in wildtype mice (Fig. 5b, c.iii—iv).

Counterintuitively, increased GRN expression has
been detected in the frontal and temporal cortices of
FTD-GRN patients [7]. This observation is believed
to result from upregulation of the intact GRN allele in

R493X/R493X

Page 8 of 16

hyperactivated, proliferating microglia in degenerating
brain regions. In Grr®#3YR493X mice, upregulation of the
mutated alleles could also result in increased basal PTC
readthrough which would result in increased full length
Pgrn expression. To test this hypothesis, we conducted
Pgrn-Ibal co-staining in Grn™* and GruR#*3¥/R493X mjce
to assess whether diseased brain regions in the knockin
mice display upregulated microglial Pgrn-R493X expres-
sion. We found that microglial Pgrn fluorescent inten-
sity was significantly lower in the CA3 and VPM/VPL of
GrR¥3X/RI3X mice, suggesting that microglial activation
in these regions does not result in substantial basal PTC
readthrough or accumulation of truncated Pgrn-R493X
(Fig. 5b, d).

The innate immune defense system has been previously
implicated in the pathology of FTD-GRN [26, 42]. Com-
plement-driven synaptic pruning is a critical microglial-
mediated neurodevelopmental mechanism [38] that is
hyperactivated in the context of Gru-deficiency, resulting
in selective depletion of thalamic inhibitory synapses in
Grn~’~ mice [26]. Complement protein Clqa was signifi-
cantly increased in the thalamic VPM/VPL of Grn®*3X/
R493X mice, similar to that observed in Grn™’~ mice
(Fig. 5e, f). Astrogliosis is another hallmark of FTD-GRN
pathogenesis affecting the same brain regions as micro-
gliosis, as observed by glial fibrillary acidic protein (Gfap)
staining in Grn~'~ mice [30, 39]. We present the first
characterization of Gruf*3XR¥3X astroglial pathology
(Fig. 6), observing that Gfap + staining was significantly
increased the CA3 and VPM/VPL regions in Grn®*3X
R493X mice (Fig. 6b, c). The astrogliosis phenotype was
more striking than microgliosis, spanning both the
CA3 and VPM/VPL compared to microgliosis primarily
observed in the thalamus.

Partial preservation of inhibitory synaptic density

in the thalamus of aged Grn®**3*R493X mjice

Given the robust increase in complement Clqa protein
deposition observed in the GrrR#3XR¥3X yentral thala-
mus (Fig. 5e, f), we assessed whether this produced a
corresponding decrease in inhibitory synaptic density
as previously observed in Grn~/~ mice [26]. First, we
characterized whole thalamus vesicular gamma-amin-
obutyric acid transporter (Vgat) synaptic density from

(See figure on next page.)
Fig. 5 Neuroinflammation in the ventral thalamus of aged Grn
Iba1/Pgrn show severe microgliosis in the brain of 18 month old Grn

R493X/R493X

mice. a Representative hippocampal/thalamic tilescans co-stained for
R493X/RA93X
immunofluorescence images of hippocampal CA3 and thalamic VPM/VPL regions in 18 month old Grn**+ and Grn™**#9** rain sections (scale
bar, 20 pm). ¢ Quantification of microglial density (i-ii) and branching morphology (jii-iv) in the CA3 and thalamic VPM/VPL regions. d, Microglial
Pgrn fluorescence intensity in the CA3 (i) and VPM/VPL (ii). e-f, Representative images and quantification of C1qa staining in the VPM/VPL.n=10
mice were used per sex/genotype (except male Grn™**#493X n = 8 and male Grn** Iba1-Pgrn staining of VPM/VPL n = 9); values are shown as
mean = SEM; ns not significant, *p <0.05, ***p <0.0001 was determined by Student’s t-test

mice (scale bar, 500 um). b Representative Ibal/Pgrn co-stained
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Fig. 6 Severe astrogliosis in the ventral thalamus and CA3
hippocampal region of aged Grn™*#%3X mice. a Representative
hippocampal/thalamic tilescans stained for Gfap show severe
astrogliosis in 18 month old Grn ™+ and Grn™***™* prain (scale

