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Brain region-specific synaptic function of FUS
underlies the FTLD-linked behavioural
disinhibition

Jun-Ying W:;llrz}g,l’z (.}uo-MinglMa,l’2 Xiao-Qiang Tan%,; 4Qi-Li Shi,’ Ming-Can Yu,*
Min-Min Lou,“ ®Kai-Wen He" and Wen-Yuan Wang >

Synaptic dysfunction is one of the earliest pathological processes that contribute to the development of many neuro-
logical disorders, including Alzheimer’s disease and frontotemporal lobar degeneration. However, the synaptic func-
tion of many disease-causative genes and their contribution to the pathogenesis of the related diseases remain
unclear. In this study, we investigated the synaptic role of fused in sarcoma, an RNA-binding protein linked to fron-
totemporal lobar degeneration and amyotrophic lateral sclerosis, and its potential pathological role in frontotempor-
al lobar degeneration using pyramidal neuron-specific conditional knockout mice (Fus®°). We found that FUS
regulates the expression of many genes associated with synaptic function in a hippocampal subregion-specific man-
ner, concomitant with the frontotemporal lobar degeneration-linked behavioural disinhibition. Electrophysiological
study and molecular pathway analyses further reveal that fused in sarcoma differentially regulates synaptic and
neuronal properties in the ventral hippocampus and medial prefrontal cortex, respectively. Moreover, fused in sar-
coma selectively modulates the ventral hippocampus-prefrontal cortex projection, which is known to mediate the
anxiety-like behaviour. Our findings unveil the brain region- and synapse-specific role of fused in sarcoma, whose
impairment might lead to the emotional symptoms associated with frontotemporal lobar degeneration.
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Introduction

Fused in sarcoma (FUS) is an RNA-binding protein widely expressed
in the CNS. It is a significant disease gene associated with amyo-
trophic lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD).* While the molecular mechanism of FUS proteinopathy in
ALS was extensively studied in the past several years, the role of
FUS in the pathogenesis of FTLD has remained largely unknown.
FTLD is one of the most common early-onset dementia that affects
behaviour and emotion.® About 9% of all FTLD patients show FUS
pathology (FTLD-FUS),” with severe disinhibition behaviour and, in
some cases, with other psychiatric abnormalities but without motor
or linguistic deficits.® In the brain sections of FTLD-FUS,
FUS-immunoreactive neuronal cytoplasmic inclusions were found
in the hippocampal pyramidal layer, frontal cortex, striatum etc.,?
implying that the loss of FUS’ function in these brain regions might
directly contribute to the disease.

Previous studies have shown that FUS regulates the morpho-
genesis of dendrites and spines during early development.®™®
Overexpression of mutant FUS in both zebrafish® and
Drosophila’” impaired neuromuscular synaptic transmission. In
the mammalian brain, a recent study demonstrated that FUS regu-
lates synaptic transmission in the dorsal hippocampus (HPC).'®
Collectively, these studies suggest that FUS is involved in the regu-
lation of synaptic functions.

In this study, we generated pyramidal neuron-specific Fus condi-
tional knockout (Fus®©°) mice to investigate the role of FUS in the
adult brain. Transcriptome analysis indicates that the
FUS-regulated genes were strongly involved in synaptic function
with hippocampal sub-region specificity. Interestingly, we recorded
hippocampal pyramidal neurons of Fus®®® mice and found that the
intermediate HPC (iHPC) showed enhancement, while the ventral
HPC (vHPC) displayed reduction in excitatory synaptic transmission.
The region specificity was also observed between the vHPC and the
medial prefrontal cortex (mPFC), both highly associated with the
FTLD-linked behavioural disinhibition.'>*' The spike frequency
adaptation decreased in VHPC pyramidal neurons, while increased
in mPFC pyramidal neurons due to the FUS deletion. We further
identified the selective enhancement of synaptic transmission
from vHPC to mPFC in the Fus®© mice, which might be directly re-
lated to disruptive avoidance behaviour. Furthermore, we found
the deletion of FUS reduced expression of presynaptic genes in
vHPC, while decreased expression of postsynaptic genes in mPFC,
providing a potential molecular mechanism for FUS’ region-specific
regulation. Our findings revealed the brain region- and synapse-
specific role of FUS and the potential contribution of dysfunctional
FUS to the FTLD-linked behavioural disinhibition.

Materials and methods

All procedures were approved by the Institutional Animal Care and
Use Committees at the Interdisciplinary Research Center on
Biology and Chemistry, Chinese Academy of Science. All mice
were housed on a 12 h light/12 h dark cycle with food and water
ad libitum. The Cre-loxP system was used for conditional Fus knock-
out mice generation. The same directional loxP sites were inserted
into the intron 3-4 and intron 6-7 of the Fus gene by the CRISPR-
Cas9 system to obtain Fus™ mice. We crossed Fus™ mice with
Camk2a-Cre mice (Shanghai Model Organisms, Shanghai, China)
or Nestin-Cre mice (Model Animal Research Center of Nanjing
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University, Nanjing, China) to generate conditional Fus knockout
mice. The Nestin-Cre; Fus™ mice and Nestin-Cre mice were only
used for RNA sequencing. For other experiments, Camk2a-Cre
and Fus™ were used as controls, Camk2a-Cre; Fus™ mice were
used as Fus™®° experimental mice. Adult male mice (2-3 months
old) were used for all experiments.

Male Nestin-Cre and Nestin-Cre; Fus”? mice (2-month-old) were
deeply anaesthetized with isoflurane, the HPC was removed and di-
vided into dorsal HPC (dHPC), iHPC and vHPC as shown in Fig. 1A.
Total RNA was extracted using TRIzol™ (Thermo Fisher
Scientific) following the manufacturer’s instructions. The concen-
tration and purity of the RNA samples obtained were quantified
by NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).
RNA sequencing (RNA-seq) was performed using HiSeq2000
Sequencing System (Illumina).

