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Abstract

Mislocalization of TAR DNA binding protein 43 kDa (TARDBP, or TDP-43) is a principal 

pathological hallmark identified in cases of neurodegenerative disorders such as amyotrophic 

lateral sclerosis (ALS) and frontotemporal dementia (FTD). As an RNA binding protein, TDP-43 

serves in the nuclear compartment to repress non-conserved cryptic exons to ensure the normal 

transcriptome. Multiple lines of evidence from animal models and human studies support the view 
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that loss of TDP-43 leads to neuron loss, independent of its cytosolic aggregation. However, the 

underlying pathogenic pathways driven by the loss-of-function mechanism are still poorly defined. 

We employed a genetic approach to determine the impact of TDP-43 loss in pyramidal neurons 

of the prefrontal cortex (PFC). Using a custom-built miniscope imaging system, we performed 

repetitive in vivo calcium imaging from freely behaving mice for up to 7 months. By comparing 

calcium activity in PFC pyramidal neurons between TDP-43 depleted and TDP-43 intact mice, we 

demonstrated remarkably increased numbers of pyramidal neurons exhibiting hyperactive calcium 

activity after short-term TDP-43 depletion, followed by rapid activity declines prior to neuron loss. 

Our results suggest aberrant neural activity driven by loss of TDP-43 as the pathogenic pathway at 

early stage in ALS and FTD.
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1. Introduction

TAR DNA-binding protein 43 kDa (TARDBP, or TDP-43) is a highly conserved nuclear 

DNA/RNA binding protein important for transcription regulation (Polymenidou et al., 

2011; Tollervey et al., 2011). Mislocalization of TDP-43, either abnormally accumulated 

into cytosolic or nuclear inclusions, is a common pathological feature of several 

neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), frontotemporal 

dementia (FTD), and Alzheimer’s disease (AD) (Amador-Ortiz et al., 2007; Janssens and 

Van Broeckhoven, 2013; Neumann et al., 2006). FTD and ALS sharing clinical, genetic, 

and pathological signatures, have been proposed to represent two extremes of one broad 

spectrum of neurodegenerative disorder (Ling et al., 2013). Missense mutations in TDP-43 

have been identified in familial and sporadic ALS cases (Kabashi et al., 2008; Sreedharan 

et al., 2008), as well as, in rare FTD cases (Borroni et al., 2009; Kovacs et al., 2009). 

Most of these mutations are at the C-terminal region of TDP-43, which is important for 

interaction with members of heterogeneous nuclear ribonucleoproteins (hnRNPs) (Buratti et 

al., 2005). Association of TDP-43 genetic mutations with ALS and FTD supports the idea 

that TDP-43 is mechanistically linked to neurodegeneration. A gain-of-function mechanism 

due to TDP-43 cytoplasmic aggregates has been proposed to contribute to neurodegeneration 

(Lee et al., 2011; Ritson et al., 2010). In addition, a loss-of-function mechanism caused 

by TDP-43 nuclear clearance has also been implicated in the pathogenesis process (Vanden 

Broeck et al., 2014).

Several lines of evidence strongly support the loss-of-function mechanism as the major 

pathogenesis pathway towards neurodegeneration. First, studies from numerous TDP-43 

knockdown and knockout models in worms, flies, fish and rodents (Chiang et al., 2010; 

Donde et al., 2019; Feiguin et al., 2009; Iguchi et al., 2013; Kraemer et al., 2010; Schmid 

et al., 2013; Zhang et al., 2012), indicate that decrease or loss of TDP-43 expression 

leads to neuron loss (Diaper et al., 2013; Donde et al., 2019; Iguchi et al., 2013; Vanden 

Broeck et al., 2013). Second, no correlation has been established between the presence 
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of cytoplasmic aggregates and neurodegeneration in transgenic mice expressing mutant 

forms of human TDP-43, where neurodegeneration occurs in motor neurons (Stallings et 

al., 2010; Wegorzewska et al., 2009; Wils et al., 2010), as well as pyramidal neurons 

in the frontal cortex of several mouse lines (Wegorzewska et al., 2009; Wils et al., 

2010). These observations indicate that cytoplasmic aggregates are not required to induce 

neurodegeneration (Igaz et al., 2011; Wegorzewska et al., 2009). Third, clinical studies 

discover TDP-43 nuclear depletion occurs in brain neurons at a pre-symptomatic stage 

without cytoplasmic inclusions in some FTD cases (Nana et al., 2019; Vatsavayai et al., 

2016), supporting the notion that loss of TDP-43 represents an early event that drives neuron 

loss. Fourth, TDP-43 serves in the nuclear compartment to repress nonconserved cryptic 

exons during RNA splicing (Ling et al., 2015), and incorporation of nonconserved cryptic 

exons has been documented not only in brain transcriptomes of ALS and FTD cases (Ling 

et al., 2015), but also in AD cases exhibiting TDP-43 pathology (Sun et al., 2017). Fifth, 

ALS-linked TDP-43 mutants from fibroblast-derived human motor neurons fail to repress 

nonconserved cryptic exons, independent of TDP-43 cytoplasmic aggregates (Klim et al., 

2019; Melamed et al., 2019). Finally, TDP-43 also represses a cryptic exon splicing in 

UNC13A, a top genetic allele to increase risk for ALS and FTD (Brown et al., 2021; Ma et 

al., 2021).

All these observations highlight the need to understand the pathogenic mechanism by which 

TDP-43 loss-of-function drives neurodegeneration independent of its toxic gain-of-function 

from cytosolic inclusions. As a nuclear DNA/RNA binding protein, TDP-43 binds to UG-

rich regions to regulate RNA processing, including mRNA splicing (Ling et al., 2015; 

Polymenidou et al., 2011; Tollervey et al., 2011). Although genome-wide analyses have 

identified a large number of genes and transcripts regulated by TDP-43 (Polymenidou et 

al., 2011; Tollervey et al., 2011), the disease-relevant pathways are still poorly defined. 

Emerging evidence suggests that neurodegeneration is related to progressive changes in 

individual neural activity and brain microcircuits. Aberrant neural activity and dysregulated 

calcium signaling have been documented in some mouse models of neurodegenerative 

diseases (Anekonda and Quinn, 2011; Busche et al., 2008; Lopez et al., 2008; Palop et 

al., 2007; Styr and Slutsky, 2018; Zhang et al., 2016). It is not clear whether TDP-43 

loss-of-function mechanism drives aberrant neural activity prior to neuron loss.

