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Introduction

Neuromyelitis Optica (NMO) is an inflammatory demyelinating disease of the central nervous system (CNS). NMO manifests as selective and severe attacks on axons and myelin of the optic nerve and spinal cord, resulting in necrotic cavities. The circadian rhythms are well demonstrated to profoundly impact cellular function, behavior, and disease. This study is aimed to explore the role and molecular basis of circadian rhythms in NMO.



Methods

We used an Aquaporin 4(AQP4) IgG-induced NMO cell model in isolated astrocytes. The expression of Cx43 and Bmal1 were detected by real-time PCR and Western Blot. TAT-Gap19 and DQP-1105 were used to inhibit Cx43 and glutamate receptor respectively. The knockdown of Bmal1 were performed with the shRNA containing adenovirus. The levels of glutamate, anterior visual pathway (AVP), and vasoactive intestinal peptide (VIP) were quantified by ELISA kits.



Results

We found that Bmal1 and Clock, two essential components of the circadian clock, were significantly decreased in NMO astrocytes, which were reversed by Cx43 activation (linoleic acid) or glutamate. Moreover, the expression levels of Bmal1 and Clock were also decreased by Cx43 blockade (TAT-Gap19) or glutamate receptor inhibition (DQP-1105). Furthermore, adenovirus-mediated Bmal1 knockdown by shRNA (Ad-sh-Bmal1) dramatically decreased the levels of glutamate, AVP, and VIP from neurons, and significantly down-regulated the protein level of Cx43 in NMO astrocytes with Cx43 activation (linoleic acid) or glutamate treatment. However, Bmal1 knockdown did not alter these levels in normal astrocytes with Cx43 blockade (TAT-Gap19) or glutamate receptor inhibition (DQP-1105).



Discussion

Collectively, these results suggest that Cx43-glutamate signaling would be a critical upstream regulator that contributes to the NMO-induced rhythmic damage in SCN astrocytes.
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   1 Introduction

 The rare disease Neuromyelitis Optica (NMO) causes debilitating, occasionally fatal changes in the central nervous system (CNS) including attacks of severe blindness and paralysis (1, 2). It is caused by antibodies directed against the water channel protein aquaporin-4 (AQP4) that is concentrated at the blood-brain barrier in astrocytic foot processes (3–5). An AQP4-specific antibody (NMO-IgG) is a B cell-dependent antibody subclass, emphasizing the synergistic role played by cellular and humoral arms of adaptive immunity during the pathogenesis of NMO (6, 7). In 2015, the International NMO Diagnostic Team developed a new diagnostic standard for NMO spectrum disorders (NMOSD), which further stratified the diagnosis of NMOSD into AQP-4-IgG-positive and -negative (8).

 Circadian rhythms govern the periodicity of physiological processes in living beings (9). A critical role is played by it in animal behavioral and physiological processes as well as disease states (10–12). A clock gene activity network controls this rhythm, which is affected by environmental cycles (especially light) (13). There has been research on the influence and importance of the circadian clock for some autoimmune and inflammatory conditions, including rheumatoid arthritis, and inflammatory bowel disease (14–16). In NMOSD patients, sleep disturbances are also associated with fatigue, according to a recent clinical study (17). Although these reports have not been investigated in-depth, they suggest that changes in daily rhythms may be associated with the disease course of NMOSD (18). The main clinical manifestations of NMOSD are visual loss and paralysis, as well as an obvious circadian rhythm disorder (8). Conversely, the disorder of circadian rhythm can induce the disorder of immune function and increase the risk of disease recurrence (19). Therefore, the regulatory role of circadian rhythm may largely contribute to disease prevention and treatment of NMOSD.

 There have been many cases reported that NMOSD patients with hypothalamic impairment to present with symptoms of sleep rhythm disorder (17). Sleep has the function of consolidating immune memory and enhancing immune defense (20, 21). And the immune status of animals and humans, such as cytokines and other immune mediators, will also affect the punctuality process of the circadian rhythm (22–24). Therefore, there is a bidirectional relationship between the circadian system and the immune system (25). The Suprachiasmatic Nucleus (SCN), known as the “master clock” in mammals, receives light-entrained signals through the retinal hypothalamus bundle to keep the body adapted to its internal and external environment (26–28). NMOSD lesions are most easily involved in the optic nerve, optic chiasma, and hypothalamus where AQP4 is highly expressed (4). The same anatomical basis may be an important site for the bidirectional influence of NMO and the circadian system (29, 30). So far, the research on the characteristics of NMOSD circadian rhythm disorder is not in-depth enough, and the interaction between NMOSD and circadian rhythm disorder and its mechanism is still not clear.