For RNA-seq analysis, three biological replicates were used for
each experimental group. Two samples were identified as outliers
via principal components analysis and were removed from further
analysis. Adapters of raw sequencing reads obtained from RNA-seq
were removed using Cutadapt (v.2.8).2% Cleaned reads were mapped
to the reference mouse genome (GRCm38/mm10) using HISAT2
(v.2.1.0)%% with default parameters. Reads were then quantified via
feature Counts (v.1.6.2).* The annotation GTF file was downloaded
from Ensembl (v.GRCh38.93).

We performed unsupervised hierarchical clustering using the
hclust function in R based on the sample distances. Genes were
analysed for differential expression using R package DESeq2
(v.1.24.0).%°> The Benjamini and Hochberg procedure was applied
to adjust for multiple hypothesis testing, and differential expres-
sion gene candidates were selected with a false discovery rate
<0.05. Gene Ontology analysis of differentially expressed genes
with gene symbols was performed using MetaScape.?®

The mPFC tissues were collected and transferred into the lysis buffer
containing 50 mM Tris (pH 7.5), 150 mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate and 0.1% sodium dodecyl-sulphate (SDS) supplemen-
ted with 1x phenylmethylsulphonyl fluoride (Beyotime). Samples
were kept on ice and homogenized by the Homogenizer
WorkCentre (IKA, T10). The lysates were incubated on ice for 10 min
and centrifuged at 14000g at 4°C for 15 min and the supernatants
were collected for SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were separated by SDS-PAGE, transferred onto
apolyvinyl difluoride membrane and then blocked with 5% (m/v) non-
fat milk for 1.5 hours at room temperature. The following primary
antibodies were used: mouse anti-FUS (1:1000, sc-47711, Santa Cruz
Biotechnology) and rabbit anti-o-Tubulin (1:40000, PM054, MBL
Beijing Biotech). Secondary antibodies conjugated to horseradish per-
oxidase against mouse or rabbit IgG were obtained from Jackson
ImmunoResearch Laboratories (1:10000). The visualization was per-
formed via Fusion SoloS. EDGE V0.70 (Vilber Lourmat), and the
Evolution-Capt software (Vilber Lourmat) was used for quantification.

Mice were deeply anaesthetized with isoflurane and transcardially
perfused with 10 ml of 1x phosphate buffered saline (PBS) and fixed
with 40 ml of 4% paraformaldehyde (PFA) in sodium phosphate buf-
fer (pH 7.4). The brains were post-fixed overnight in 4% PFA at 4°C
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Figure 1 Hippocampal subregion-specific roles of FUS in gene expression and synaptic transmission. (A) A diagram illustrating the dissection strategy
of the dHPC, iHPC and vHPC used in this study. (B) Venn diagram illustrating DEG between dHPC, vHPC and iHPC in Ctrl or Fus™° mice. (C) Dot plot
showing top enriched GO terms for FUS knock out specific downregulated genes in dHPC, iHPC and vHPC. (D) Miniature excitatory postsynaptic current
(mEPSC) frequency of iHPC pyramidal neurons was higher in Fus®° mice compared with Ctrl mice. Top: Representative traces of mEPSC at iHPC pyr-
amidal neurons in Ctrl and Fus®© mice. Bottom left: Summary of mEPSC frequency in iHPC pyramidal neurons. Student’s t-test; *P=0.04. Bottom right:
There was a leftwards shift in the cumulative probability histogram of the inter-event intervals at Fus®°. Kolmogorov-Smirnov (KS); P <0.0001. (E)
mEPSC amplitude and kinetics of iHPC pyramidal neurons did not differ between Ctrl and Fus™° mice. Top: Average traces of well-isolated events.
Bottom left: Summary of mEPSC amplitude in iHPC pyramidal neurons. Student’s t-test; P=0.15. Bottom right: The distribution of individual event am-
plitudes was different between groups. KS; P <0.0001. (F) mEPSC frequency of vHPC pyramidal neurons was lower in Fus®®° mice compared with Ctrl
mice. Top: Representative traces of mEPSC at vHPC pyramidal neurons in Ctrl and Fus®™®° mice. Bottom left: Summary of mEPSC frequency in vHPC pyr-
amidal neurons. Student’s t-test; *P = 0.02. Bottom right: There was a rightwards shift in the cumulative probability histogram of the inter-event intervals
at Fus®®©, KS; P < 0.0001. (G) mEPSC amplitude and kinetics of vHPC pyramidal neurons did not differ between Ctrl and Fus®° mice. Top: Average traces of
well-isolated events. Bottom right: Summary of mEPSC amplitude in vHPC pyramidal neurons. Student’s t-test; P=0.97. The distribution of individual
event amplitudes was comparable between groups. KS; P=0.33. Sample size indicated as (mice, cells). Data are presented as the mean + SEM.

and then were sectioned into 50-um-thick coronal slices with a vi- Laboratories) and 568 (1:1000, anti-chicken IgG, A-11041,

bratome (Leica VT 1000S). The slices were incubated in 0.05%
Triton X-100 in PBS for 30 min and blocked-in blocking media (5%
normal goat serum, 0.3% Triton X-100 in PBS) for 2 h at room tem-
perature. Then slices were incubated with rabbit anti-FUS anti-
bodies (1:500, A300-302A, Bethyl Laboratories) and chicken NeuN
(1:5000, ABN91, Millipore) in 2% normal goat serum and 0.1%
Triton X-100 overnight at 4°C. After being washed with PBS, slices
were incubated in the secondary antibodies conjugated with 647
(1:500, anti-rabbit IgG, 111-605-003, Jackson ImmunoResearch

Invitrogen) for 1.5h at room temperature. After being air-dried,
slices were cover-slipped with a Mounting medium (Prolong gold
antifade reagent, Invitrogen). Images were recorded on a spinning
disc microscope (Andor Technology).