bar, 500 um). b Representative Gfap immunofluorescence images

of hippocampal CA3 and thalamic VPM/VPL regions in 18 month

old Gr™* and Grnf*¥*#9X prain sections (scale bar, 20 um). ¢ Total
Gfap-positive area in CA3 (i) and VPM/VPL (i) images were quantified
and normalized to the total number of cells (DAPI, blue). n=10
mice were used per sex/genotype (except male Grn™*¥%3X n — g)
values are shown as mean = SEM; ns = not significant, *p < 0.05,
**¥p<0.0001, Student’s t-test
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hippocampal/thalamic tilescans, and observed a non-sig-
nificant trend towards lower inhibitory synaptic density
in Gruf#3X/R493X mice (Fig. 7a—c). Since the Grn™’~ syn-
aptic phenotype was localized to the ventral thalamus,
we further analyzed Clqa-Vgat images of Gru™'* and
Gruf#3X/RISBX \yPM/VPL regions and found a similar
non-significant trend towards lower Vgat synaptic area
and number of puncta in Gri®#3VR¥B3X mice (Fig. 7a) b,
d-e). Interestingly, this weak trend towards a reduction
of thalamic Vgat synaptic density was observed despite
26.9% +6.0% of total Vgat-positive synaptic area being
co-localized with Clqa in the Grr®*3XR43X ypM/VPL
thalamic regions (Fig. 7f).

Thalamic neurodegeneration of excitatory neurons

in the CNS of aged Grn?*¥3*/R493X mjce

A recent single-nuclei RNA sequencing (snRNA-seq)
study by Zhang et al. characterizing disease progression
in Grn~’~ mice from 2 to 19 months of age, discovered a
selective decrease in the abundance of excitatory neuron
markers from 12 to 19 months of age [42]. We attempted
to replicate these findings in Grn**3XR4¥93X mice by per-
forming Foxp2 immunofluorescence staining and quan-
tifying the number of Foxp2-positive thalamic neurons.
18 month old GrnR#3X/R4%3X thalami exhibited a signifi-
cant reduction in the number of Foxp2-positive excita-
tory neurons compared to Grn™* mice (21.0% +4.3%),
confirming select neurodegeneration in this model
(Fig. 8a, b).

Aged Grnf#93X/R493X mice exhibit an increased anxiety
phenotype

Several behavioral phenotypes have been identified in
Grn™~ and Grn™~ mice, including deficits in social
dominance, excessive grooming, and increased anxiety [2,
23, 26, 29, 30]. The initial GrrnR#3XR¥3X characterization
found nearly identical onset and progression of obses-
sive-compulsive-like grooming behavior in Grn~~ and
GriR493X/RI93X e resulting in severe skin lesions, which
likely contributed to their 30% lower median survival
rate [29]. Though we did not specifically aim to quantify
these phenotypes in our mice, we did observe a trend
towards more animal facility health updates reporting
lesions and grade 4 whisker barbering in Gruf#*3X/R493X
mice (colonies: Grn/ 5/199 mean age: 66.2 + 1.8 weeks
vs. GruR#3X/RIBX 161933 mean age: 49.4+1.8 weeks)
often requiring euthanasia likely attributable to excessive
grooming behavior. The open-field test has been used to
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establish the increased male-specific anxiety phenotype
in Grn~~ mice by quantifying the time mice spent in the
central vs peripheral regions of the open-field [23, 30].
GrnR¥3X/RIBX mice spent significantly less time in the
central region of the open-field compared to Grn™* mice
(Fig. 9a). We conducted a sex-specific analysis to further
evaluate whether this anxiety phenotype was limited to
male Gri®#3XR4%3X mice and found that male knockin

mice spent significantly less time in the central zone than
Grnt’t males, while female Gru™"/Gruf93X/RI3X mjce
spent similar amounts of time in each region (Fig. 9b, c).
To probe whether any of the previously presented neuro-
pathological phenotypes show any sex-dependent effects,
we conducted further sex-specific analyses of these data
and failed to observe any statistically significant differ-
ences between sexes (Additional file 1: Figs. S5, S6, S7).
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Discussion

We provide the first detailed analysis of lysosomal dys-
function and selective loss of thalamic excitatory neu-
rons in the brains of aged Grr®**YR¥3X mice. Since
disrupted lysosomal homeostasis is a pathological hall-
mark of Grn™’~ mice, we chose to evaluate several pre-
viously established brain lysosomal phenotypes in our
aged Gruf#3X/R493X cohort. The CA3 hippocampal and
thalamic VPM/VPL brain regions of aged Gru***%
R493X mice displayed striking expansions of their lysoso-
mal compartments. We further evaluated aged knockin
mice for global changes in brain lysosomal function and
impairments in autophagy, identifying overexpression of
both the pro- and mature-forms of lysosomal protease
Ctsd and impaired clearance of autophagolysosomes
as indicated by an increased LC3-II:LC3-I ratio, both of
which have been previously observed in aged Grn/~
mice [6, 16]. Notably, evidence of lysosomal dysfunc-
tion has been demonstrated in Grn~~ mice as young as
2 months of age [24]. Future efforts may seek to under-
stand whether the presence of a semi-functional, trun-
cated Pgrn-R493X might delay the onset of this early
lysosomal phenotype.