We employed a genetic approach to determine the impact of TDP-43 loss on neural activity 

of pyramidal neurons from a mouse model. Several conditional TDP-43 knockout mouse 

lines have been developed to bypass embryonic lethality (Chiang et al., 2010; Iguchi et al., 

2013; Kraemer et al., 2010), since TDP-43 is essential for early embryogenesis (Sephton 

et al., 2010; Wu et al., 2010). Among them, Tdp-43F/F mice is a mouse line in which the 

exon 3 of the mouse Tdp-43 gene is flanked with two loxP sites (Chiang et al., 2010). 

In the presence of Cre recombinase, the TDP-43 coding sequence is disrupted and a stop 

codon is introduced prematurely. It was predicted that the truncated N-terminal TDP-43 

fragment is nonfunctional, since it lacked the critical RNA-binding domain encoded by the 

exon 3 and the highly conserved C-terminal domain. It was later confirmed that even the 

predicted N-terminal TDP-43 fragment was not expressed upon Cre recombination (Chiang 

et al., 2010). To explore whether TDP-43 loss-of-function mediated neurodegeneration 

is related to aberrant calcium signaling in the cortical network, we measured calcium 
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activity in pyramidal neurons of the prefrontal cortex from awake behaving Tdp-43F/F 

mice, and compared calcium activity between TDP-43 depleted and control mice. We found 

that TDP-43 deletion induced aberrant neuronal activity changes, initially hyperactivity 

followed by a rapid activity decline, prior to neuron loss. These data implicate early 

dysfunctions in intracellular calcium signaling as a convergent point that may ultimately 

lead to neurodegeneration.

2. Methods

2.1. Animals

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee of the University of Wyoming and the National Institute on Drug Abuse (NIDA), 

and were conducted in accordance with the guidelines of the National Institutes of Health. 

Tardbp flox/flox (loxP sites flank exon 3 of Tardbp) male and female breeders were obtained 

from Dr. Philip Wong’s laboratory at the Johns Hopkins University School of Medicine. 

This mouse line was bred and maintained at the NIDA and the University of Wyoming. Mice 

were housed up to five mice per cage under a 12 h light/dark cycle and given ad libitum 

access to food and water.

2.2. Stereotaxic injection

18 male Tardbp flox/flox homozygous mice (Tdp-43F/F) aged 3–5 months weighing 25–

35 g were used for experiments, including 8 control mice and 10 knockout (KO) mice. 

Stereotaxic viral injection was performed bilaterally at the prelimbic region based on 

the published lab protocols (Thapa et al., 2021; Zhang et al., 2019). Mice were briefly 

anesthetized with 5 % isoflurane in oxygen. The head was shaved and held on a stereotaxic 

stage with a heating pad at 35 °C. Anesthesia was maintained with 1.5 % isoflurane in 

oxygen throughout the surgery. An incision was made along the sagittal midline to expose 

the bregma and lambda. A 0.6 mm dental burr was used to drill a small hole through 

the skull at the coordinates A/P: + 1.94 mm and M/L: 0.5 mm on both hemispheres. For 

KO mice, bilateral injection of a viral mixture was performed, containing AAV1-CaMKII-

Cre (1.2 × 1013 GC/mL) and a Cre dependent AAV1-CAG-FLEX-GCaMP6f (1.3 × 1013 

GC/mL) in a ratio of 1:1. For control mice, AAV1-CaMKII-GCaMP6f (2.8 × 1013 GC/mL) 

was diluted with saline in a ratio of 1:1. Through a microliter syringe controlled by a 

micro-pump, 500 nL of virus was infused into each side of the designated brain region (A/P: 

+1.94 mm, M/L: 0.5 mm, D/V: 1.75 mm) at a rate of 50 nL/minute. The virus was allowed 

to diffuse away for additional 5–10 min before the skull skin was stitched for closure. Mice 

were allowed to recover for 14 days before proceeding to the next step.

2.3. Gradient-index (GRIN) lens implantation

GRIN lens implantation into the mouse dorsal prelimbic cortex was performed according to 

the previously described lab protocols (Thapa et al., 2021; Zhang et al., 2019). Mice were 

anesthetized with an intraperitoneal injection of Ketamine/Xylazine (Ketamine: 100 mg/kg; 

Xylazine: 15 mg/kg) initially and maintained with additional doses of Ketamine (50 mg/kg) 

during the surgery. Craniotomy was performed at the coordinates A/P 1.94 mm and M/L 0.8 

mm on the right side using a 1.2 mm drill burr. The brain tissue was aspirated layer-by-layer 
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to the depth of 1.8 mm (measured from the bregma), with a blunt-end 27-G needle that 

was connected to an in-house vacuum system. The needle holder was connected to a 

robotic arm inclined to a 10° angle laterally, and was controlled by a custom-built software 

(https://github.com/liang-bo/AutoStereota) (Liang et al., 2019). During the entire aspiration 

process, the exposed brain tissue was continuously rinsed with the artificial cerebrospinal 

fluid (ACSF) containing 124 mM of NaCl, 2.5 mM of KCl, 1.25 mM of NaH2PO4, 1.2 mM 

of MgCl2, 25 mM of glucose, 26 mM of NaHCO3 and 2.4 mM of CaCl2. ACSF was bubbled 

with a gas mixture of 95 % O2 and 5 % CO2 and filtered through a 0.2 μm filter. After the 

aspirated area was blood-free, a sterile GRIN lens (GRINTECH) was implanted into the well 

and secured with two layers of dental cement (first layer-Metabond, second layer-Duralay). 

The exposed GRIN lens was covered by a customized protection cap.

2.4. Miniscope base mounting

All miniscopes used for the experiment were custom-built by Dr. Da-Ting Lin’s group at 

NIDA IRP (Barbera et al., 2016; Liang et al., 2018; Zhang et al., 2021). After 4 weeks of 

GRIN lens implantation, a miniscope base was permanently mounted on the mouse skull. 

For base mounting, a miniscope fitted with a base was brought closer to the GRIN lens with 

the help of a custom-built motorized controller to obtain the best focal plane and the base 

was then affixed to the skull using dental cement. The main body of the miniscope was 

detached from the base after the dental cement had hardened.

2.5. In vivo calcium imaging during social behavior tests

Mice were briefly anesthetized with 5 % isoflurane in oxygen and the miniscope was 

fastened onto the base. Mice were allowed to recover from isoflurane for at least 30 min in 

their home cages before performing the in vivo recordings.