Behavioural assays

Behavioural assays were performed during the light cycle. All the
experimental mice were transferred to the testing room at least
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30 min before the tests. Mice were examined in open field test,
elevated-plus maze test, Y-maze test, Barnes maze test and social
interaction test. The apparatus was completely cleaned with 70%
alcohol and air-dried between testing of each mouse. Mice were
used for each behavioural test only once.

Mice were placed in the centre of the open field test chamber (40 x
40 cm) and allowed to explore for 10 min freely. The luminance in-
side the chamber was kept at ~35 lumen (Ix). Mice activity was mea-
sured automatically by the EthoVision XT (Noldus11.5, Noldus
Information Technologies, NED). The open field was divided into
a centre zone (20 x 20 cm) and a surrounding zone. Measurements
included distance and time spent in the centre zone.

The elevated-plus maze device consists of two open arms (36 x5 x
0.3 cm) and two closed arms (36 x5 x 18 cm). Mice were placed on
the centre (5x5cm) of the device and allowed to explore for
5min in each trail. The device was elevated to 45 cm above the
floor, and the luminance was kept at ~35 Ix. The duration of time
spent in open arms and the count of arm entries was measured
using SMART software (Panlab).

The Y-maze consists of three connected arms (30x6x15cm) at
120° angles from each other. Mice were placed on one arm of the
Y-maze and allowed to freely explore for 10 minutes under light
with a luminance of ~351x. The number of entries and spontaneous
alternations were measured and calculated using EthoVision XT
(Noldus11.5).

The Barnes maze apparatus includes a white circular platform (diam-
eter =90 cm) containing 20 equally spaced holes (diameter=5 cm), a
start chamber and an escape tunnel mounted under any of the 20 es-
cape holes. The device was elevated to 60 cm above floor, and the lu-
minance was kept at ~300 Ix. Visual cues were inserted in the wall
around the Barnes maze. Mice were transported to the centre of the
platform via the start chamber where they remained for 30 s before
the 3 min of exploring under 90 dB of white noise. The latency was
the time needed to find the target hole. Two trials per day were con-
ducted for six successive days. Probe trail was performed on Day 7
without the escape tunnel. The time spent in the target quadrant
was recorded and analysed using EthoVision XT (Noldus11.5).

The apparatus was composed of three chambers (40 x20x 23 cm),
connected by two openings (10x23 cm) in the middle, allowing
the mice free movement. Two plastic cages were placed in the mid-
dle of the left and right chambers. The experiment was divided into
three stages. In the first stage, the subject mouse was placed in the
middle chamber, and then the baffles on both sides were removed
so the mice could move freely for 10 minutes. At the second stage,
one stranger mouse was placed in the cage in one of the side cham-
bers. Then the subject mice were allowed to explore for 10 min. At
the third stage, another stranger mouse was placed in the empty
cage and the subject mouse was allowed to freely explore for
10 min. The time spent in each chamber and the area near the
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plastic cages, and the count of each chamber entries were mea-
sured using EthoVision XT (Noldus11.5).

The 4-6-week-old mice were bilaterally injected with AAV2/
9-hEF1a-DIO-hChR2(H134R)-EYFP (adeno-associated viral vector
serotype 2/9) virus (Shanghai Taitool Bioscience Company, China)
into the vCA1 under isoflurane anaesthesia. In each hemisphere,
150 nl of 10*2 vg/ml virus was pressure-injected using a glass micro-
pipette at arate of 20 nl/min. The injection site coordinates (poster-
ior to bregma, anterioposterior; lateral to the midline; below the
bregma, dorsoventral; in millimetres) were anterioposterior —3.39,
midline + 3.60, dorsoventral —3.60. After injection, mice recovered
for >6 weeks before electrophysiological experiments.

Here, 300-um-thick coronal slices containing mPFC, or transverse
sections of the HPC were cut in ice-cold dissection buffer containing
212.7 mM sucrose, 5mM KCl, 1.25 mM NaH,PO4, 10 mM MgCl,,
0.5 mM CaCl,, 26 mM NaHCO3; and 10 mM dextrose with 95% O,
and 5% CO,. Then slices were transferred to normal artificial CSF
(ACSF) containing 119 mM NaCl, 5mM KCl, 1.25 mM NaH,POy,,
2mM CaCl, and 1 mM MgCl,, and incubated at 30°C for 30 min.
Slices were then transferred to room temperature incubate for at
least 30 min before whole-cell recording.

For whole-cell recordings, pyramidal neurons in the HPC or
mPFC were patched under infrared differential interference con-
trast microscopy (OLYMPUS). The glass pipette recording electro-
des had open tip resistances of 4-6 MQ and were filled with
different internal solutions (pH 7.2-7.3, 280-295 mOsm) according
to each assay. Pyramidal neurons with an input resistance of
>100 MQ and access resistance of <25MQ were recorded. Data
were sampled at 10 kHz and filtered to 2 kHz by MultiClamp 700B
(Molecular Devices) and Axon™ Digidata® 1550B (Molecular
Devices). Recordings were analysed using Clampfit (Molecular
Devices) and Mini Analysis Program (Synaptosoft).

To isolate AMPAR-mediated miniature excitatory postsynaptic cur-
rents (mEPSCs), ACSF with 1uM TTX, 100uM D-APV
(DL-2-amino-5-phosphonovalerate) and 10 pM gabazine was used.
The internal pipette solution contained 125 mM CsOH, 125 mM glu-
conate acid, 8 mM KCl, 10 mM HEPES, 1 mM EGTA, 4 mM Mg-ATP,
0.5 mM Nas;GTP, 10 mM Na-phosphocreatine and 5 mM QX-314.
The membrane potential was held at —-60 mV.