GRN deficiency is associated with nuclear to cytoplas-
mic translocation of TDP-43, ultimately resulting in the
formation of insoluble neuronal inclusions [1, 10]. The
redistribution of TDP-43 from the nucleus to the cyto-
plasm has also been observed in Grn™’'~ mice, a process
which may involve excessive neuroinflammation and dys-
functional autophagolysosomal and ubiquitin—protea-
some systems [13, 29, 39, 42]. Similarly to these findings,
we found TDP-43 pathology limited to ventral thalamic
neurons in GruR#3¥/R4¥3X mice, which exhibited intense

nuclear to cytoplasmic TDP-43 translocation. We further
observed that GruR#3X/R493X golyble hemi-brain lysates
contained decreased TDP-43, potentially indicating that
a proportion of the soluble TDP-43 pool had transitioned
into an insoluble form. This phenomenon was observed
in a mutant TDP-43 mouse model where soluble TDP-43
increased while insoluble TDP-43 decreased upon over-
expression of PGRN [5]. However, we failed to observe
a corresponding increase in the insoluble levels of TDP-
43 and were unable to detect p-TDP-43 in either soluble
or insoluble lysates, both of which have been previously
found in aged Grn~™ mice [17, 39]. The former most
likely relates to our finding that TDP-43 pathology is
largely limited to ventral thalamic neurons, and the phe-
notype may thus be lost through dilution when assessing
whole-brain lysate. Other discrepancies are less clear and
may relate to inherent differences in mouse models as
well as the particular age chosen for analysis.
GriR##3X/RISX mjce exhibit age-dependent microglio-
sis that begins around 6 months of age, reaching a peak
at 12 months, and is maintained until 18 months of age.
We observed significant neuroinflammation in the ven-
tral thalamus of Gru*#93X/R493X 1ice, including astro- and
microglial expansion and morphological transition into
a proinflammatory state. This observation is important
because we show that the chronically inflamed ventral
thalamic brain region also develops TDP-43 proteinopa-
thy, providing additional support to the growing evidence
demonstrating that factors secreted by Grn deficient
microglia directly induce cytoplasmic accumulation of
TDP-43 [42]. These inflammatory mediators include
the innate immune system complement system (Clqa,
C3, etc.) which have been implicated in Gru-deficient
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microglial mediated neurotoxicity. Although most of
the literature has focused on examining microglial-
driven neuropathological mechanisms, a recent study by

Page 13 of 16

Guttikonda et al. conducted using human induced pluri-
potent stem cell-derived neuron-astrocyte-microglia tri-
cultures suggested that reciprocal C3 signalling between
microglia and astrocytes is critical to driving excessive
microglial Clqa complement protein expression and
secretion [19]. Therefore, future studies assessing the role
of Gru-deficient astrocytes in driving disease pathophysi-
ology may be critical to identifying novel therapeutic
strategies.

Microglial-mediated activation of the complement
pathway has been directly and indirectly implicated in
driving thalamic neurodegeneration in Grn™/~ mice
through selective targeting of both inhibitory synapses
and excitatory neurons for elimination [26, 42]. Despite
observing robust Clqa tagging of Vgat + synapses as pre-
viously seen in Grn~'~ mice, neither Gri*3¥®493X \whole
thalami or the VPM/VPL region showed a significant
decrease in inhibitory synaptic density. However, there
was a trend towards lower levels of Vgat-positive syn-
apses in these regions. It is possible that low basal Pgrn-
R493X expression in Gri®¥3¥R¥3X microglia limited
their voracity for inhibitory synapses, but this is not
known. A recent snRNA-seq study found that selec-
tive loss of excitatory neurons in the ventral thalamus
of Grn™~ mice could be rescued by simultaneous dele-
tion of both Clga and C3 complement genes [42]. The
authors proposed that elevated Clqa and C3 in this brain
region result in increased membrane attack complex for-
mation on neuronal surfaces, which permeabilizes their
plasma membranes, triggering apoptosis [42]. Similarly,
our aged GruR#*3¥/R493X displayed loss of thalamic Foxp2-
positive excitatory neurons, perhaps suggesting that a
loss of excitatory neurons precedes the synaptic prun-
ing phenotype in this model. Nevertheless, it remains
unclear how these complement-mediated neurodegen-
erative mechanisms selectively target inhibitory synapses
and excitatory neurons.