Social behavior test was performed based on the previously published protocol (Liang et al., 

2018). The experiment was performed in an open square arena (42 cm × 42 cm × 30 cm) 

to facilitate calcium imaging where two small containers were placed near the two opposite 

corners (10 cm away from the sidewall of arena). The test was composed of two stages, 

“habituation (H)’ and “sociability (SB)”, each 10-minute long. During H stage, the mouse 

was allowed to explore the two empty containers freely. In SB stage, an age and gender 

matched (male) stranger mouse (stranger 1) was placed inside one of the containers whereas 

the other container remained empty. SB stage measures the tendency of a subject mouse 

to spend more time exploring the container holding a social target compared to the empty 

container.

For recording, the mouse was brought closer to the behavior arena and the miniscope 

was connected to a cable linked with the data acquisition computer system. Simultaneous 

recordings of the calcium imaging and mouse behavior were collected in two different 

computers with the aid of a custom-built calcium image recording software (Neu-View) 

and a behavior recording software (FlyCap2, FLIR). The behavior recording was triggered 

by NeuView so that both calcium and behavioral recordings were temporally synchronized 

frame by frame. The recordings were performed at a rate of 10 frames per second. Each 

10-minute stage was broken down into two 5-minute recording sessions to prevent excessive 
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heating of the miniscope. Repetitive in vivo calcium imaging was performed every 4–6 

weeks for longitudinal study until no active neurons were identified through in vivo calcium 

imaging. The investigators who collected in vivo calcium imaging data were blind regarding 

CTRL and KO groups.

For behavior analysis, the mouse behavior was manually annotated frame by frame using 

a MATLAB annotation program (https://github.com/pdollar/toolbox) and the time spent by 

the subject mouse exploring the containers was calculated. It was considered that the subject 

mouse was exploring when it sniffed, bit, poked, or physically contacted the container.

2.6. Calcium imaging data analysis

Calcium image processing: Calcium images were first registered using motion correction 

toolbox NoRMCorre (Pnevmatikakis and Giovannucci, 2017). Then a constrained non-

negative matrix factorization (CNMF) based calcium image processing toolbox, CaImAn-

MATLAB (Giovannucci et al., 2019; Pnevmatikakis et al., 2016; Zhou et al., 2018), 

was used to extract fluorescent calcium signals. We manually added additional seeds as 

necessary based on the correlation image calculated by the correlation of neighboring 

pixels of calcium images. Calcium traces (ΔF/F) and referred events were calculated using 

the functions of CaImAn toolbox. For each neuron, the amplitude of calcium traces was 

normalized to the maximum of ΔF/F values, and then the normalized values were summed 

up and divided by the number of seconds of imaging to obtain the average Ca2+ signal per 

second (referred to as “area under curve per second”, or AUC/s). To calculate frequency, 

the calcium events for each neuron were calculated by widely used deconvolution method 

(Friedrich et al., 2017), and binarized with a threshold of 5 standard deviations, and then the 

averaged event numbers per second were calculated.

Identification of hypoactive, intermediate, and hyperactive neurons (Figs. 2 and 3): For each 

neuron, the averaged AUC/s during the H stage was calculated. A neuron was defined as 

hypoactive neuron if its averaged AUC/s value was less than 0.05 per second. A neuron was 

defined as hyperactive neuron if its averaged AUC/s value was greater than 0.5 per second. 

The rest of the neurons were defined as neurons with intermediate activity.

Data analysis for longitudinal in vivo imaging studies (Fig. 4): In vivo calcium imaging 

recorded from all control and KO mice during 5–8 independent social behavior tests ranging 

from 86 to 391 days post viral injection were used for analysis. To monitor the dynamic 

changes in neuronal activity over time, the entire field of view (650 μm × 650 μm) from each 

mouse was divided into 10 × 10 small sub-areas. Each subarea (65 μm × 65 μm) typically 

contained 5–15 active neurons which were spatially closed to each other. AUC/s during the 

H stage was first calculated for each neuron. Subsequently, for each small sub-area, the 

regional AUC/s was calculated at each imaging time point using the averaged AUC/s from 

the group neurons within the small sub-area. Sub-areas containing less than 3 active neurons 

were excluded from the regional AUC/s calculation. Sub-areas with regional AUC/s values 

for less than three independent time points were also excluded from the analysis. To quantify 

the regional AUC/s changes over time, we collectively compared the regional AUC/s values 

from all sub-areas at three different time periods: (1) Early: 75–125 days post viral injection; 
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(2) Intermediate: 125–250 days post viral injection; and (3) Late: 250–300 days post viral 

injection.

2.7. Brain tissue harvesting, immunostaining and confocal microscopy imaging

When the imaging field appeared to be dark and no active neurons could be detected, we 

harvested the brain tissue. Occasionally, the dental cement that secures the GRIN lens to 

mouse skull fell off and we harvested the brain tissue. The investigators who collected 

in vivo calcium imaging data and harvested tissues were blind regarding CTRL and KO. 

To harvest the brain tissues, the control and KO mice were anesthetized with overdosed 

Ketamine/Xylazine (Ketamine: 250 mg/kg; Xylazine: 37.5 mg/kg) and perfused with 20 mL 

of phosphate-buffered saline (PBS) followed by 20 mL of 4 % paraformaldehyde (PFA) in 

PBS. The brains were then post-fixed by 4 % PFA in PBS overnight and stored in PBS at 4 

°C. The fixed mouse brains were sectioned using a vibratome (Leica VT1200S) and 60 μm 

thick coronal sections were collected in 24-well plates containing PBS.

TDP-43 and NeuN immunostaining: To confirm TDP-43 knockdown and possible neuron 

loss, immunostaining was performed using anti-TDP43 and anti-NeuN antibodies. The 

free-floating brain slices were washed in PBS (3 times for 5 min each) and incubated 

in a blocking buffer containing 1% bovine serum albumin, 4% normal donkey serum 

and 0.3 % Triton X-100 in PBS for 2 h at room temperature. The slices were incubated 

with a primary antibody solution containing mouse monoclonal anti-NeuN antibody (1B7, 

Abcam, 1:1000 diluted in blocking buffer) and rabbit polyclonal anti-TDP-43 antibody 

(10782–2-AP, Proteintech, 1:500 diluted in blocking buffer) overnight at 4 °C. The slices 

were washed with PBS (5 times for 5 min each) and incubated with a secondary antibody 

solution containing 1:300 diluted Donkey anti-Mouse IgG conjugated with Cy5 (715–175–

150, Jackson ImmunoResearch Laboratories) and 1:600 diluted Donkey anti-Rabbit IgG 

conjugated with Alexa Fluor 594 (711–585–152, Jackson ImmunoResearch Laboratories) 

for 2 h at room temperature. After washing with PBS (5 times for 5 min each), the slices 

were mounted using antifading mounting medium with DAPI (Vector Laboratories) on slides 

for fluorescence imaging.