The paired-pulse responses were evoked with a concentric bipolar
microelectrode (FHC) placed in Schaffer collateral inputs from CA3
of the VHPC. The internal pipette solution contained 130 mM
K-gluconate, 10mM KCl, 10 mM HEPES, 0.2mM EGTA, 4 mM
Mg-ATP, 0.5mM Na3GTP, 10 mM Na-phosphocreatine and the
membrane potential was held at —-60 mV. The paired stimulations
were current-controlled by the isolated current source (Cygnus)
and the inter-stimulus interval was set at 20, 50 or 100 ms. The
paired-pulse ratio (PPR) was calculated as the ratio of the second
pulse amplitude to that of the first pulse.
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To measure neuronal-firing properties, whole-cell recording was
switched to current-clamped with K*-based internal solution
same as PPR. A 1-s ramp test with injected current from 0-1000 pA
was conducted to estimate the spiking threshold of membrane po-
tential and minimal injected current. The frequency-current (f-I)
relationships were estimated from responses to a series of injected
current steps (—50 to 950 pA, in 50 pA increments, 1 s duration).

The ChR2-expressing axon terminals of vCA1l were activated by
470-nm, 5-ms light pulses with a light-emitting diode (LED). The
light-evoked EPSCs of mPFC pyramidal neurons were recorded in
the presence of 1 uM TTX to block the disynaptic inputs from sur-
rounding neurons, and 10 uM gabazine. The internal solution was
caesium hydroxide-based, the same as for the mEPSCs recording,
additionally including biocytin (0.1% w/v) for post hoc neuron identi-
fication. AMPAR/NMDAR ratio was calculated as the ratio of peak
EPSC recorded at —60 mV (AMPAR EPSC) to the EPSC recorded at
+40 mV, 3x the decay time later than AMPAR EPSC peak time
(NMDAR EPSC).

Modified ACSF was used for Sr**-mEPSCs recording, containing
4 mM MgCl, and 4 mM SrCl, with 0 mM CacCl,. After incubation at
30°C, the slices were transferred to modified ACSF and incubated
for at least 30 min before recording. AMPAR-mediated mEPSCs
were isolated by adding 1 uM TTX, 100 uM D-APV and 10 uM gaba-
zine to the modified ACSF. Internal pipette solution was the same
as the mEPSCs recording. Cells were held at —-60 mV, 2s a sweep
with a 10-s interval repeated for 60 replicates were recorded. A
600-ms window before the LED illumination was defined as base-
line (pre-LED), and a 600-ms window after a 50-ms delay from
LED offset was defined as light-evoked desynchronized events
(post-LED). The light-evoked Sr**-mEPSC was calculated by the fol-
lowing equation:

(Apost X Fpost) - (Apre X Fpre)
(Fpost - Fpre)

(€Y}

Apost and Fpos: represent the average amplitude and average fre-
quency of post-LED, and at the same time, Ay, and Fy. represent
the average amplitude and average frequency pre-LED, respectively.

For NMDAR EPSC recording, Mg”*-free ACSF with 4 mM CaCl, was
used, and recordings were performed in the presence of 1uM
TTX, 20 uM CNQX and 10 uM gabazine. Cells were held at —60 mV,
and the internal pipette solution was the same as the mEPSCs re-
cording. NMDAR-mediated EPSCs were analysed by calculating
the unit charge (nA/s) using MATLAB (MathWorks) scripts (https:/
github.com/WJY-FUS/NMDA-charge).

The cross-linking immunoprecipitation and high-throughput se-
quencing (HITS-CLIP) experiment was performed as described?”
with modifications. Briefly, primary cortical neurons were collected
from embryonic day 16 pups. Neurons 9 days in vitro were soaked in
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ice-cold PBS buffer and then irradiated with an ultraviolet ray (UV)
at 254 nm (400 mJ/cm? followed by 200 mJ/cm? UV). After UV cross-
linking, neurons were lysed in 1x lysis/immunoprecipitation buffer
(1x PXL), and the cross-linked RNA-protein complexes (RNPs) were
immunoprecipitated using anti-FUS antibodies (Santa Cruz). RNA
3’ adapters were ligated to the immunoprecipitated RNAs and sepa-
rated using SDS-PAGE. The gel was transferred onto nitrocellulose
membrane and cut the individual lanes between 70 and 100 kDa
with a razorblade. Pieces of the membrane were digested in pro-
teinase K to remove the proteins, and purified RNAs were ligated
to RNA 5’ adapters. After the reverse transcription reaction and
two rounds of PCR, high-throughput sequencing was performed
on an Illumina Hiseq2000 (Illumina).

Adapters of CLIP-seq raw sequencing reads were removed using
Cutadapt (mentioned before). Reads were mapped to the reference
mouse genome (GRCmM38/mm10) using Burrows-Wheeler Aligner
(v.0.7.17).%8 Peak calling was performed using CLIP Tool Kit.*® De
novo motif calling, and peak annotation was performed using soft-
ware HOMER.*® Gene Ontology (GO) biological process analysis
was performed using MetaScape (mentioned before), visualization
of the GO cellular component was achieved using the Cytoscape
(v.3.8.2) application ClueGO. Gene network analyses were per-
formed wusing STRING (http:/string-db.org/), clustered using
Molecular Complex Detection (MCODE) and visualized in Cytoscape.

The vHPC and mPFC tissues were collected and rapidly transferred
into the RNAlater™ Stabilization Solution (Thermo Fisher
Scientific). The total RNA was extracted using TRIzol™ (Thermo
Fisher Scientific). First-strand cDNA synthesis and amplification
were performed by Hifair® III 1st Strand cDNA Synthesis
SuperMix for quantitative real-time PCR (qPCR, Yeasen
Biotechnology). PCR amplifications were performed using the TB
Green® Premix Ex Taq™ II kit (TaKaRa).

