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TDP-43 deficiency in suprachiasmatic
nucleus perturbs rhythmicity
of neuroactivity in prefrontal cortex

Hongxia Zhang,1,2 Chen Chen,2 Eric Erquan Zhang,2,3,* and Xiaotian Huang1,*
SUMMARY

Individuals within the amyotrophic lateral sclerosis and frontotemporal dementia disease spectrum (ALS/
FTD) often experience disruptive mental behaviors and sleep-wake disturbances. The hallmark of ALS/
FTD is the pathological involvement of TAR DNA-binding protein 43 (TDP-43). Understanding the role
of TDP-43 in the circadian clock holds promise for addressing these behavioral abnormalities. In this study,
we unveil TDP-43 as a pivotal regulator of the circadian clock. TDP-43 knockdown induces intracellular
arrhythmicity, disrupts transcriptional activation regulation, and diminishes clock genes expression.
Moreover, our experiments in adult mouse reveal that TDP-43 knockdown, specifically within the supra-
chiasmatic nucleus (SCN), induces locomotor arrhythmia, arrhythmic c-Fos expression, and depression-like
behavior. This observation offers valuable insights into the substantial impact of TDP-43 on the behavioral
aberrations associated with ALS/FTD. In summary, our study illuminates the significance of TDP-43 in
circadian regulation, shedding light on the circadian regulatory mechanisms that may elucidate the path-
ological underpinnings of ALS/FTD.

INTRODUCTION

The circadian clock is an intrinsic timekeeping system intricately linked to human health, governing vital processes such as the sleep-wake

cycle, emotional regulation, neurotransmitter and hormone secretion, and various other biological functions.1,2 In mammals, the circadian

clockwork comprises a network of clock genes and their protein products, orchestrating a near-24-h cycle through a transcription-trans-

lation negative feedback loop. Central components of this clockwork include the bHLH-PAS transcription factor circadian locomotor

output cycles kaput (CLOCK) and brain and muscle ARNT-like 1 (BMAL1) and their specific repressors period (PER) and cryptochrome

(CRY).3 The CLOCK/BMAL1 heterodimer binds to the E-box regions of PER and CRY gene promoters, initiating the transcription and

protein synthesis of PERs and CRYs. Subsequently, PER and CRY form heterodimers, acting as transcriptional repressors to dampen

the activation of CLOCK/BMAL1.4–6

Disruptions in the circadian clock have been associated with a spectrum of diseases, with recent research emphasizing alterations in circa-

dian rhythms in patients with neurodegenerative conditions and related animal models.7

One prominent player in neurodegenerative diseases is TAR DNA binding protein 43 (TDP-43), a conserved RNA-binding protein with

pivotal roles in RNA splicing, stability, trafficking, and microRNA regulation.8 Importantly, both amyotrophic lateral sclerosis (ALS) and fron-

totemporal dementia (FTD) are characterized by TDP-43 pathology, with cytoplasmicmis-localization and aggregation of TDP-43 being com-

mon features in affected individuals.9 While previous investigations have primarily focused on the impact of TDP-43 mutations in hereditary

ALS/FTD and its critical role in neuropathy, recent studies have unveiled that both an increase and decrease in TDP-43 levels can result in

neuronal loss.10,11

Furthermore, patients with FTD often show distinct patterns of destruction in the suprachiasmatic nucleus (SCN). This destruction leads to

an alteration of endogenous circadian rhythm, exhibiting disruptions in their rest-activity and sleep-wake patterns, including increased

nocturnal activity and reducedmorning activity, suggesting a potential phase delay.12–14 Elevated evening cortisol levels have been observed

in ALS patients compared to healthy individuals.15 Some studies have even suggested that circadian rhythm dysfunction may accelerate ALS

onset and progression in mouse models.16 Notably, there are significant connections between mood disorders and ALS/FTD, with overlap-

ping symptoms and neuropathology. Mood stabilizers like lithium have demonstrated efficacy in improving symptoms in ALS/FTD pa-

tients.17,18 Nevertheless, few studies have explored the possibility that TDP-43 may exacerbate neurodegeneration through disruption of

circadian clock regulation.
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Figure 1. Rhythmic oscillations of TDP-43 in vitro and in vivo

(A) Temporal qPCR analysis illustrating robust rhythmic expression patterns of TDP-43 in U2OS cells. n = 3 samples for each time point. JTK_Cycle analysis

confirms the significance of this rhythmicity (p = 0.000686).

(B)Western blot analysis revealing rhythmic protein levels of TDP-43 in U2OS cells. n = 3 samples for each time point. JTK_Cycle analysis confirms the significance

of rhythmicity (p = 0.0409).

(C–E) Time course qPCR demonstrating rhythmic expression of Tdp-43 in the hypothalamus in LD and DD conditions and liver. n = 4 male mice for each time

point. JTK_Cycle analysis was conducted to evaluate the rhythmicity of Tdp-43 expression.

(F) Temporal immunostaining of TDP-43 in the SCN region of male mice, with quantification of expression. The dotted line indicates the SCN. JTK_Cycle analysis

confirms significant rhythmicity (p = 9.16E-05). Immunostained slices (40 mm thickness per slice) were labeled with DAPI (blue) and TDP-43 antibody (red). 4–6 SCN

regions per mouse and n = 5 mice for each time point. Scale bar, 200 mm. JTK_p < 0.05 indicates significantly rhythmic. Data are presented as mean G SEM.
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In our earlier investigation, we identified a super-complex by subjecting rhythmic Bmal1�/� fibroblasts to tandem affinity purification.

Within this complex, we detected several putative clock regulatory proteins, including TDP-43 (data file S1), suggesting a potential interaction

between TDP-43 and clock genes, hinting at a role for TDP-43 in modulating the circadian clockwork.19

To elucidate the involvement of TDP-43 in circadian clock regulation and its broader implications for ALS/FTD, we conducted a series of

experiments involving TDP-43 knockdown in cellular models to investigate its influence on circadian rhythms and clock gene expressions.

Additionally, we employed Tdp-43 knockdown in mouse models to explore changes in behavioral aspects associated with ALS/FTD.

RESULTS

TDP-43 exhibits robust circadian rhythmicity

Given our previous findings suggesting that TDP-43 may potentially regulate circadian amplitude, period, or phase,19 and a study demon-

strating TDP-43 could enhance CRY1 and CRY2 protein stabilities and levels,20 we aimed to determine if TDP-43 behaves as a clock-associ-

ated gene, contributing to the regulation of circadian rhythms inmammals. From the analysis of time course qPCR, we observed robust rhyth-

mic mRNA expression of TDP-43 in U2OS cells (Figure 1A). Concurrently, we assessed the rhythmicity of TDP-43 protein level, which yielded
2 iScience 27, 109522, April 19, 2024
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Figure 2. TDP-43 knockdown causes intracellular arrhythmicity

(A) qPCR data depicting the knockdown efficiency of shRNAs targeting TDP-43 in U2OS cells. n = 4 represents technical replicates.