TDP-43 and Cre immunostaining: To estimate TDP-43 knockdown efficiency by AAV1-

CaMKII-Cre virus, immunostaining was performed using anti-TDP43 and anti-Cre 

antibodies. 1:1000 diluted mouse monoclonal Cre antibody (MAB3120, Sigma-Aldrich) and 

1:500 diluted rabbit polyclonal anti-TDP-43 antibody (10782–2-AP, Proteintech) in blocking 

buffer were used as primary antibodies. 1:300 diluted Donkey anti-Mouse IgG conjugated 

with Cy5 (715–175–150, Jackson ImmunoResearch Laboratories) and 1:600 diluted Donkey 

anti-Rabbit IgG conjugated with Alexa Fluor 594 (711–585–152, Jackson ImmunoResearch 

Laboratories) in blocking buffer were used as secondary antibodies.

Glial fibrillary acidic protein (GFAP) immunostaining: Immunostaining for GFAP was 

performed to stain the reactive astrocytes. 1:400 diluted rabbit anti-GFAP monoclonal 

antibody (MA5–33059, Invitrogen) was used as the primary antibody and 1:600 diluted 

Donkey anti-Rabbit IgG conjugated with Alexa Fluor 594 (711–585–152, Jackson 

ImmunoResearch Laboratories) as the secondary antibody. Density of GFAP positive cells 
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for the control and KO groups were determined using QuPath (https://qupath.github.io) in 

the virus injected and non-injected regions.

Microglial and caspase immunostaining: 1:500 diluted mouse monoclonal caspase 3 

antibody (sc-136219, Santa Cruz Biotechnology) and 1:300 diluted rabbit polyclonal Iba1 

(10904–1-AP, Proteintech) in blocking buffer were used as primary antibodies. 1:300 diluted 

Donkey anti-Mouse IgG conjugated with Cy5 (715–175–150, Jackson ImmunoResearch 

Laboratories) and 1:600 diluted Donkey anti-Rabbit IgG conjugated with Alexa Fluor 594 

(711–585–152, Jackson ImmunoResearch Laboratories) in blocking buffer were used as 

secondary antibodies.

Confocal imaging: Whole brain images were taken using a 2.5X objective to locate the 

prelimbic region and tile images of the prelimbic region were taken using a 20X objective 

using a laser scanning confocal microscope (ZEISS LSM 980). Excitation lasers of 405 nm, 

488 nm, 561 nm, and 639 nm were used for DAPI, GCaMP6f, Alexa Fluor 594 and Cy5, 

respectively. The detection wavelengths used for DAPI, GCaMP6f, Alexa Fluor 594 and 

Cy5 were 410–499 nm, 511–590 nm, 596–652 nm and 652–750 nm, respectively.

2.8. Nissl staining and imaging

Mouse brain sections were placed in gelatin-coated slides and allowed to dry overnight. 

The slides were washed in PBS (2 times, 5 min each) and rinsed in deionized water for 1 

min. The slides were dipped in 1:10 diluted cresyl violet (Abcam) solution in water at room 

temperature for 20 min. The slides were washed with double deionized water (2 times, 5 

min each). The slides were then sequentially placed in 90 % ethanol, 95 % ethanol and two 

changes of 100% ethanol for 3 min each. The slides were finally dipped in 100 % xylene 

(2 times, 3 min each). The sections were mounted in Permount mounting medium (Fisher 

Chemical) for imaging. Images were taken using a slide scanner (ZEISS Axio Scan Z.1) at 

20X objective.

2.9. Quantification for immunostaining and Nissl staining

To quantify TDP-43, NeuN, caspase-3 and Iba1 immunostaining, QuPath was used to 

measure the numbers of positively stained particles within the virus injected regions 

(containing GCaMP6f signal) and non-injected regions (no GCaMP6f signal), respectively. 

The ratios of particle density between the virus injected and non-injected regions for 

TDP-43, NeuN, caspase-3 and Iba1 were determined and compared between the control 

and KO groups.

To quantify GFAP immunostaining, QuPath was used to measure the densities of positively 

stained particles within the virus injected regions and non-injected regions, respectively. The 

particle densities were compared between virus injected and non-injected regions in CTRL 

and KO groups.

To quantify the TDP-43 knockdown efficiency by AAV1-CaMKII-Cre virus, QuPath was 

used to measure the numbers of Cre and TDP-43 positively stained particles within the 

virus injected regions (containing GCaMP6f signal). The differences were calculated in 

percentage.
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To quantify Nissl stained images, neuronal and glial count was determined using QuPath 

based on different sizes of nuclei. Nissl staining stains nuclei of both neurons and glia, but 

the neuronal and glial nuclei differ significantly in both shapes and size based on the Nissl 

staining (Sherwood et al., 2006). After multiple trials, it was determined that the sizes of 

neuronal nuclei fall into 40–100 μm2, and the glial nuclei fall into 5–35 μm2. This parameter 

was used to differentiate neuronal and glial cells. Nuclei detection was set automatically and 

all counting was done blindly. The ratios of neuron or glial density in the virus injected and 

non-injected regions were determined and compared between the control and KO groups.

2.10. Statistical analysis

All values in the text and Figure legends are represented as mean ± SEM. In Fig. 1B, 

Fig. 5A, B, and Supplementary Fig. S5B, nonparametric statistics Mann-Whitney test was 

used for statistical analysis between two groups. In Fig. 1C, D, and Fig. 2B, nonparametric 

statistics Kolmogorov-Smirnov test was used for statistical analysis between two groups. In 

Fig. 4C, Wilcoxon matched-pairs signed rank test was used for statistical analysis between 

two groups. In Fig. 5C and Supplementary Fig. S5C, nonparametric statistics Kruskal-Wallis 

test and Dunn’s post hoc test, were used for statistical comparison among more than two 

groups of data. A p value less than 0.05 was considered statistically significant.

In Fig. 1E, a two-way repeated measures ANOVA was performed to evaluate the effect of 

different treatments (KO and CTRL) over time (H and SB) on calcium event frequency or 

AUC/s, since the calcium event frequency and AUC/s were recorded and calculated at two 

time points: H and SB. For the treatment effect, a p value less than 0.05 was considered 

statistically significant.

In Supplementary Figs. S2–5, we conducted a two-level analysis to compare calcium event 

frequency or AUC/s to address subject heterogeneity, since we observed neural activity 

heterogeneity across subjects (Supplementary Fig. S6). Let Y denote an outcome variable 

of interest (i.e., calcium event frequency or AUC/s). The procedure was carried as follows. 