The experimental data that support findings of this study are avail-
able from the corresponding author upon reasonable request.

Results

Due to embryonic lethal of Fus total knockout mouse strain (Fus™"),%*>*

we generated Fus conditional knockout mice by crossing Fus" with
Nestin-Cre mice, which eliminates the expression of FUS in neur-
onal and glial cells from the early developmental stage.®® The pre-
vious studies revealed that the sub-regions of the HPC display
distinct gene expression profiles***” and, accordingly, are involved
in different biological functions,*® so we collected HPC from
2-month old Nestin-Cre: Fus™ mice (n=3) and divided them into
three sub-regions, i.e. dHPC, iHPC and vHPC, for RNA-seq to gain
a deep insight into the functions of FUS in the HPC (Fig. 1A). Each
hippocampal sub-region’s innate gene expression profile exhibited
a pronounced transcriptional heterogeneity across the dorsal-ven-
tral axis, indicating a different transcriptome background in hippo-
campal sub-regions (Supplementary Fig. 1A). When comparing the
differentially expressed genes (DEGs) in each sub-region of the HPC
between control and Fus KO mice, a total of 2832, 2680 and 1633
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DEGs were identified in dHPC, iHPC and vHPC, respectively (Fig. 1B).
GO analysis of these DEGs revealed that, although executing
physiological roles as one integrative entity, FUS-regulated genes
in each sub-region of the HPC are involved in slightly different fa-
cets of synaptic functions (Fig. 1C). For example, we notice that
the pathways enriched in vHPC are more biased towards cation
channel activity. In contrast, those enriched in dHPC are more
biased towards postsynaptic functions and the iHPC has overlap-
ping characteristics with both dHPC and vHPC. Nevertheless,
Bioinformatics analysis suggests that FUS may participate in estab-
lishing sub-region specificity of the HPC, both on gene expression
and functional levels. In addition, some well-known
FUS-mediated cellular functions were enriched in GO analysis of
the 923 overlapping genes, including glutamatergic synapse, RNA
metabolic process and localization etc., indicating that our data
analysis captured the primary biological functions of FUS
(Supplementary Fig. 1B).

To further explore the role of FUS in the adult HPC, we generated
Camk2a-Cre; Fus" mice (hereafter referred to as Fus®®°) by crossing
Fus™" mice with Camk2a-Cre mice (Supplementary Fig. 2A), to
avoid the functional impairment introduced by FUS deletion at
the early development stage.’’™* Because the expression of
Camk2a mRNA starts post-natally and Cre recombinase only ex-
presses in pyramidal neurons of the forebrain (including the HPC
and frontal cortex),* the resulting Fus™° mice will specifically de-
lete FUS from pyramidal neurons. The deletion of FUS in the cere-
bral cortex and HPC was confirmed by western blot and
immunofluorescent staining analysis. It is worth pointing out
that the protein level of FUS decreased by >50% in mPFC, but there
were still many cells, probably inhibitory neurons or other types of
cell, expressing FUS (Supplementary Fig. 2B-D).

Our bioinformatics analysis reveals the strong involvement of
FUS-regulated genes in synaptic function with some sub-region
specificity; further, we investigated whether the FUS region specif-
ically regulates hippocampal synaptic transmission. We therefore
recorded mEPSCs of CA1 pyramidal neurons from both the iHPC
and vHPC. The Fus®© indeed showed altered synaptic transmission
in both regions. More surprisingly, the regulations are contrary, i.e.
while the Fus®™®© mice displayed higher mEPSC frequency in the
iHPC (Fig. 1D), they had significantly reduced mEPSC frequency in
the vHPC (Fig. 1F) compared to the control mice. Combined with
the sequencing analysis, these results strongly support that FUS
plays a critical role in regulating the excitatory synaptic transmis-
sion in a region-specific manner. The amplitude of mEPSCs in
both regions remained unaltered in the Fus®° (Fig. 1E and G), sug-
gesting a presynaptic locus for FUS modulation in iHPC and vHPC.

Dysregulation of the excitatory synaptic transmission in both iHPC
and vHPC of the Fus®™° mice suggests these mice may have im-
paired HPC-mediated cognitive function. The iHPC and vHPC are
essential for spatial learning and memory and emotional control,
respectively.***! Thus, a series of behavioural tests were run and
compared between the control and Fus®™© mice. As indicated by
the travel distance in the open field test, the general locomotor ac-
tivity was unchanged in the Fus™° mice (Fig. 2A and C). However,
these mice showed apparent disruptive avoidance behaviour, evi-
denced by spending more time in the centre of the open field arena
(Fig. 2B), having more entries and staying longer in the open arms
during the elevated-plus-maze test (Fig. 2D-F). These findings

J. Y. Wang et al.

indicate that the Fus conditional knocked-out compromises
vHPC-mediated emotional control.

We also evaluated the short- and long-term spatial memory in
the Fus®™®® mice by Y-maze and Barnes maze. Fus*“® mice had a rela-
tively comparable performance as their control in both tests
(Fig. 2G-L), suggesting that lacking Fus in the pyramidal neurons
does not significantly affect the activities of the iHPC.
Additionally, the Fus™° mice showed normal social interactions
(Supplementary Fig. 3A) and social memory (Supplementary Fig.
3B), implying the general integrity of the frontal cortical properties.