(B) Western blot results presenting the knockdown efficiency of shRNAs targeting TDP-43 in U2OS cells, with quantification of TDP-43 levels. n = 3 samples for

each group.

(C) Western blot results presenting the protein levels of TDP-43 in U2OS, shCON, shTDP-43, and TDP-43 OX (overexpressed TDP-43) cells, with their

quantification. n = 3 samples per group.

(D) Representative PER2-LUC rhythms in WT, shTDP-43, shCON, and TDP-43 OX cells. n = 3 samples per group.

(E) Quantitative amplitude and period analysis ofWT, shTDP-43, shCON, and TDP-43OX cells detected in (D). One-way ANOVAwithmultiple comparison test for

(A)–(C) and (E); Quantifications are presented as mean G SEM, ns indicates no significance; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the result consistent with the qPCR data (Figure 1B). Next, we extended our analysis to the hypothalamus and liver to explore whether Tdp-43

follows a circadian pattern in these tissues. Time course qPCR again revealed clear circadian oscillations in Tdp-43 expression, with SCNpeak-

ing at Zeitgeber time (ZT) 20 under light-dark conditions (LD 12:12 h) andCT0 in constant darkness (DD) entrainment (Figures 1C and 1D), with

liver peaking at ZT0 in LDphase (Figure 1E). Furthermore, immunofluorescence staining using a TDP-43 antibody in the SCN showed a distinct

circadian rhythm in TDP-43 expression, peaking at ZT 20 (Figure 1F). Collectively, these results strongly support the notion that TDP-43 ex-

hibits robust rhythmic oscillations in its expression, suggesting TDP-43 is a clock controlled gene (CCG) in circadian regulation. Consequently,

we hypothesized whether TDP-43 can in turn affect the circadian clockwork.
Loss of TDP-43 disrupts intracellular rhythmicity

To investigate the role of TDP-43 in circadian rhythmicity, we initially focused on the impact of TDP-43 deficiency using short hairpin RNA

(shRNA) in U2OS cells. Among four candidate shRNAs targeting TDP-43, shRNA1-TDP-43 exhibited the highest knockdown efficiency,

approximately 51.5–77.5% compared to control shRNA (shcon) (Figures 2A and 2B). We then examined whether overexpression or silencing

of TDP-43 in U2OS cells affects circadian rhythmicity. Protein levels of TDP-43 knockdown and overexpression are depicted in Figure 2C. Cells
iScience 27, 109522, April 19, 2024 3
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with TDP-43 knockdown exhibited a lower amplitude and eventually became arrhythmic, which is consistent with findings of our previous

genome-wide RNAi screen, as well as those in a public database (http://biogps.gnf.org/circadian/).21 Conversely, cells overexpressing

TDP-43 did not exhibit significant changes in cellular period but displayed a slightly weaker amplitude (Figures 2D and 2E). These results high-

light the critical role of TDP-43 in regulating circadian rhythmicity.

Knockdown of TDP-43 affects intracellular clockwork

To gain further insights into the role of TDP-43 in the circadian clock and its mechanism in perturbing intracellular rhythmicity, we used an

E-box promoter-luciferase fusion reporter (E-box-Luc) to investigate the role of TDP-43 in the transcriptional regulation by the core circadian

clock proteins, CLOCK-BMAL1. The results showed that CLOCK-BMAL1 binding-dependent transcription of the E-box-Luc increased in the

presence of TDP-43 in a gene dosage dependent manner. By contrast, CRY1 expression could suppress CLOCK-BMAL1 activation of lucif-

erase expression (Figure 3A).We then examinedwhether suppressingwith shTDP-43 negatively affected transcriptional activation byCLOCK-

BMAL1. We found that TDP-43 knockdown indeed led to reduced CLOCK-BMAL1 activation of luciferase expression, suggesting that defi-

ciency for TDP-43 resulted in inhibition of CLOCK-BMAL1 binding-dependent activation of the E-box promoters (Figure 3B).

Besides that, we collected RNA samples at indicated circadian time points from shTDP-43, shcon, and U2OS cells. The mRNA levels of

CLOCK, BMAL1, PER2, and TDP-43 in shTDP-43 cells were consistently lower than those in shcon and U2OS cells at all time points (Figure 3C).

Studies have shown that mature transcript levels of many genes are significantly altered upon TDP-43 depletion, possibly through transcrip-

tion, splicing, or other post-transcriptional processes.22 To determine whether shTDP-43 downregulates CLOCK and BMAL1 expressions

through direct modulation of transcription of pre-RNA or through splicing, we designed three different pairs of pre-RNA primers targeting

the intron regions of CLOCK and BMAL1. The qPCR analysis showed no significant differences in CLOCK and BMAL1 pre-RNA levels among

U2OS, shcon, and shTDP-43 groups (Figures S1A and S1B), suggesting that TDP-43 might influence CLOCK and BMAL1 expressions through

its post-transcriptional regulation. These findings suggest that the knockdown of TDP-43 disrupts the circadian negative feedback loop and

potentially disturbs the rhythmicity of clock genes.

As shown in Figure 3C, the knockdown of TDP-43 resulted in significant reductions in the amplitudes of CLOCK, BMAL1, and PER2.

Notably, core clock genes such as BMAL1, PER1, PER2, CRY2, NR1D1, and DBP displayed nearly complete arrhythmicity in shTDP-43 cells,

while they exhibited robust rhythmic patterns in shcon and U2OS cells (Figure 3C). Western blot analysis further revealed that the rhythmic

expressions of BMAL1, PER2, CRY1, CRY2, and TDP-43 proteins were disrupted by knockdown of TDP-43, whereas these proteins displayed

robust rhythmicities in shcon and U2OS cells (Figure 3D; Figure S2). These findings highlight the intricate role of TDP-43 in the circadian clock

and its ability to modulate circadian gene expression patterns, shedding light on the mechanisms underlying circadian disruption.

Knockdown of TDP-43 in SCN disrupts circadian rhythm in mice

After establishing that TDP-43 knockdown can induce arrhythmicity in U2OS cells and disrupt the rhythmic expressions of core clock genes, we

investigated the effects of shTDP-43 on animals. Specifically, we injected adeno-associated viruses (AAV) encoding shTDP-43 or shCON into

the bilateral SCN of C57BL/6J mice (Figure 4A). Following three weeks of virus expression, we conducted western blot and immunofluores-

cence staining analysis to assess the protein level of TDP-43 in the hypothalamus and SCN, respectively. AAV-shTDP-43 led to a significant

decrease in the protein level of TDP-43 compared with AAV-shCON (Figure 4B). This reduction in TDP-43 protein was further confirmed

through immunofluorescence staining, where the fluorescence signal of TDP-43 was markedly diminished in the SCN of AAV-shTDP-43

mice (Figure 4C).