First, we transformed Y for normality by applying a square root because the raw Y was 

highly skewed. Second, we performed a subject-level analysis. We compared each KO 

subject’s Y with that of the CTRL subject. There were 10 KO subjects and 8 CTRL subjects. 

And we performed 8 × 10 = 80 comparisons. Third, we used a meta-analysis method, 

random effects model, to aggregate the findings from these comparisons. The standardized 

mean difference was used as a summary statistic in the meta-analysis.

3. Results

3.1. TDP-43 deletion in excitatory neurons of the PFC initially leads to hyperactive 
calcium activity

We bilaterally injected adeno-associated viruses (AAVs) expressing Cre recombinase 

driven by the CaMKII promoter (AAV1-CaMKII-Cre) and a Cre-dependent GCaMP6f (a 

genetically encoded green fluorescent calcium indicator) in the medial prefrontal cortex 

(PFC) of young adult (i.e., 3–4 months old) Tdp-43F/F mice (Chiang et al., 2010), to 

selectively delete TDP-43 and express GCaMP6f in pyramidal neurons in the PFC (Fig. 
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1A, referred to as KO mice). In parallel, we injected AAV-CaMKII-GCaMP6f virus to the 

PFC of young adult Tdp-43F/F mice to express GCaMP6f in pyramidal neurons (Fig. 1A, 

referred to as CTRL mice). Therefore, GCaMP6f labeled TDP-43 deleted pyramidal neurons 

in KO mice, whereas labeled TDP-43 intact pyramidal neurons in control (CTRL) mice. We 

then implanted a 1-mm diameter gradient index (GRIN) lens into the PFC of these KO and 

CTRL mice. Via a custom-built miniscope recording system (Barbera et al., 2016; Liang et 

al., 2018; Zhang et al., 2021), we performed in vivo calcium imaging during a 20-minute 

social behavior test containing two stages (10-minute each), namely, habituation (H) and 

sociability (SB). We found that KO mice exhibited normal sociability, like that of CTRL 

mice (Fig. 1B).

We used a MATLAB calcium imaging process toolbox, CaImAn (Giovannucci et al., 2019), 

to identify active neurons and extract fluorescence changes (ΔF/F) of GCaMP6f from cell 

bodies of these neurons as somatic calcium activity (Supplementary Fig. S1). For each active 

neuron, the amplitude of calcium trace was normalized to the maximum of absolute ΔF/F 

value. The frequency of calcium events, as well as the average of normalized ΔF/F values 

over time (referred to as "area under curve per second", or AUC/s), were calculated and 

compared between CTRL and KO groups. We found that neurons in KO mice exhibited 

significant increases in calcium event frequency (Fig. 1C and Supplementary Figs. S2–S3) 

and AUC/s (Fig. 1D and Supplementary Figs. S4–S5) during each 10-minute stage (n = 

2355 and n = 2828 neurons for CTRL and KO groups at H stage; n = 2364 and n = 2842 

neurons for CTRL and KO groups at H stage; Kolmogorov-Smirnov test, p < 0.0001). We 

next calculated the averaged calcium event frequency and AUC/s from individual mice at 

each behavioral stage and found that the KO group exhibited significantly higher calcium 

event frequency and AUC/s than those of the CTRL group (n = 8 and n = 10 mice for CTRL 

and KO groups. Calcium event frequency for CTRL mice at H and SB stages: 0.046 ± 0.004 

and 0.041 ± 0.003 per second; calcium event frequency for KO mice at H and SB stages: 

0.058 ± 0.003 and 0.054 ± 0.004 per second; AUC/s for CTRL mice at H and SB stages: 

0.184 ± 0.017 and 0.168 ± 0.014 per second; AUC/s for KO mice at H and SB stages: 0.258 

± 0.022 and 0.223 ± 0.020 per second; Two-way repeated measures ANOVA, p < 0.05, Fig. 

1E), indicating hyperactivity in PFC pyramidal neurons triggered by TDP-43 depletion.

3.2. Longitudinal in vivo calcium imaging reveals dynamic activity changes after TDP-43 
deletion

We then performed in vivo calcium imaging repetitively during the social behavior test 

every 4–6 weeks (Fig. 2A). We successfully collected in vivo calcium imaging from four 

KO and four CTRL mice for up to 7 months (i.e., the first recording was performed 3 

months after the viral injection, and the last recording was performed 10 months after the 

viral injection). We then compared the AUC/s of calcium traces during the H stage in PFC 

pyramidal neurons between KO and CTRL mice at the neuronal population level (Fig. 2B). 

We showed that KO pyramidal neurons exhibited increased AUC/s activity 3 months after 

TDP-43 depletion, but reduced AUC/s activity 10 months after TDP-43 depletion compared 

to pyramidal neurons in CTRL mice (n = 1074 and n = 1400 neurons from 4 CTRL mice 

and 4 KO mice at 3 months post viral injection; n = 731 and n = 256 neurons from 4 CTRL 

mice and 4 KO mice at 10 months post viral injection. AUC/s activity from CTRL and 
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KO at 3 months post-virus injection: 0.205 ± 0.006 and 0.269 ± 0.009 per second; CTRL 

and KO at 10 months post-virus injection: 0.167 ± 0.006 and 0.108 ± 0.011 per second; 

Kolmogorov-Smirnov test, p < 0.0001).

Pyramidal neurons in the PFC display high heterogeneity in calcium activity in behaving 

mice (Liang et al., 2018). We next compared the distribution of the average AUC/s of 

calcium traces from individual PFC pyramidal neurons between KO and CTRL mice at two 

time points: 3 months and 10 months post viral injection. We set the thresholds to define 

the intermediate range (0.05–0.5 per second) of AUC/s values. Neurons displaying AUC/s 

values outside of the intermediate range were referred to as either hypoactive or hyperactive 

neurons (Fig. 2C, also see Supplementary Fig. S6). Among pyramidal neurons from CTRL 

mice, while the majority displayed intermediate calcium activity, there were less than 10 % 

of neurons displaying hyperactivity, and less than 20 % of neurons displaying hypoactivity 

at both time points (top panels in Fig. 2C and 2D). Interestingly, 3 months after TDP-43 

depletion, there were two-fold increases in percentage of neurons displaying hyperactivity 

from the KO mice (16 % in KO, bottom panel in Fig. 2C) than that of CTRL mice (8 % 

in CTRL, top panel in Fig. 2C). By contrast, 10 months after TDP-43 depletion, there were 

almost three times as many hypoactive neurons observed in KO mice (54 % in KO, bottom 

panel in Fig. 2D) as that of CTRL mice (19 % in CTRL, top panel in Fig. 2D).