VHPC and mPFC are both required for emotional control,**™*> whose

dysfunction directly leads to anxiety or disruptive avoidance beha-
viours. The Fus™° mice display a disruptive avoidance behaviour
phenotype. To gain insight into the underlying mechanism, we
decided to evaluate the detailed neuronal function of FUS in both
the vHPC and mPFC (Fig. 3A). Since we have already observed down-
regulated excitatory synaptic transmission in the vHPC of the Fus™®
mice, we first examined whether the presynaptic deficit causes this
down-regulation by measuring the PPR of the Shaffer Collateral
synapses. The Fus®© mice had much higher PPR when stimulated
with 50Hz (20ms inter-stimulus interval) paired pulses
(Fig. 3B and C), indicative of a reduction in the presynaptic release
probability that is in line with the reduced mEPSC frequency.
Interestingly, the mEPSCs measured in the mPFC of Fus™®
had comparable average frequency (Fig. 3H) and amplitude (Fig. 31I)
to those from the control mice, again supporting the brain region-
specific modulation by FUS. It is worth noting that the cumulative
distributions of the mEPSCs amplitude were not completely over-
lapping between the Fus®° and control groups (Fig. 31, bottom right
panel), implying that there might be synapse-specific regulation by
FUS in the mPFC. Besides the synaptic alteration, knocking out FUS
in both the vHPC and mPFC did not affect the passive membrane
properties and the general intrinsic excitability of the pyramidal
neurons (Fig. 3E, K and Supplementary Fig. 4). However, the spiking
adaptivity altered significantly on large current injection in both re-
gions (Fig. 3F and L). Lacking Fus in the vHPC made neurons less
adaptive (Fig. 3F), while in the mPFC neurons became more adaptive
(Fig. 3L). These opposite changes are probably due to the
FUS-mediated reverse modulation of the accommodation of action
potential firing in the vHPC and the mPFC (Fig. 3G and M). Our find-
ings unveil the critical physiological function of FUS in regulating
synaptic and neuronal properties. Furthermore, the distinct regula-
tory patterns in the different sub-regions of the HPC and mPFC re-
veal the complex and region-specific role of FUS.

mice

The direct synaptic communication between the vHPC and the mPFC
is tightly associated with anxiety-like behaviours.***> To examine
whether FUS regulates the synaptic transmission of the vHPC-mPFC
synapses, we injected AAV virus expressing AAV2/9-hEFla-DIO-
hChR2-EYFP [referred to as ChR2 (Channelrhodopsin-2)], into the ven-
tral CA1 pyramidal neurons of the Fus™° or Camk2a-Cre mice (Fig. 4A).
The brief blue light was used to activate the vHPC axonal terminals,
and the light-evoked EPSCs were recorded from layer 2/3 pyramidal
neurons in the mPFC (Fig. 4B). Both AMPAR-only and AMPAR/
NMDAR-composite currents were evoked by holding cells at —60
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Figure 2 Fus®™° mice display FTLD-linked behavioural disinhibition. (A-C) Open field test. (A) Representative travel traces on the open field test for the

Ctrl and Fus®© mice. The yellow shaded part represents the central area. (B) Fus®*® mice spent more time in the centre of the open field. Student’s t-test;
*P =0.026. (C) Distance moved in the open field showed no difference. Student’s t-test; P=0.58. n=15 Ctrl, n=17 Fus®*°. (D-F) Elevated-plus maze. (D)
Representative traces of elevated-plus maze exploration. (E-F) Fus™®° mice spent significantly more time in the open arms (Student’s t-test; **P <
0.0001) and entered more times in the open arms (Student’s t-test; **P=0.0015). n=17 Ctrl, n=13 Fus®°. (G-I) Y-maze spontaneous alternation test.
(G) The planform of Y-maze. (H-I) No significant difference in performance between groups. (H) Summary plot of total arm entries. Student’s t-test;
P=0.20. (I) Summary of spontaneous alternation. Student’s t-test; P=0.49. n=10 Ctrl, n=12 Fus™°. (J-L) Barnes maze test. (J) Schematic of the
Barnes maze. (K) Average latencies to the escape hole of two trials per day across six acquisition days for Ctrl and Fus®®® mice. No significant difference
in learning curve. Two-way ANOVA; P=0.21. (L) Time in the target quadrant during the probe trial on day 7. Student’s t-test; P=0.68. n=16 Ctrl, n=12

Fus®®©. Data are presented as the mean + SEM.

and +40 mV, respectively. The AMPAR/NMDAR was calculated and
compared between groups. The Fus®° mice showed a significantly
larger AMPAR/NMDAR ratio than the control mice (Fig. 4C), suggesting
an altered synaptic transmission in the vHPC-mPFC synapses after
knocking out FUS. The increased AMPAR/NMDAR ratio might be
caused by an enhanced AMPAR-mediated current and/or a reduced
NMDAR-mediated current. To dissect between these possibilities,
we first measured the strength of the vHPC synapses onto the mPFC
layer 2/3 neurons. The pharmacologically isolated AMPAR EPSCs