Having established the effective knockdown of TDP-43 in the SCN, we next conducted locomotor activity assays to estimate the circadian

behaviors in these mice. AAV-shTDP-43 and AAV-shCON mice were entrained under LD cycle for two weeks, followed by further recording

under DD phase for two weeks. Interestingly, while the periods of locomotor rhythms in AAV-shTDP-43 and AAV-shCONmice did not signif-

icantly differ in LD environment (averaging around 24 and 23.93 h, respectively), AAV-TDP-43 mice displayed a complete loss of circadian

rhythmicity when placed in DD phase (Figures 4D and 4E). Moreover, we employed a telemetric transmitter system to record rhythmicity

of core body temperature and gross motor activity in both male and female mice. It is worth noting that, in AAV-shTDP-43 mice, obvious

rhythmicity similar to that observed in wheel running assays was detected in core body temperatures under LD cycle (period of 21–27 h)

and arrhythmicity under DD phase. In contrast, we observed significantly robust clock-driven physiology in core body temperature of

AAV-shCON mice under both LD and DD conditions (period of 21–27 h) (Figures 4F and 4G). Furthermore, using the BD2eJTK feature of

the web-based Biodare2 toolkit,23 we found that the amplitudes in AAV-shCON mice were significantly higher than that of AAV-shTDP-43

mice under both LD and DD conditions, but with no significant difference in total motor activity between groups (Figure 4G). Lumicycle re-

cordings of SCN slices expressing Per2-luc further confirmed these findings, as AAV-shCON mice maintained elegant cosine-wave oscilla-

tions of the Per2 reporter expression while AAV-shTDP-43 in the SCN resulted in arrhythmicity (Figure 4H). These results clearly underscore

the role of TDP-43 in maintaining the circadian rhythm of the SCN.

Recent studies illustrated that TDP-43 pathology is associated with hippocampal sclerosis, which correlates with cognitive decline

observed in certain neurodegenerative diseases.24 In addition, TDP-43Q331K mice exhibited cognitive impairment and reduced locomotor

behavior.25 To explore whether TDP-43 knockdown in the hippocampus affects circadian rhythms similarly to the SCN, we bilaterally injected

AAV-shTDP-43 into the CA1 region of the hippocampus in adult mice (Figure S3A). After three weeks, we assessed TDP-43 expression in the

hippocampus via western blotting and immunofluorescence staining. As expected, TDP-43 expression was attenuated in AAV-shTDP-43

compared to AAV-shCON, as evidenced by immunoblotting and fluorescence staining (Figures S3B and S3C). However, locomotor activity
4 iScience 27, 109522, April 19, 2024
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Figure 3. Disruption of TDP-43 impacts clock genes regulation

(A) Luciferase activity driven by E-box in HEK293 cells following transfection with varying amounts of TDP-43 or CRY1 expression vectors in a 96-well plate. n = 3

represents technical replicates.

(B) Transient transfection luciferase assay demonstrating differential repression activity in shTDP-43 and shcon cells. n = 3 represents technical replicates.

(C) mRNA levels of indicated clock genes in shTDP-43, shcon, and U2OS cells harvested every 4 h after synchronization (medium change). n = 3 samples per time

point. The JTK_Cycle analysis was conducted to evaluate the rhythmicity of gene expression. JTK_p < 0.05 indicates significantly rhythmic.

(D) Expression profiles of CLOCK, PER2, CRY1, andCRY2 in shTDP-43, shcon, and U2OS cells harvested every 4 h after synchronization (medium change). Bottom:

JTK_Cycle analysis was conducted to evaluate the rhythmicity of gene expression. JTK_p < 0.05 indicates significantly rhythmic. One-way ANOVA with multiple

comparison test for (A) and (B), two-way ANOVA with multiple comparison test for (C) and (D). Data are presented as meanG SEM, ns indicates no significance;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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analysis revealed robust rhythmicity in both AAV-shTDP-43 and AAV-shCON mice, with no significant differences in period or locomotor ac-

tivity (Figures S3D–S3F). In addition, we assessed the rhythmicity of SCN expressed Per2-luc that knocked down TDP-43 in the CA1 region of

the hippocampus using Lumicycle recording, and the results showed no significant differences in period, amplitude, or phase between the

two groups (Figure S3G). Thus, knockdown of TDP-43 in the CA1 region of the hippocampus cannot influence circadian rhythmicity in

mammals.

Taken together, these findings confirm that disrupted TDP-43 in the SCN, instead of the hippocampus, induces irregular rhythms in mice.

These results align with our observations of TDP-43 knockdown in U2OS cells, reinforcing the notion that TDP-43 plays a crucial role in regu-

lating the circadian clock.
AAV-shTDP-43 mice display depression-like behavior

It has been reported that TDP-43 is primarily associatedwith neurodegenerative diseases, which are clinically characterized by symptoms such

as apathy, loss of empathy, stubbornness, altered dietary patterns, and stereotypic behavior.26 Approximately 50–60% of patients with FTD

were previously diagnosed with major depressive disorder (MDD), and 20–30% were diagnosed with bipolar disorder (BD).27 We hypothe-

sized that depressive or manic behavior might serve as a prodromal symptom of FTD. To investigate this hypothesis, we assessed behavioral

changes resulting from TDP-43 knockdown in the SCN or CA1 region of the hippocampus in males and females using a battery of tests,

including the open field test (OPT), sucrose preference test (SPT), forced swimming test (FST), and tail suspension test (TST) (Figure 5A;

Figure S4A).

In the group of mice with TDP-43 knockdown in the SCN, the OPT revealed that expressing AAV-shTDP-43 and those with AAV-shCON

exhibited no significant differences in terms of total distance traveled, percentage of time in center and percentage of distance traveled in

center zone (Figure 5B). In the SPT, we assessed sucrose preference ratios for both groups during two time intervals: ZT0-12 and ZT12-24.

While there appeared to be a decrease in sucrose preference for AAV-shTDP-43 mice compared to AAV-shCON mice in ZT0-12, this differ-

ence did not reach statistical significance. However, during the period from ZT12 to ZT24, AAV-shTDP-43 mice exhibited a significant reduc-

tion in sucrose preference when compared to AAV-shCON mice (Figure 5C). Furthermore, analyses of the FST and TST demonstrated that

AAV-shTDP-43 mice display a significantly higher percentage of total immobility compared to AAV-shCONmice (Figures 5D and 5E). These

findings suggest that disruption of TDP-43 in the SCN can induce depressive behaviors in mice. In addition, we sought to examine whether

TDP-43 deficiency in the CA1 region of the hippocampus resulted in similar behavioral outcomes (Figure S4A). However, in the group of mice

with TDP-43 knockdown in the CA1 region of the hippocampus, there were no significant differences observed between AAV-shTDP-43 and

AAV-shCON mice in the OPT, SPT, FST, and TST (Figures S4B–S4E).