We also showed cell activity maps indicating hypoactive, intermediate, and hyperactive 

pyramidal neurons, from representative KO mice and CTRL mice at different time points 

following TDP-43 depletion (Fig. 3 and Supplementary Fig. S7). In most cases for the 

CTRL mice, the total detectable active neurons were slightly reduced with time probably 

due to the reduced viral expression of GCaMP6f. Nevertheless, the CTRL mice exhibited 

a relatively stable activity pattern across different time points (e.g., similar proportion 

of hyperactive and hypoactive neurons over time). In contrast, the KO mice exhibited 

substantial changes in neuronal calcium activity following viral injection, and in some cases, 

even drastic loss of detectable active neurons.

3.3. Rapid activity decline associated with long term TDP-43 depletion

To monitor the dynamic changes in neuronal calcium activity during disease progression, 

an ideal approach is to follow individual neurons to monitor their dynamics over time. 

However, since intervals between our repetitive in vivo calcium imaging were 30–45 days, 

it was difficult to accurately identify the exact same neurons on cell maps recorded at 

different time points. As a practical substitute, we divided each imaged PFC brain region 

into multiple small sub-areas (size: 65 μm by 65 μm) where a small group (typically 5–

15) of spatially adjacent neurons can be identified (Fig. 4A). We selected those sub-areas 

containing at least 3 neurons to measure their averaged AUC/s activity and followed their 

activity changes over time. Starting with 175 and 285 such small sub-areas in 8 CTRL mice 

and 10 KO mice, respectively, we plotted the time course of activity changes from the same 

sub-areas across disease progression (Fig. 4B). We found that most CTRL mice displayed 

relatively stable activity over the time course of 7 months, whereas most KO mice displayed 

rapid activity declines over time. We further quantified the averaged AUC/s from individual 

mice during disease progression at three time periods: 75–125 days, 125–250 days, and 
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250–300 days post viral injection, referred to as early, intermediate and late stages (Fig. 

4C). We confirmed that the CTRL group displayed a constant AUC/s activity across time 

(0.199 ± 0.020, 0.174 ± 0.025, and 0.166 ± 0.019 per second; n = 8, 8, and 4 mice for 

early, intermediate and late stages; Wilcoxon matched-pairs signed rank test for early vs 

intermediate, p = 0.84), while the KO group showed dynamic activity changes, a rapidly 

reduced AUC/s activity following the initial hyperactivity (0.236 ± 0.032, 0.142 ± 0.015, 

and 0.176 ± 0. 017 per second; n = 9, 9, 2 mice for early, intermediate and late stages; 

Wilcoxon matched-pairs signed rank test for early vs intermediate, p < 0.01). These data 

suggest that long term depletion of TDP-43 in the PFC causes a rapid activity decline in 

pyramidal neurons.

3.4. Immunohistochemistry analysis reveals neuron loss and gliosis

We harvested brain tissues after the very last in vivo calcium imaging and performed a 

series of immunohistochemistry studies (Fig. 5). We first confirmed TDP-43 depletion in the 

KO brain tissues and demonstrated that the knockout efficiency of the AAV-CaMKII-Cre 

virus was 86.96 % (n = 16 counts from both sides of 8 brain sections, Supplementary 

Fig. S8). We further demonstrated that TDP-43 depletion was accompanied by a significant 

reduction in NeuN staining (n = 49 and n = 75 brain sections for CTRL and KO groups; 

ratios for TDP-43 staining in CRTL and KO groups: 1.00 ± 0.07 and 0,54 ± 0.03; ratios 

for NeuN staining in CRTL and KO groups: 1.00 ± 0.16 and 0.63 ± 0.05; Mann-Whitney 

test, p < 0.0001; Fig. 5A). We then performed Nissl stain and compared neuronal and glial 

cell densities between CTRL and KO groups. In Nissl stained sections, neurons can be 

distinguished from glial cells by their different staining patterns and sizes. Neurons typically 

display larger stained nuclei and lightly stained proximal segments of dendritic processes, 

while glial cells contain less stained endoplasmic reticulum and smaller nuclei (Sherwood 

et al., 2006). Therefore, the parameters for glial and neuronal nuclei were set as 5–35 μm2 

and 40–100 μm2, respectively. Nuclei detection was performed automatically, and neuronal 

and glial counting was done blindly across all brain sections. The ratios of neuronal and 

glial density at the virus injected and non-injected areas were determined and compared 

between the CTRL and KO groups. Within the virus injected areas of KO mice, there were 

significantly reduced neurons (n = 15 and n = 18 brain sections for CTRL and KO groups; 

ratios in CTRL and KO: 1.16 ± 0.06 and 0.92 ± 0.05, Mann-Whitney test, p < 0.01), yet 

significantly increased glial cells (ratios in CTRL and KO: 1.11 ± 0.05 and 1.31 ± 0.06, 

Mann-Whitney test, p < 0.05) than those of CTRL mice (Fig. 5B). GFAP staining further 

revealed that virus injected areas in KO mice exhibited substantially more GFAP signals 

than that of CTRL mice (n = 18 and n = 24 brain sections for CTRL and KO groups; 

non-injected and virus injected CTRL: 21.4 ± 5.9 and 100.0 ± 34.8; non-injected and virus 

injected KO: 89.7 ± 22.2 and 1257.0 ± 131.7; Kruskal-Wallis test, p < 0.0001; Dunn’s post 

hoc test, virus injected KO vs any of the other three groups, p < 0.0001; Fig. 5C). Microglial 

staining did not show a statistically significant difference between CTRL and KO groups (n 

= 10 and n = 13 brain sections for CTRL and KO groups; ratios in CTRL and KO: 1.89 ± 

0.35 and 2.31 ± 0.35, Mann-Whitney test, p = 0.45; Supplementary Fig. S9, panels A and 

B). Caspase 3 staining revealed an increase in caspase positive particles in virus injected 

areas of KO mice (n = 10 and n = 13 brain sections for CTRL and KO groups; non-injected 

and virus injected CTRL: 0.0 ± 0.0 and 46.2 ± 37.4; non-injected and virus injected KO: 0.9 
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± 0.9 and 151.6 ± 80.5; Kruskal-Wallis test, p < 0.0001; Dunn’s post hoc test, virus injected 

KO vs virus injected CTRL, p < 0.05; Supplementary Fig. S9, panels A and C), indicating 

an ongoing apoptosis associated with loss of TDP-43. Together, these results support the 

idea that TDP-43 depletion causes aberrant neural activity of pyramidal neurons in the PFC 

that ultimately leads to gliosis and neuron loss.