were recorded after desynchronizing the light-evoked release of vesi-
cles by substituting the extracellular Ca®* with 4 mM Sr?*.*¢*” We then
performed the quantal analysis of light-evoked Sr?* desynchronized
mEPSCs (Sr**-mEPSCs, see Materials and Methods), which are
mediated by a single vesicle released from the vCA1 terminals. We
found that the amplitude of the Sr>*-mEPSCs was increased in the
Fus®™© mice (Fig. 4D), suggesting that the AMPAR conductance at the
VHPC-mPFC synapses are selectively potentiated after knocking out
FUS. Interestingly, even though the average AMPAR-mediated
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Figure 3 Loss of FUS affects synaptic transmission and neuronal-firing properties of disinhibition-related brain regions. (A) vHPC and mPFC are im-
plicated in anxiety-related behaviours in the mice brain. (B and C) The PPR of evoked EPSCs in Fus™° mice vHPC was higher than Ctrl mice, especially at
the 50 Hz high-frequency stimulation. Paired-pulse stimulations were applied with inter-stimulus intervals of 20, 50 and 100 ms. (B) Representative
traces of the evoked EPSC at the 20 ms interval. (C) Summary graph of PPR at each inter-stimulus interval. Student’s t-test; 20 ms, **P=0.003; 50 ms,
P=0.133; 100 ms, P=0.0685. (D-G) Knocking out FUS decreased the spike adaptation of VHPC pyramidal neurons. (D) Representative traces were re-
corded by somatically injecting 600 pA currents. (E) No significant statistical differences in maximum firing rate between groups. Student’s t-test;
P =0.86. (F) Frequency versus injected current for the populations of vHPC pyramidal neurons in Ctrl and Fus®®°® mice. Two-way ANOVA test; ***P <
0.0001. (G) The increased instantaneous frequency of spikes in VHPC pyramidal neurons of Fus™° mice. Two-way ANOVA test; ***P <0.0001. (H)
mEPSC frequency of mPFC pyramidal neurons did not differ between Ctrl and Fus®° mice. Top: Representative traces of mEPSC at mPFC pyramidal
neurons in Ctrl and Fus™° mice. Bottom left: Summary of mEPSC frequency in mPFC pyramidal neurons. Student’s t-test; P=0.61. Bottom right: The dis-
tribution of the inter-event intervals showed a slight rightwards shift in Fus®*° mice. KS; P =0.0017. (I) mEPSC amplitude and kinetics of mPFC pyramidal
neurons did not differ between Ctrl and Fus™® mice. Top: average traces of well-isolated events. Bottom left: summary of mEPSC amplitude in mPFC
pyramidal neurons. Student’s t-test; P=0.34. Bottom right: There was a leftwards shift in the distribution of individual event amplitudes at Fus“® mice.
KS; P<0.0001. (J-M) Knocking out FUS increased the spike adaptation of vHPC pyramidal neurons. (J) Representative traces were recorded by somat-
ically injecting 600 pA currents. (K) No significant statistical differences in maximum firing rate between groups. Student’s t-test; P= 0.72. (L)
Frequency versus injected current for the populations of mPFC pyramidal neurons in Ctrl and Fus™®° mice. Two-way ANOVA test; *P=0.0148. (M)
The decreased instantaneous frequency of spikes in mPFC pyramidal neurons of Fus®° mice. Two-way ANOVA test; **P = 0.0068. Sample size indicated
as (mice, cells). Data are presented as the mean + SEM.
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Figure 4 Loss of FUS augments AMPAR-mediated responses of the vHPC-mPFC synapses. (A) The representative image of AAV-DIO-ChR2 injection in
vCA1 for optogenetic activation of vHPC inputs to mPFC. Green: ChR2; Blue: NeuN. (B) Left: Schematic showing recording of mPFC responses to opto-
genetic stimulation of vHPC inputs. Right: representative images are showing the ChR2*-vCA1 fibres, biocytin-labelled neurons and FUS expression in
mPFC. Green: vCA1 fibre; Blue: FUS; Magenta: Biocytin. (C) FUS knockout increased the AMPAR/NMDAR ratio of vHPC-mPFC synapses. Top:
Representative traces of light-evoked EPSCs recorded from Ctrl or Fus®®® mPFC pyramidal neurons with voltage-clamped at —60 mV (AMPAR EPSC)
and +40 mV (NMDAR EPSC). Downwards arrowheads indicate LED stimulation. Bottom: Summary plots of AMPAR/NMDAR ratio in Ctrl or Fus®®
mPFC pyramidal neurons. Student’s t-test; **P =0.0053. (D) FUS knockout increased light-evoked Sr>*-mEPSC recorded in vHPG-mPFC synapses. Left:
Representative traces of light-evoked Sr>*-mEPSC recorded from non-ChR2-expressing mPFC pyramidal neurons. LED stimulation was given at the
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Spontaneous mEPSC was collected during a window before the LED stimulation (dotted line). Right: Averaged light-evoked Sr**-mEPSC amplitude in

Ctrl or Fus®®© mPFC pyramidal neurons. Student’s t-test; *P=0.016. (E) Decreased NMDAR EPSC of mPFC pyramidal neurons in Fus®° mice. Left:

Representative traces of NMDAR EPSC were recorded from Ctrl or Fus

cKO

mPFC pyramidal neurons. Right: Summary plots of NMDAR EPSC charge.

Student’s t-test; **P=0.0088. Sample size indicated as (mice, cells). Data are presented as the mean + SEM.

mEPSCs remained unchanged in the mPFC of Fus®° mice, the
NMDAR-mediated mEPSCs were significantly reduced (Fig. 4E), which
may also contribute to the increased AMPAR/NMDAR ratio at the
VHPC-mPFC synapses. Our results imply that FUS synapse specifically
modulates the vVHPC-mPFC connection, which could be one of the ma-
jor mechanismsresponsible for the disruptive avoidance behaviour of
the Fus®™© mice.

Previous studies reported that FUS modulates specific RNA targets
to affect synapses and neuronal functions.'**® To explore whether
different RNA targets of FUS participate in regulating neuronal func-
tions of vHPC and mPFC, we first identified possible FUS RNA targets
in primary cultured cortical and hippocampal neurons by HITS-CLIP
(Fig. 5A, Supplementary Fig. 5A). Bioinformatic analyses revealed
that, consistent with the previous studies,*®*>? FUS binds with the
introns of its RNA targets predominantly (Supplementary Fig. 5B).
GO analysis demonstrated that, functionally, RNA targets of FUS

enriched in the synapse organization, modulation of chemical syn-
aptic transmission, behaviour etc. (Fig. 5B, Supplementary Fig. 5C),
which is consistent with our RNA-seq data described before. In add-
ition, we also found that many potassium channels (Kcnd2, Kengs,
Kcnh7) and sodium channels (Scn2a, Scn3a, Scnlb) are binding tar-
gets of FUS, which may contribute to the neuronal-firing property
changes observed in vHPC and mPFC in Fus™° mice.