Taken together, these data further support that disruption of TDP-43 in the SCN, but not in the hippocampus, can lead to depressive symp-

toms in mice. This may be attributed to the disruption of TDP-43 in the SCN, which subsequently results in dysregulation of core clock genes

and disturbances in circadian rhythms, ultimately inducing prodromal symptoms of FTD in mice, including depression.
TDP-43 deficiency in SCN disrupts c-fos rhythm in prefrontal cortex

The expression of c-Fos often reflects neuronal activation and highlights circadian rhythms in different cerebral regions, including SCN, nu-

cleus accumbens (NAc), amygdala, hippocampus, and medial prefrontal cortex (mPFC). Their diurnal rhythms of c-Fos are the key mediators

for motivation and reward, while any disruption in the c-Fos rhythm can induce aberrant emotion responses.28–31 To investigate whether

depressive-like behaviors resulting from TDP-43 loss in the SCNmay be related to disrupted rhythms of neural activity in depression-related

brain regions, we conducted a time course of c-Fos expressions in brain regions associated with depression, including the prefrontal cortex

(PFC), amygdala, hippocampus, and NAc.32,33 Immunofluorescent staining revealed significant diurnal rhythms of c-Fos activation in the PFC

region of AAV-shCON mice, with a trough at ZT8 and peaks at ZT20. However, no such rhythmicity was observed in PFC of AAV-shTDP-43

mice (Figures 6A and 6B). Consistent with these results, time course qPCR analysis of c-fosmRNA levels showed no rhythmicity in PFC of AAV-

shTDP-43mice, but exhibited robust rhythmicity in PFC of AAV-shCONmice (Figure S5). In contrast to the PFC, loss of TDP-43 in SCN did not

obviously affect c-Fos rhythmicity in other depression-related brain regions, including the amygdala, hippocampus, and NAc. In the NAc, the

c-Fos expression in both AAV-shCON and AAV-shTDP-43 mice peaked at ZT 20–24 and had a trough at ZT8-12, which consistent with the

rhythmic pattern in the PFC of control mice, whereas c-Fos rhythms in hippocampus and amygdala displayed an inverse rhythmic pattern,

with peaks from ZT4-8 and nadirs from ZT16-20 (Figures 6C–6E). These findings suggested that TDP-43 knockdown in SCN could disrupt
6 iScience 27, 109522, April 19, 2024
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Figure 4. TDP-43 oscillation plays a dominant role in circadian rhythm of mammals

(A) Schematic diagram showing stereotactic injection of AAV expressing shTDP-43 and shCON into the SCN of the hypothalamus.

(B) Western blots depicting TDP-43 levels in the hypothalamus of male and female mice expressing shCON or shTDP-43 following AAV infection for three weeks.

Right: Statistical analysis of protein levels. n = 3 samples per group.

(C) Immunofluorescence staining of the TDP-43 protein in SCN infected with AAV-shCON or AAV-shTDP-43 males and females. The dotted line indicates the

SCN. Immunostained slices (40 mm thickness per slice) were stained with DAPI (blue) and TDP-43 (red) antibody, Green: green fluorescent protein (GFP).

n = 5 mice per group. Scale bar, 1 mm. Left insert: zoom-in on the SCN region. Scale bar, 100 mm. Right: Quantitative analysis of TDP-43 expression in the

SCN. The intensity of TDP-43 normalized to the intensity of the control group.

(D) Double-plotted actograms showing wheel-running activity for AAV-shCON andAAV-shTDP-43malemice. Vertical blackmarks represent activity counts. Gray

indicates dark phase; white indicates light phase. Day1–14 depicts entrainment to an LD cycle; activity occurs in regular 24-h cycle and primarily during darkness.

Day15–28 depicts behavior under DD condition, in which free-running periods are less than 24 h and activity begins slightly earlier each day. n = 14 mice per

group.

(E) Histogram of the period for AAV-shCON and AAV-shTDP-43 mice in LD 12:12 h detected in (D).
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Figure 4. Continued

(F) Longitudinal recording of core body temperature (CBT) in AAV-shCON and AAV-shTDP-43 mice. Mice were exposed to LD cycle for three days, followed by

constant DD condition for three days. Gray areas indicate dark phase; white areas indicate light phase. Values obtained by BD2eJTK analysis are shown in each

subpanel. JTK_P < 0.01 indicates significantly rhythmic. n = 6 mice per group (3 males and 3 females).

(G) Analysis of circadian rhythms detected in (F), including period (left), amplitude (middle) and motor activity (right) between LD and DD phases.

(H) Representative Per2-luc rhythms in ex vivo cultured SCNexplants fromAAV-shCONor AAV-shTDP-43malemice. Right: Rhythmicity analyses of robustness for

SCN explants from AAV-shCON or AAV-shTDP-43 mice. n = 4 samples per group. Unpaired two-tailed t-test for two group comparisons in (B), (C), (E), and (H).

two-way ANOVA with multiple comparison test for (G). Data are presented as mean G SEM, ns indicates no significance; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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rhythmic activation by c-Fos in the PFC, but not amygdala, hippocampus, or NAc, and this disruption was accompanied by depressive-like

behaviors in mice.

Given thatmice with Tdp-43 knockdown in the hippocampus didn’t exhibit depression-like behavior, while their c-Fos expressionmay also

exhibit an arrhythmic pattern in PFC, amygdala, hippocampus, or NAc regions, we then injected AAV-TDP-43 or AAV-shCON in the hippo-

campus of C57BL/6J mice andmeasured immunofluorescent signal of c-Fos in the PFC of mice at anti-phased time points (ZT8 and ZT20).We

found that knockdown of TDP-43 in hippocampus resulted in no significant differences in c-Fos expressions in PFC between AAV-shCON and

AAV-shTDP-43 at either ZT8 or ZT20 (Figures S6A and S6B). Simultaneously, we also assessed c-Fos signaling in other depression-related

brain regions, including the amygdala, hippocampus, and NAc. Immunofluorescence analysis indicated that there were no significant differ-

ences in c-Fos expressions in these brain regions between AAV-shTDP-43 and AAV-shCON (Figures S6C–S6E). These data clearly suggest

that the loss of TDP-43 in the hippocampus did not induce differential rhythmic expression of c-Fos in these brain regions.

Taken together, these findings support the idea that TDP-43 loss in the SCN induces arrhythmic locomotor activity and depressive

behavior through abnormal rhythm of c-Fos activity specifically in the PFC, while TDP-43 deficiency in the hippocampus does not elicit

such responses in these brain regions.

DISCUSSION

Our study has unveiled a compelling connection between the ALS/FTD-associated gene TDP-43, disruptions in circadian rhythmicity, and the

potential role of TDP-43 in depressive disorders, which may serve as a prodromal symptom of FTD. We embarked on this investigation by

initially identifying TDP-43 as a gene exhibiting rhythmic expression patterns. Subsequently, we provided compelling evidences that the

knockdown of TDP-43 disrupts the intricate regulation of core clock genes, ultimately leading to arrhythmicity. Furthermore, our experiments

in mice, where we confirmed that TDP-43 interference significantly affects circadian regulation, underscore the crucial role of TDP-43 in gov-

erning the circadian clock. Importantly, mice expressingAAV-TDP-43 in the SCNexhibited increased depression-like behavior. These findings

resonatewith clinical observations where sleep-wake disturbances are commonly noted in neurodegenerative diseases, and depression often

emerges as an early sign of FTD.27,34 Moreover, prior mouse model studies have demonstrated that unpredictable chronic mild stress can

reduce the amplitude of circadian activity and body temperature, and the disruption of clock rhythmicity or mutations in clock genes can

induce depression-like behavior in mice.35,36 Our findings thus consolidate the intricate link between circadian rhythms, mood disorders,

and neurodegenerative diseases.