Grn-deficient mice develop behavioral abnormalities
impacting social interactions, grooming frequency, and
anxiety levels [2, 23, 26, 29, 30]. GriR¥o3X/RI3X mjce were
no different, exhibiting a male-specific increased anxi-
ety phenotype previously reported in Grn™’~ mice [23,
30]. Study of neuropathological correlates of behavioral
disturbances in Grn~’~ have connected decreased inhi-
bition of the thalamocortical circuit to their obsessive-
compulsive-like grooming phenotype [26]. Since we
observed significant thalamic pathology in aged Grn***3X/
R493X mice, we analyzed the major neuropathological
phenotypes presented here for sexual dimorphism to
assess whether increased pathology might explain the
male-predominant anxiety phenotype. While we found
that levels of inhibitory synaptic density in the thalamic
VPM/VPL regions exhibited a strong trend towards a
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sex-dependent phenotype in both Grn™'* and Gru®**X
R493X mice (Additional file 1: Fig. S7C), with males dis-
playing elevated inhibitory synaptic density compared
to females, we did not observe sexually dimorphic FTD-
related pathology in GrunR#¥3¥R4¥3X mice, Similar efforts
have been made to identify the neurological basis for the
increased susceptibility of male Grn-deficient mice to the
development of an increased anxiety phenotype [8, 32].
These studies found that Grn expression is upregulated
in the ventromedial hypothalamic nucleus in response
to androgen and estrogen sex-hormones and that Pgrn
is an essential mediator of male sexual differentiation in
the developing brain. Since Grn™/" female mice gener-
ally exhibit elevated anxiety compared to Grn™* males,
it has been proposed that a lack of Grun expression dur-
ing sexual differentiation results in at least partial fulfill-
ment of the default female neurodevelopmental program
[23]. Evidence supporting this hypothesis includes the
observation that Grn~/~ mice lack the sexually dimorphic
trait of differential locus ceruleus (LC) volume, which
is normally larger in Grn*/* females [18]. Because the
LC is an important regulator of stress-induced anxiety
responses, it is possible that a relatively enlarged LC in
male Grn~/~ compared to male Grnt/* mice could pre-
dispose them to increased anxiety [28]. These studies
suggest profound developmental changes in the brain as
a result of Grn deficiency. Improved preclinical meth-
odology, including the use of hiPSCs, may allow future
studies to probe these mechanisms which could reveal
processes far upstream of known FTD pathology that
may prove central to FTD-GRN pathophysiology.

Taken together, a striking finding in both aged
Grif#BX/RI3X mjce and other Grn™'~ models is the pro-
nounced involvement of select thalamic regions. For the
clinician this might be curious as neurodegeneration in
the frontal, temporal, and parietal lobes is widely rec-
ognized as driving clinical symptoms across FTLD syn-
dromes. However, a recent study in preclinical GRN
carriers found prominent hyperconnectivity between
the thalamus and cortical hub regions in several intrinsic
connectivity networks, assessed by functional magnetic
resonance imaging [25]. The implications of these find-
ings are not fully clear, but abnormal thalamic physiol-
ogy, which is robustly demonstrated in FTD-GRN mouse
models either through histology or electrophysiology,
may have important implications for the earliest changes
in human FTD-GRN. As such, interventions to reverse
these pathologic changes in mice may have important
translational value.
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Conclusions

In conclusion, our aged cohort of Grn mice
displayed several pathologic phenotypes, including
lysosomal dysfunction and select thalamic synaptic
degeneration not previously described in this model,
but in line with observations in other Grn~’~ model
mice. Our characterization of aged Grr®*3¥/R4%3X mijce
provides the field with further insight into neuropatho-
logical phenotypes that may be used to better define
the mechanisms underlying FTD-GRN, and evaluate
the preclinical efficacy of novel therapeutics to target
relevant nonsense mutations leading to FTD-GRN.
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