4. Discussion

Our longitudinal in vivo calcium imaging studies from awake behaving mice demonstrated 

aberrant calcium activity in PFC pyramidal neurons prior to neurodegeneration driven by 

TDP-43 loss-of-function. In particular, we observed that TDP-43 depletion in pyramidal 

neurons of the PFC triggered an initial hyperactivity followed by a rapid activity decline 

during early disease progression.

It has long been proposed that excitotoxicity, typically from excessive and prolonged 

activation of glutamate receptors, is the primary driving force for neurodegenerative 

disorders such as ALS (King et al., 2016). Changes in intrinsic excitability which could lead 

to excitotoxicity, namely hyperexcitability, have been recognized as an early pathological 

sign in ALS. For instance, cortical hyperexcitability is well documented in transcranial 

magnetic stimulation (TMS) studies with ALS patients (Vucic and Kiernan, 2013; Williams 

et al., 2013). Hyperexcitability has also been reported in cortical motor neurons of ALS 

mouse models (Kim et al., 2017; Pieri et al., 2003, 2009; Saba et al., 2016). In addition, 

multiple lines of motor neurons derived from patient induced pluripotent stem cell (iPSC) 

harboring mutations in superoxide dismutase 1 (SOD1), fused-in-sarcoma (FUS), TDP-43, 

or C9ORF72, displayed hyperexcitability relative to healthy motor neurons (Huang et al., 

2021; Wainger et al., 2014).

In contrast, some studies failed to observe hyperexcitability in spinal motor neurons of ALS 

rodent models, instead reported hypoexcitability in a substantial number of spinal motor 

neurons before denervation (Delestree et al., 2014). Again, other iPSC studies reported 

hypoexcitability displayed by motor neurons derived from patients with C9ORF72 or FUS 
mutations (Guo et al., 2017; Sareen et al., 2013). Therefore, hypoexcitability has also been 

proposed as a marker of disease progression in ALS. Moreover, some studies reported 

transient hyperexcitability followed by a progressive activity loss in iPSC-derived motor 

neurons from patients with TDP-43 or C9ORF72 mutations (Devlin et al., 2015).

Consistent with these previous reports using iPSC models, here we observed biphasic 

activity changes in neuronal calcium activity triggered by TDP-43 depletion during disease 

progression from awake behaving mice. In sharp contrast to the relatively stable neuronal 

calcium activity displayed by CTRL mice, TDP-43 depletion in PFC excitatory neurons 

leads to an initial hyperactivity followed by a rapid activity decline prior to neuron 

loss, emphasizing the important role of aberrant neural activity during early stage of the 

neurodegenerative process. Neuronal hypoactivity following hyperactivity could result from 

activation of cell intrinsic compensatory mechanism or network compensatory effect from 

GABAergic inhibition (Palop et al., 2007). Dynamic changes in neuronal calcium activity 

triggered by TDP-43 loss-of-function strongly indicate that disruptive and imbalanced 

Liang et al. Page 13

Prog Neurobiol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



calcium homeostasis might be involved in the initiation and downstream pathways that 

ultimately lead to neurodegeneration in FTD and ALS.

As a ubiquitous second messenger, calcium plays important roles in a variety of cellular 

processes, from neuronal excitation to synaptic communication. Dysfunctions in cellular 

calcium homeostasis have been suggested as one of the primary driving forces in 

neurodegenerative disorders such as AD (Magi et al., 2016; Marambaud et al., 2009). 

Elevated resting intracellular calcium level has been reported in cortical neurons of a 

transgenic AD mouse model (Lopez et al., 2008). With two-photon calcium imaging, 

hyperactive neurons and calcium overloaded neurites were found in proximity of β-amyloid 

plaques in transgenic AD mouse models (Busche et al., 2008; Kuchibhotla et al., 2008). 

Moreover, it was reported that direct application of soluble β-amyloid was capable of 

inducing hyperactive calcium activity in even wildtype mice (Busche et al., 2012).

Interestingly, abnormal intracellular calcium has also been reported in various ALS models 

carrying TDP-43 mutants. For instance, in motor neurons of a C. elegans model, elevated 

intracellular calcium has been suggested as a driver of mutant TDP-43 mediated neuronal 

toxicity (Aggad et al., 2014). Patients-derived motor neurons harboring TDP-43 mutations 

displayed high glutamate-induced calcium release (Dafinca et al., 2020). In a Drosophila 
model, deficits in motor functions mediated by TDP-43 mutants can be rescued by 

genetically restoring a voltage-gated calcium channel (Lembke and Morton, 2017).

Here using in vivo calcium imaging from awake behaving mice, we observed dynamic 

activity changes in PFC pyramidal neurons upon TDP-43 depletion during disease 

progression. Particularly, TDP-43 depletion triggers initial hyperactivity followed by a rapid 

decline in calcium activity. Given that TDP-43 plays important roles in RNA splicing, 

RNA transport and RNA stabilization, TDP-43 depletion might affect intracellular calcium 

signaling by directly interfering with intrinsic excitability and/or calcium homeostasis 

pathways. The possible causes of aberrant calcium activity triggered by loss of TDP-43 

could be excessive activation of glutamate receptors, dysregulation in calcium channels, 

weakening of calcium buffering capacities, or disruptions in mitochondrial and endoplasmic 

reticulum calcium homeostasis (Marambaud et al., 2009). Alternatively, it is also possible 

that neuronal calcium hyperactivity may be a phenomenon caused by a neuron at the 

early stages towards cell death running out of energy to support the expensive calcium 

homeostasis without direct influence of any calcium related molecules and pathways 

triggered by TDP-43 depletion. Follow-up studies will be needed to dissect out major 

players regarding calcium dysfunctions triggered by TDP-43 depletion.

5. Conclusions

TDP-43 depletion in excitatory neurons of the PFC leads to initial hyperactivity followed by 

a rapid activity decline in excitatory neurons of the PFC, before the ultimate loss of neurons.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Short-term TDP-43 depletion elicits hyperactivity in neuronal calcium activity in the PFC. 

A. Strategy for generating CTRL and KO mice and labeling excitatory neurons in the PFC 

of Tdp-43F/F mice with a genetically encoded fluorescent calcium indicator, GCaMP6f. 