Notably, previous research has established TDP-43 proteinopathy in sleep-related brain regions, with sleep-wake disturbances being a

prevalent phenomenon in neurodegenerative diseases.37,38 Sleep-wake cycles play a crucial role in the regulation of protein homeostasis

in the brain. Prolongedwakefulness or sleep deprivation can elevate protein translation factors associatedwith the unfoldedprotein response

(UPR) pathway, which governs protein homeostasis by overseeing processes such as protein synthesis, degradation, and folding. Notably, the

integrated stress response downstreamof theUPR activates the autophagy pathway, inducing protein aggregation and facilitating the degra-

dation of defective organelles.39 However, diminished autophagy facilitates the aggregation of TDP-43/FUS, forming a permanent toxic

loop.40 Additionally, modifying sleep and feeding rhythms in mice results in the desynchronization of clock gene oscillations between the

SCN and hippocampus, consequently causing significant disruptions in learning andmemory.41 Moreover, sleep deprivation significantly ex-

pedites the deposition of amyloid plaques in Alzheimer’s disease (AD) patients, as well as exacerbates tau pathology and dendritic spine loss

in AD mice.42,43 This suggests the involvement of circadian rhythms in ALS and FTD pathogenesis. However, the mechanistic connection be-

tween circadian rhythms and neurodegenerative diseases, as well as the specific functions of TDP-43 in this context, remained elusive. Our

work has revealed that TDP-43 knockdown disrupted the core transcriptional activation governing circadian rhythms. Additionally, it lowered

the expression levels of CLOCK and BMAL1 through its post-transcriptional regulation, resulting in decreased expression of downstream

clock genes. Moreover, the find of arrhythmic Tdp-43 in Bmal1�/� and Cry1�/� mouse fibroblast cells indicated the disruption of core circa-

dian clock genes might also affect the circadian rhythm of TDP-43 expression (Figure S7), which suggests that normal circadian rhythms and

expression of clock genes require the participation of intact TDP-43 and circadian clock genes. Furthermore, we observed that the loss of

TDP-43 in the SCN, but not the hippocampus, induces locomotion arrhythmicity, reduced locomotor activity, and depressive-like behavior

in mice.

Moreover, it’s worth noting that patients with TDP-43 pathology often exhibit hippocampal damage and severe cognitive decline. Consis-

tent with these clinical observations, mice with hippocampal loss of TDP-43 showed cognitive dysfunction.44–46 However, in our study, we did

not observe depression-like behavior in mice expressing AAV-shTDP-43 in the hippocampus. This suggests that the role of TDP-43 in mood

regulation may be more pronounced in the SCN and highlights the region-specific effects of TDP-43 deficiency.
8 iScience 27, 109522, April 19, 2024
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Figure 5. AAV-shTDP-43 in SCN induces depression-like behavior

(A) Schematic diagram showing the timeline for stereotactic injection of AAV expressing shCON and shTDP-43 into the SCN of the hypothalamus followed by

behavioral tests.

(B) Results of open field test, including total distance traveled (left) and percentage of time in center (middle) and percentage of distance traveled in center (right).

Recording time was 5 min.

(C) Percentage of sucrose preference during ZT0 -12 (left) or ZT12- 24 (right).

(D) Percentage of immobility time in the forced swimming test, with the time recorded in the last 4 out of 6 min.

(E) Percentage of immobility time in the Tail Suspension Test, with the time recorded in the last 4 out of 6 min. Unpaired two-tailed t-test for two group

comparisons in (B)–(E). Data are presented as mean G SEM, the n of all data are 15 mice per group (10 males and 5 females), ns indicates no significance;

*p < 0.05, **p < 0.01.
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In mammals, the SCN functions as the primary circadian pacemaker, and changes in circadian clock gene rhythmicity that can be observed

in the paraventricular nucleus (PVN), PFC, rostral agranular insula, amygdala, and hippocampus support the likelihood that clock gene expres-

sions in SCN has brain-wide effects on neural activity.47 It should also be noted that stimulating SCN neurons results in activation of their

cortical-projecting regions,48 such as SCN regulation of clock gene expressions in paraventricular thalamus (PVT), NAc, or mPFC, which ul-

timately modulates daily cycles of dopaminergic transmission. Given this prior understanding, it is reasonable to propose that the SCN could

regulate the accumulation of proteins required for dopaminergic signaling, innervating dopaminergic brain regions to induce changes in ac-

tivity in these regions dependent on time-of-day. Thus, defects or deterioration of the SCN can impair rhythmic cycles in dopamine
iScience 27, 109522, April 19, 2024 9



A B

C

D

E

Figure 6. Loss of TDP-43 in SCN alters the diurnal rhythm of c-Fos in PFC

(A) Immunofluorescence staining of the c-Fos proteins in the brains of male mice infected with AAV-shCON or AAV-shTDP-43. The dotted line indicates the

representative images of c-Fos+ cells over DAPI in PFC regions for a 24 h cycle. Slices were stained with DAPI (blue) and c-Fos (red) antibody. 8 PFC sections

per mouse and n = 4 mice for each time point. Scale bar, 500 mm.

(B) Quantification of c-Fos+ cells overlaid on the DAPI in PFC regions detected in (A).

(C–E) Quantification of c-Fos+ cells overlaid on the DAPI signals in hippocampus, NAc and amygdala regions of male mice for a 24 h cycle, respectively. 8 sections

per mouse and n = 4 mice for each time point. JTK_Cycle analysis was conducted to evaluate c-Fos expression rhythmicity in PFC, hippocampus, NAc and

amygdala. JTK_p < 0.05 indicates significantly rhythmic. All data are presented as mean G SEM.
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transporter (DAT) protein levels, altering responses to reward mediated by SCN—PVT—mPFC projections.49 Furthermore, the rhythmicities

of immediate-early gene expressions (e.g., IEGs, Fos, Egr1, Arc) in the PFC are disrupted in mice with chronic exposure to reversed light-dark

cycle, resulting in anxiety-like behaviors.50 Previous studies have shown that c-Fos in the NAc and mPFC regions is rhythmically expressed,

reaching the highest in the active phase (ZT18) and the lowest during the rest phase (ZT10). In contrast, the circadian expression of c-Fos

in the hippocampus displays the inverse rhythmic pattern. This rhythmic neural activation may contribute to the circadian regulation of

emotion-related behaviors.29,31 However, our study revealed that TDP-43 knockdown in SCN led to arrhythmic expression of c-Fos in PFC.