We further assessed the protein-protein interactions of the syn-
aptic transmission-related RNA targets of FUS using STRING and
Cytoscape (Supplementary Fig. 5D). The MCODE plugin from
Cytoscape analysis revealed four subnetworks with high local net-
work connectivity. Notably, the top two of the high interconnection
clusters are primarily presynaptic and postsynaptic-related genes
(Fig. 5C). Next, we verified these targets by qPCR analysis in vHPC
and mPFC of Fus™© mice, respectively, including presynaptic mole-
cules (Rims1, Rims2 and Syt1) and postsynaptic molecules (Gria2,
Grin2a and Grin2b) (Fig. 5D, E). The decreased expression of pre-
synaptic genes Rims1, Rims2 and Syt1 may contribute to the decline
of presynaptic release we observed in vHPC (Fig. 3C), and two
NMDAR subunits Grin2a and Grin2b may contribute to the decline
of NMDAR current in mPFC of Fus™® mice (Fig. 4E). Collectively,
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Figure 5 Synaptic transmission-associated gene expression in the vHPC and mPFC are differently regulated by FUS. (A) The schematic diagram of the
HITS-CLIP. (B) Top 15 significant enriched GO biological process of FUS binding targets. (C) Top two MCODE clusters derived from the FUS target genes
interaction network. (D and E) Relative mRNA expression level of FUS binding targets in vHPC (D) and mPFC (E) of Ctrl or Fus™° mice. n=6 Ctrl, n=6
Fus®©, Student’s t-test; *P <0.05, **P <0.01, **P < 0.001, ****P <0.0001. Data are presented as the mean + SEM.

these results indicate that FUS targets distinct mRNA substrates
underlies its brain region-specific regulation of synaptic properties.

Discussion

FUS is genetically and pathologically associated with ALS and
FTLD.»>*°2 Here, we have identified region-specific roles of FUS in
regulating transcription and neuronal function in the HPC and
mPEFC. Strikingly, Fus®®° mice have the selective enhanced synaptic
transmission in the vHPC-mPFC synapse, consistent with the
mouse’s FTLD-linked behavioural disinhibition. Therefore, our
study for the first time reveals the region- and synapse-specific

physiological role of FUS and sheds light on the molecular and cellu-
lar mechanism of the behavioural symptoms associated with FTLD.

Fus®®© mice exhibits disinhibition behaviour

The most pronounced symptoms of behavioural variant FTLD
(bvFTLD) include changes in personality, interpersonal conduct,
emotional modulation and progressive disintegration of the neural
circuits involved in social cognition, emotion regulation, motiv-
ation and decision making.®*>** FTLD-FUS cases are relatively
early onset and have negative family history, severe caudate atro-
phy on MRI°*®” and bvFTLD symptoms. Emerging evidence indi-
cates that FUS mutations incur gain-of toxicity to drive ALS
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pathogenesis® 113315859 however, cases of FTLD-FUS tend to be
sporadic, with rare cases associated with genetic inheritance.>¢*
52 In this study, we observed the impairment of synaptic transmis-
sion and disinhibition in anxiety-like behaviour as early as 2
months of age, which agrees with the early onset of FTLD-FUS.
Behaviour analysis in Fus™° mice revealed a disruptive avoidance
behaviour, normal spatial learning and memory, and locomotion
activity, which partially recapitulate bvFTLD phenotypes.®>%*
The disruptive avoidance behaviour has also been previously docu-
mented in other FUS knockout mouse models.’®3* However, the
normal locomotive activity of our Fus®®° mice can rule out other be-
haviour changes caused by locomotion changes.

Neurodegenerative diseases usually show region-specific path-
ology.>*® In post-mortem brain sections of FTLD-FUS cases, FUS
immunoreactivity is observed in the cerebral neocortex, HPC and
some subcortical regions?; consistently, we found that FUS plays di-
verse roles depending on the cell location and synaptic connections
by comparing transcriptome, synaptic transmission, neuronal
properties and brain region-associated behaviours. Our findings
are in line with a previous study showing similar region- and cell
type-specific transcriptomic regulation by FUS in primary cell cul-
tures.®® Opposite changes in firing properties of vHPC and mPFC
pyramidal neurons may disrupt the synchronization between
vHPC and mPFC, which is proposed as an essential mechanism
underlying the anxiety-like avoidance behaviour.** The unique en-
hancement of the vHPC-mPFC synapses further suggests that the
lack of FUS function may accounts for the progressive disintegra-
tion of the neural circuits in bvFTLD.>*®” Therefore, our findings
provide a potential explanation for the brain region- and function-
selective vulnerability in FTLD-FUS.?"%®

As an RNA-binding protein, numerous RNA targets of FUS have
been identified so far***¢?’% many are involved in synaptic trans-
mission and plasticity.’**®7° In this study, we identified and con-
firmed the expressions of some pre- and postsynaptic targets of
FUS in vHPC and mPFC, including Rims1, Rims2 and Syt1 in vHPC,
and Grin2a, Grin2b in mPFC, which may underlie the decreased pre-
synaptic release probability in vHPC, and the decreased NMDAR re-
sponse in mPFC, respectively. The recent CLIP-seq data on cortical
synaptoneurosomes also revealed the binding of FUS with Syt1 and
Gria2 at the synapse,’® which further implies the diversity of synap-
tic modulation by FUS.

In summary, we report in this study that FUS regulates synaptic
function in a region-specific manner, and FUS-mediated synaptic
transmission from VHPC to mPFC plays a critical role in
FTLD-linked disinhibition. Our study provides a mechanistic ex-
planation for the emotional deficits of FTLD and expands our un-
derstanding of FTLD pathology.
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