CTRL mice were injected with AAV1-CaMKII-GCaMP6f virus to label excitatory neurons 

with GCaMP6f. KO mice were injected with a viral mix containing AAV1-CaMKII-Cre 

virus and a Cre-dependent virus, AAV1-CAG-Flex-GCaMP6f, to label TDP-43 depleted 

excitatory neurons with GCaMP6f. B. Top: schematic paradigm for social behavior test 

composed of two 10-minutes stages, habituation (H) and sociability (SB) stages. E1 and E2 

represent empty containers; S1 represents stranger 1, a never-before-met same sex social 

target. Bottom: Bar graphs showing the time percentages mice spent during H and SB 

stages, for direct exploration of E1, E2, and S1, from CTRL (n = 8 mice) and KO (n = 

10 mice) groups (Mann-Whitney test). C and D. Cumulative probability distribution panels 

depicting significant shifts towards higher calcium event frequency (C) and area under curve 

per second (AUC/s, D) in neuronal calcium traces from KO mice compared to CTRL mice, 
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during H and SB stages, respectively. CTRL and KO at H stage: n = 2355 and n = 2828 

neurons; CTRL and KO at SB stage: n = 2364 and n = 2842 neurons; Kolmogorov-Smirnov 

test. E. Bar graphs showing comparisons of the averaged calcium event frequency (left 

panel) and AUC/s (right panel) in neuronal calcium traces from the H and SB stages of 

individual CTRL and KO mice (CTRL: n = 8 mice; KO: n = 10 mice; Two-way repeated 

measures ANOVA test). Bar graphs represent mean ± SEM. NS, not significant; *, p < 0.05; 

**, p < 0.01; ****, p < 0.0001.
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Fig. 2. 
Repetitive in vivo calcium imaging reveals dynamic changes in neuronal calcium activity 

following TDP-43 depletion. A. Schematic diagram showing the experimental timeline. B. 

Bar graphs represent the averaged area under curve values of neuronal calcium traces during 

the H stage from CTRL and KO mice. Left panel reveals neuronal hyperactivity in KO 

mice compared to CTRL mice at 3 months post viral injection (n = 1074 and n = 1400 

neurons from 4 CTRL mice and 4 KO mice; Kolmogorov-Smirnov test). Right panel reveals 

neuronal hypoactivity in KO mice compared to CTRL mice at 10 months post viral injection 
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(n = 731 and n = 256 neurons from 4 CTRL mice and 4 KO mice; Kolmogorov-Smirnov 

test). Averaged AUC/s values from individual mice were also indicated besides the bars. 

C. Histograms illustrating the distribution of area under curve values in calcium traces 

during the H stage from CTRL group (top, n = 1074 neurons from 4 mice) and KO group 

(bottom, n = 1400 neurons from 4 mice) at 3 months post viral injection. Pie charts showing 

the relative proportion of hypoactive, intermediate and hyperactive neurons. D. Histograms 

illustrating the distribution of area under curve values in calcium traces during the H stage 

from CTRL group (top, n = 731 neurons from 4 mice) and KO group (bottom, n = 256 

neurons from 4 mice) at 10 months post viral injection. Pie charts showing the relative 

proportion of hypoactive, intermediate and hyperactive neurons. Bar graphs represent mean 

± SEM. ****, p < 0.0001.
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Fig. 3. 
Representative cell activity maps across time. Cell activity maps of a representative CTRL 

mouse (A) and KO mouse (B) at six different time points as indicated following viral 

injection. Dots in cell activity maps represent individual neurons. Colors indicate hypoactive 

(blue), intermediate (green), and hyperactive (red) neurons, according to the area under 

curve values in calcium traces during the H stage applied with similar thresholds as that 

of Fig. 2. CTRL cell activity maps display relatively stable proportions of neuronal activity 
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over time. By contrast, KO cell activity maps reveal large numbers of hyperactive cells at 

earlier time points while hypoactive cells at later time points.
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Fig. 4. 
Rapid activity declines associated with long term TDP-43 depletion A. Diagrams from a 

representative KO mouse showing the divided multiple small sub-areas (each with a size of 

65 μm by 65 μm, top) and the regional area under curve per second (AUC/s) values averaged 

from neurons within the same sub-areas at different time points (bottom). B. Plots showing 

dynamic activity changes over time in regional AUC/s values averaged from neurons within 

the same divided sub-areas of CTRL and KO mice. Each dot represents AUC/s value from 

one small sub-area. Dashed lines indicate dynamic activity changes from individual small 
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sub-areas. AUC/s values were measured only from small sub-areas containing more than 

3 active neurons. Solid lines are the averaged AUC/s activity changes from individual 

mice. Different colors representing different mice. C. Bar graphs are quantifications of the 

averaged regional AUC/s values measured from individual mice: early (75–125 days post 

viral injection), intermediate (125–250 days post viral injection), and late (250–300 days 

post viral injection) stages. CTRL at early, intermediate, and late stages: n = 8, n = 8, and n 

= 4 mice; KO at early, intermediate, and late stages: n = 9, n = 9, and n = 2 mice. Wilcoxon 

matched-pairs signed rank test. Bar graphs represent mean ± SEM. NS, not significant; **, p 

< 0.01.
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Fig. 5. 
Gliosis and neuron loss in TDP-43 deficient areas of the PFC A. Representative 

immunofluorescence images for TDP-43 and NeuN from a CTRL mouse (top) and a KO 

mouse (bottom). Images from left to right: DAPI stained whole brain sections (merged 

green and blue channels, scale bars, 1000 μm); high magnification images of the enclosed 

area for GCaMP6f (green channel), TDP-43 (red channel), and NeuN (cyan channel). Scale 

bars, 250 μm. Bar graphs showing quantifications of TDP-43 (top) and NeuN (bottom) 

from brain sections of CTRL and KO groups. The ratios of positively stained particle 
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densities between the virus injected and non-injected areas were compared between CTRL 

and KO groups (CTRL and KO: n = 49 and n = 75 brain sections, Mann-Whitney test). B. 

Representative Nissl staining images from a CTRL mouse (top) and a KO mouse (bottom). 

Images from left to right are cresyl violet stained whole brain sections, enlarged PFC 

regions and high magnification of enclosed areas. Scale bars, 250 μm. Bar graphs showing 

quantifications of neuronal (top) and glial (bottom) particles in KO mice compared to CTRL 

mice. The ratios of particle densities between the virus injected and non-injected areas were 

compared between CTRL and KO groups (CTRL and KO: n = 15 and n = 18 brain sections, 

Mann-Whitney test). C. Representative immunofluorescence images for GFAP from a CTRL 

mouse (top) and a KO mouse (bottom). Images showing DAPI stained PFC regions (left, 

merged green and blue channels) and GFAP immunostaining (right, red channel). Scale 

bars, 250 μm. Bar graph showing quantification of GFAP positive particle densities of virus 

injected and non-injected areas from CTRL and KO groups (CTRL and KO: n = 18 and n = 

24 brain sections; Kruskal-Wallis test and Dunn’s post hoc test). Bar graphs represent mean 

± SEM. *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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