This finding might suggest that TDP-43 deficiency disrupts the circadian pattern of c-Fos in the PFC, potentially contributing to depres-

sion-like behaviors. These findings have significant clinical implications, particularly considering the overlap between psychiatric disorders

and ALS/FTD.

Previous research has indicated that psychiatric disorders are prevalent among ALS patients, often emerging within 1–5 years after the

initial ALS diagnosis.51–54 This underscores the intricate interplay between psychiatric conditions and ALS/FTD and suggests a shared path-

ophysiological basis. Several studiesmay explain the link between depression anddementia. It is possible that psychiatric disorders, including

depression contribute to dementia, involving the hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis and a decline in metabolic

capacity of brain cells.55,56 Alternatively, dementia-related cognitive, behavioral and lifestyle changes precipitate the onset of depression.57,58

In addition, mood stabilizers like lithium, commonly used to treat mood disorders, have shown promise in improving symptoms in ALS/FTD

patients, particularly in ALS patients with variants of the UNC13 presynaptic protein.18,59 Moreover, light therapy could normalize melatonin

secretion in FTD patients and effectively treat sleep-wake and behavioral activity disorders in these patients. This suggests that the regulation

of circadian rhythms can play a significant role in mitigating the symptoms of FTD.60,61

In summary, our study has established a compelling link betweenmood disorders and neurodegenerative disorders, shedding light on the

specific brain regions responsible for behavioral disturbances and highlighting the critical role of TDP-43 in circadian regulation. These find-

ings hold promise for future clinical treatment strategies for ALS/FTD.

Limitations of the study

While our study provides valuable insights, it is not without limitations. First and foremost, our investigation primarily focused on assessing

anxiety and depression behaviors in mice, without encompassing variations in cognitive behaviors. Cognitive deficits are significant compo-

nents of neurodegenerative diseases, and future research should aim to address these aspects comprehensively. Secondly, we did not mea-

sure the molecular markers associated with ALS/FTD in our mousemodels or in individuals with mental illness disorders. This aspect warrants

further exploration to establish amore comprehensive understanding of the intricate links between the circadian clock andmental and neuro-

degenerative diseases. Future research endeavors should aim to bridge these gaps andprovide amore holistic perspective on these complex

relationships.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-CLOCK MBL International Cat# D334-3

Rabbit anti-BMAL1 Abcam Cat# 3350

Rabbit anti-PER2 Abcam Cat# ab179813

Rabbit anti-TDP-43 Proteintech Cat# 10782-2-AP

Rabbit anti-CRY1 Bethyl Laboratories Cat# A302-614A-T

Rabbit anti-CRY2 Bethyl Laboratories Cat# A302-615A

Mouse anti-GAPDH Proteintech Cat# 60004

Mouse anti-b actin Proteintech Cat# 66009

Anti-rabbit HRP-linked secondary Cell Signaling Cat# 7074

Anti-mouse HRP-linked secondary Cell Signaling Cat# 7076

Rabbit anti-cFos Cell Signaling Cat# 2250

Goat anti-mouse, Alexa-Fluor-488 Thermo Fisher Scientific Cat# A11001

Gonkey anti-rabbit, cyanine Cy3 Jackson ImmunoResearch Cat# 711-165-152

Deposited data

The original data generated in this work has

been deposited in Mendeley Data

This work Mendeley Data:

https://doi.org/10.17632/dnnnyj8ftk.1

Bacterial and virus strains

Virus: pAAV-U6-shRNA(Tdp-43)-CMV-

EGFP-WPRE (Serotype: AAV2/9)

Shanghai OBiO Technology Cat# Y25761

Virus: pAAV-U6-shRNA(CON)-CMV-

EGFP-WPRE (Serotype: AAV2/9)

Shanghai OBiO Technology Cat# Y11982

Bacterial strain: Trans1-T1 Phage Resistant TransGen Cat# CD501-02

Chemicals, peptides, and recombinant proteins

PMSF AMRESCO Cat# 0754

Protease inhibitors, Complete Mini, EDTA-free Roche Cat# 11836170001

B27 Thermo Fisher Cat# 17504044

Critical commercial assays

Bright- Glo� Luciferase Assay System Promega Cat# E2620

Phanta Super-Fidelity DNA Polymerase Vazyme Cat# P501-d1

Lipofectamine 2000 Thermo Fisher Cat# 12566014

Lipofectamine 3000 Thermo Fisher Cat# L3000015

PrimeScript� RT Master Mix Takara Cat# RR036A

SsoAdvanced� Universal SYBR� Green Supermix BioRad Cat# 1725275

M5 SuperFast Seamless Cloning Mix Mei5Bio Cat# MF017

Experimental models: Cell lines

HEK-293T cells ATCC RRID: CVCL_0063

U2OS cells ATCC RRID: HTB-96

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX Stock#: 000664

Mouse: mPer2Luc: B6.129S6-Per2tm1Jt/J Yoo et al.62 JAX Stock#: 006852

(Continued on next page)

iScience 27, 109522, April 19, 2024 15

https://doi.org/10.17632/dnnnyj8ftk.1


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for qPCR detection, see Tables S2 and S3 This paper N/A

shRNA for TDP-43 knock down, see Table S1 This paper N/A

Primers for cDNA amplification, see Table S5 This paper N/A

Recombinant DNA

Plasmid: pGL3-SV40-Ebox-dLuc This paper N/A

Plasmid: pcDNA3.1-CMV-3F6H-human Clock This paper N/A

Plasmid: pcDNA3.1-CMV-3F6H- human Bmal1 This paper N/A

Plasmid: pcDNA3.1-CMV-3F6H- human Cry1 This paper N/A

Plasmid: pcDNA3.1-CMV-3F6H-human Tdp43 This paper N/A

Plasmid: pcDNA3.1-CMV-3F6H-EGFP This paper N/A

Plasmid: pCDH-CMV-human Tdp43-EF1a-GFP This paper N/A

Plasmid: pREV Tiscornia et al.63 N/A

Plasmid: pVSVG Tiscornia et al.63 N/A

Plasmid: pMDL Tiscornia et al.63 N/A

Plasmid: pLKO.1-U6-shTDP-43 This paper N/A

Plasmid: pLKO.1-control This paper N/A

Software and algorithms

LumiCycle analysis Actimetrics N/A

JTK Cycle Hughes et al.64 https://openwetware.org/mediawiki/

index.php?title=HughesLab:

JTK_Cycle&oldid=971822

BioDare2 Zielinski et al.23 https://biodare2.ed.ac.uk

Clock lab software Actimetrics N/A

PRISM GraphPad https://www.graphpad.com/scientific-software/prism/

Microsoft Excel Microsoft N/A

rowheadOther

SDS-PAGE loading buffer (6X) Beyotime Cat# P0015F

Thermo Scientific Pierce IP Lysis Buffer Thermo Fisher Scientific Cat# 87788

TRIzol� Reagent Thermo Fisher Cat# 15596018

DAPI Sigma-Aldrich Cat# D9542

DMEM Gibco Cat# 11965092

Opti-MEM� I Reduced-Serum Medium (1X), liquid Invitrogen Cat# 51985034

Archimed X6 qPCR machine RocGene Tecnology Co. N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Eric Erquan Zhang

(zhangerquan@nibs.ac.cn).
Materials availability

All unique reagents generated in this study are available from the lead contact upon request.
Data and code availability

� Original data have been deposited at Mendeley Data (https://data.mendeley.com/) and are publicly available as of the date of pub-

lication. Accession number is listed in the key resources table.
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� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal procedures

All animal procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committees (IACUC) at the

National Institute of Biological Sciences (NIBS). Male and female C57BL/6J mice aged between 8-12 weeks were used for this study. Themice

were maintained under natural light-dark cycle (12 hours of light and 12 hours of darkness), with ad libitum access to food and water. Room

temperature was maintained between 18�C and 22�C, with humidity ranging from 40 to 70%. Random selection of mice was carried out for

both virus injection and behavioral tests.

METHOD DETAILS

Cell culture

Human bone osteosarcoma epithelial (U2OS) (ATCC: RRID: HTB-96) cells and HEK293T (ATCC: CVCL_0063) cells were cultured at 37�C in a

5% CO2 atmosphere. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher) supplemented with 10% fetal

bovine serum (FBS, Gibco) and 100 U/ml Penicillin-Streptomycin (PS, Thermo Fisher).

Plasmids construction and stable cell line generation

The TDP-43 sequence was amplified from human cDNA using the primers listed in Table S5 and cloned into pCDNA3.1(+) and Lenti-vector

(PCDH-CMV) using the seamless cloning method. The sequences of shRNA-TDP-43 (Table S1) were synthesized and cloned into pLKO.1-U6-

vector (referred to as shTDP-43 in the text). Stable shTDP-43 and shCONcell lines were generated as previously described.63 Briefly, HEK293T

cells were transfected with PCDH-CMV-TDP-43 or pLKO-U6-shTDP-43/shCON and lentiviral packaging plasmids using Lipofectamine 3000

(Thermo Fisher) following themanufacturer’s instructions. 4 mg of total DNA plasmid, 8 ml of Lipofectamine 3000 and 500 ml of opti-MEMwere

mixed and added to each well of 6 well-plate (according the mass ratio pMDL:pVSVG:pREV = 270:176:95, 2.23 mg of packaging plasmids

mixture and 1.77 mg PCDH-CMV-TDP-43 or pLKO-U6-shTDP-43 / shcon). After transfection for 48 hours, the lentivirus-containing cell super-

natant was filtered through a 0.45 mm filter and used to infect the target cell lines. Infected cells were sorted with flow cytometry, and knock-

down efficiency of shTDP-43 was assessed via qPCR (for primers, see Table S2).

Luciferase assay

In the luciferase assay, HEK293T cells were transfected with 20 ng Ebox-dLuc reporter and varying amounts of other plasmids (30, 50 or 80 ng

pcDNA3.1-TDP-43, 160, 130 or 100 ngmixture of pcDNA3.1-Clock and pcDNA3.1-Bmal1, 10 ng pcDNA3.1-Cry1, and appropriate pcDNA3.1-

EGFP to reach a total of 200 ng) in 96-well plates. This assay was performed 48 hours post-transfection using the Promega Dual-Luciferase

Reporter Assay System according to the manufacturer’s instructions. All experiments were conducted at least three times.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from cells using TRIzol (Thermo Fisher). cDNA was synthesized using a PrimeScript RTMaster Mix Real-time RT-PCR

Kit (Takara) and analyzed by qRT-PCR with a SYBR Green Supermix kit (Bio-rad). For the time course qPCR, cells were synchronized using a

50% serum shock for two hours, followed by harvesting at six time points over 24 hours. Gene primers for qPCR are listed in Table S3, and

rhythmicity was analyzed using JTK_Cycle.64

Western blotting

For cell extracts, U2OS cells were lysed in SDS sample buffer and boiled. For tissue extracts, brains were homogenized and lysed in RIPA

buffer. Protein samples were separated by SDS–PAGE, transferred to polyvinylidene difluoride membranes (Millipore), the membranes

were incubated in 5%milk at room temperature for 1 hour, followed by overnight incubation with primary antibodies at 4�C, the membranes

with combined primary antibodies then visualized using horseradish peroxidase-conjugated secondary antibodies for 1 h at room temper-

ature, The blot signal was detected using Immobilon ECL substrate (Millipore). Primary antibodies included anti-CLOCK (MBL, 1:2000),

anti-BMAL1 (Abcam, 1:1000), anti-PER2 (Abcam, 1:2000), anti-CRY1 (Bethyl Laboratories, 1:1000), anti-CRY2 (Bethyl Laboratories, 1:1000),

anti-TDP-43 (Proteintech, 1:2000), anti-GAPDH (Proteintech, 1:5000) and anti-b-actin (Proteintech, 1:10000). Secondary antibodies were

anti-mouse IgG-HRP and anti-rabbit IgG-HRP (CST). The time-course of protein level was analyzed with JTK_Cycle software package.64

Immunofluorescent staining

For brain tissue staining, mice were perfused with cold 4% PFA (4% PFA in 0.01 M PBS, pH 7.4), the brain was dissected and immersed in 4%

PFA for 4�6 h at room temperature, followedby cryoprotection in 30% sucrose overnight until it sank to the bottomof the tube. Subsequently,

the brain was frozen on dry ice and embedded in OCT. Coronal brain slices, 40 mm thickness, were sectioned using a cryostat at �20�C. For
TDP-43 staining in SCN, the SCN region was collected from each slice (bregma�0.22mm to�0.82mm); for TDP-43 staining in hippocampus,
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the hippocampal region was collected from every third brain slice (bregma �0.94 mm to �1.94 mm); for c-Fos staining in PFC (bregma

1.98 mm to 0.74 mm), NAC (bregma 1.94 mm to 0.62 mm), amygdala (bregma �0.58 mm to �2.3 mm), and hippocampus (bregma

�0.94 mm to �1.94 mm), each of these regions was collected from every third brain slice and 4-8 slices were selected after staining for sta-

tistical analysis. These brain slices were washed three times with 0.3% PBST (0.3% Triton X-100 in PBS) and blocked with 0.2% Bovine Serum

Albumin (BSA) for 2 h at room temperature. Following blocking, the slices were incubated with primary antibodies overnight at 4�C and then

with corresponding fluorescence-conjugated secondary antibodies for 2 hours in darkness at room temperature. Primary antibodies included

rabbit polyclonal anti-c-Fos (CST, 1:1000), and rabbit polyclonal anti-TDP-43 (Proteintech, 1:100). Fluorescence-conjugated secondary anti-

bodies included Alexa-Fluor-488 goat anti-mouse IgG (Thermo Fisher Scientific, 1:1000), cyanine Cy3 donkey anti-rabbit IgG (Jackson

ImmunoResearch, 1:1000), and Alexa-Fluor-647 donkey anti-rabbit IgG (Jackson ImmunoResearch, 1:1000). Brain slices were stained with

DAPI and imaged using an Olympus SLIDEVIEW VS200 digital slide scanner.

Stereotactic virus injection

Adult C57BL/6J andmPer2-Luc knockin (aged 8–10 weeks old) mice were euthanized with pentobarbital sodium and placed in a stereotaxic

rig, then injected with AAV9-U6-shRNA (TDP-43 or CON)-CMV-EGFP-WPRE (referred to as AAV-shTDP-43 or AAV-shCON) into the bilateral

SCN or CA1 of the hippocampus using stereotactic coordinates (ML:G0.25 mm, AP: - 0.42 mm, DV: 5.42 mm for SCN, ML:G1.68 mm, AP: -

2 mm, DV: 1.87 mm for CA1 of the hippocampus). The injection was conducted using a glass cannula and a microsyringe pump at a specific

flow rate into each SCNor CA1 region for 400 nl unilaterally. The glass cannula was left in place for 20mins before withdrawal. The titre of AAV-

shTDP-43 and AAV-shCON was higher than 2 3 1012 vg/ml.

Bioluminescence rhythms in cell and tissue culture

To record rhythmicity in shTDP-43 knockdown cells and SCN explants, human U2OS cells harboring PER2-LUC infected with shcon and

shTDP-43 lentivirus were cultured in 3.5 cm dishes, after growing to 95% confluence, followed by replacing with XMmedium (DMEMmedium

containing 10 mM HEPES pH 7.0, 0.1 mM D-luciferin, 50 U/ml penicillin-streptomycin and 2% B27 supplement) and sealed with high vacuum

grease. Finally, the cells were subjected to Lumicycle recording for 5–7 days. For recording the bioluminescence rhythmicity of SCN, the adult

mPer2-Luc knockin male mice were injected with AAV-shTDP-43 or AAV-shCON, after expressing for 3 weeks, mice were euthanized and har-

vested quickly in cold HBSS buffer, coronally sliced the brain with 250 mm on a vibrating microtome until the visible SCN appeared, the SCN

tissues were cultured on Millicell culture membrane (Millipore) in 3.5 cm dishes and recording for 7–9 days. Data were analyzed using the

LumiCycle Analysis software.

Wheel-running analysis

Voluntary wheel running is widely used in circadian rhythm studies. Male mice were placed in cages with a cart-shaped wheel to allow volun-

tary movement of the mice on the wheel, the spins are transferred electronically to a USB hub so that the frequency and rate of runs can be

captured via a software program for data storage and analysis over different time periods.65 Three weeks after AAV-shCON and AAV-shTDP-

43 expression in SCN or hippocampus, mice were individually housed in cages equipped with infrared sensors to detect wheel-running ac-

tivity. After ZT12 (lights out) on day 14 of entrainment under LD cycle, mice were switched to DD phase to analyze their endogenous circadian

rhythms with the ClockLab system, the locomotor activity and period were calculated using standard parameters in the ClockLab software.

Core body temperature recording

The E-mitter system is capable of collecting animal core body temperature and general activity data. Circadian rhythms of core body tem-

perature exhibit maximum temperatures during dark phase and minimum temperatures during light phase.66,67 After three weeks of AAV-

shCON and AAV-shTDP-43 expression in SCN of male and female mice, mice were anesthetized with pentobarbital sodium and placed in

a supine position. The abdomen of each mouse was then shaved with a shaving device and disinfected with 75% alcohol, before introducing

an approximately 1 cm incision through the skin and abdominal muscle layers by sterile technique. Each E-mitter (Starr Life Sciences) required

at least 5 hours of sterilization before use and repeated flushing in 0.9% sterile saline solution before placement into the peritoneal cavity. The

E-mitter was sutured to the peritoneal wall using a single-needle non-absorbable suture, and then the peritoneal muscle layer and skin layer

were sutured separately with absorbable sutures.68 After surgery, each mouse was placed in a clean cage with food and water ad libitum and

allowed 1 week to recover. After this recovery/acclimation period, mice were treated with LD cycle for 3 days, followed by three days of DD

condition. The rhythmicity was analyzed with BioDare2 software package, including period, amplitude.23

Behavioral analyses

Behavioral tests were conducted at least 3 weeks after stereotactic virus injection inmale and femalemice. Except for sucrose preference tests

that were conducted from ZT0 – ZT12 (8:00 am – 8:00 pm) or ZT12 – ZT24 (8:00 pm – 8:00 am), all other behavioral assays were performed

during the light phase (ZT4 – ZT8, i.e. 12:00 am-4:00 pm). Except for the sucrose preference test, mice were transferred to test room to adap-

tion for 1 hour. The behavioral tests were conducted in the following order: Sucrose Preference Test, Open Field Test, Forced Swimming Test,

and Tail Suspension Test, with a 2-day interval between two individual behavioral assays, and behavioral equipment were cleaned with 75%

ethanol between each batch of mice.
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Open Field Test (OPT): Used to examine anxiety-like behavior. Mouse activity was monitored in an open field apparatus (44 cm3 44 cm3

30 cm), the track ofmicewasmonitoredby video camera (SARGO) and allowed to record for 5mins, and total distance traveled, percentage of

time spent in open field, percentage of distance traveled in open field were analyzed using Smart v3.0.

Sucrose Preference Test (SPT): Performed to evaluate rewarding activities and anhedonia. Mice were provided with two bottles, one con-

taining 2% sucrose and the other pure water. Prior to the test, mice were adapted to the two drinking bottles in their home cages for two days,

the positions of the two bottles are swapped daily to reduce any biased side effects. Following this acclimation, mice freely choose to

consume sugar water or pure water, and sucrose preference was calculated following this formula: sucrose intake percentage% = sucrose

intake / (sucrose + water intake) *100%.

Forced Swimming Test (FST): A behavioral despair-based test wheremicewere placed in a transparent beaker (10 cmdiameter) containing

water (22�C�26�C) at a depth of 20 cm and monitored for 6 mins by video camera. The duration of immobility was analyzed the 4 mins of

recording following by 2 mins of habituation. The water was changed and the transparent beaker was cleaned for each mouse tested. The

mice were considered immobile only when they floating in water and were completely motionless.

Tail Suspension Test (TST): For this despair-based behavioral test, mice were suspended by their tails at a height of 40 cm from the ground

and monitored for 6 mins by video camera. The duration of immobility was scored during the last 4 min of recording following by 2 min of

habituation. The mice were considered immobile only when they hung upside down completely motionless.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performedusing Excel andGraphPadPrism 8 software. It includedone-way and two-way analysis of variances (ANOVA)

followed by Tukey’s multiple comparisons test and Sidak’s multiple comparisons, as well as unpaired two-tailed for two group comparisons.

All statistical analysis for individual experiments are described in indicated figure legends. Error bars represent the standard error of the

mean G SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The detailed results of each statistical analysis are provided in Table S6.
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