 Prolo et al. confirmed the existence of clock genes expressed rhythmically in astrocytes (31), and Brancaccio et al. reported that astrocytes autonomously initiate and maintain complex diurnal behavior of mammals through glutamate energy signals (32). It was found that inhibition of Connexin 43 (Cx43) specifically expressed in the astrocytes could interfere with the release of glutamate to affect the diurnal oscillation of clock gene expression in the astrocytes, and the increase of Cx43 expression could induce the formation of the clock system (33). Cx43-mediated gap junction supports neuron-glial interaction (34). This suggests that the astrocytes are important regulators of circadian rhythms (35). The target antigen of the AQP4 antibody is AQP4 located on the astrocyte’s foot process, and the astrocytes are involved in the pathogenesis of NMOSD (36–38). The astrocytes with dual identities are likely to be the hubs of bidirectional regulation of NMOSD and circadian rhythm disorder, but their roles and mechanisms in NMOSD circadian rhythm disorder are still unknown. Cx43-glutamate may play an important regulatory role in astrocytes’ participation in circadian rhythm, but no relevant reports have been reported in NMOSD and further studies are needed ( Figure 1 ).

  

 Figure 1 | Astrocytic regulation hypothesis of circadian disruption in NMO. Neurons are the main pacing cells in SCN, which integrate and synchronize the circadian rhythm of each cell through the neuronal network. Astrocytes are involved in the pathogenesis of NMOSD, and are also important regulators of circadian rhythm. They affect circadian rhythm through glutamate pathway. We hypothesized that the expression of clock gene Bmal1 in NMO astrocytes would affect Cx43 and glutamate levels, and then regulate the release of neuronal synchronization signals. Circadian system and immune system interact in a bidirectional manner: NMO disease state can lead to circadian rhythm disorder, and circadian rhythm disorder can also induce NMO disease recurrence. 

 

 In conclusion, it is of great theoretical and practical clinical significance to explore the interaction between NMOSD medium astrocytes and circadian rhythm regulation and its underlying mechanism. In this study, anti-AQP4 IgG was used to induce an NMO cell model to evaluate the potential role of Cx43 on the NMO-induced neuron injury and circadian rhythms damage. We found that the Cx43-glutamate signaling and circadian rhythm regulating genes (Bmal1 and Clock) were significantly decreased in a time-dependent manner. Moreover, we found that the levels of Bmal1 and Clock were significantly decreased in normal astrocytes with a specific Cx43 hemichannel (Cx43 HC) inhibitor TAT-Gap19. Conversely, they were increased in the NMO-induced astrocytes with a Cx43 activator LA. Our results also suggested that the decreasing of Bmal1 contributes to the disease aggressiveness of NMO. Activation of Cx43-glutamate signaling would be promising strategy for the therapy of NMOSD and prevent NMO-damaged circadian rhythms.

 
  2 Materials and methods

  2.1 Primary astrocytes isolation and culture

 Mixed SCN was removed from mice and minced with scissors in ice-cold HBSS (Gibco), then digested with 0.25% trypsin solution (Gibco, Carlsbad, CA, USA) at 37°C for 30 min. The dissociated cells were rinsed and re-suspended in high glucose DMEM and counted. Cells were plated in a T25 flask at a density of 30000 cells/cm2. After 2 days, the high glucose DMEM medium containing 10% FBS (Gibco) and 1% Penicillin/Streptomycin (Gibco) was changed to remove cell debris. 9–10 days later, we passaged the first split astrocyte population at the appropriate cell concentration for the experiment. The purity of astrocytes was confirmed by immunofluorescence and fluorescence activated cell sorting (FACS) analysis of GFAP-positive cells, which was up to 99.8%. Briefly, the cells were stained with FITC labeled anti-GFAP antibody (Biolegend, USA). Data were collected using a FACSCalibur cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo (Tree Star) software. For the NMO induction of astrocytes, the anti-AQP4 IgG (5 ug/mL) and human complement (10 ug/mL) was added into the culture medium of astrocytes for the indicated time.

 
  2.2 Primary neurons isolation and culture

 Cortical tissues were removed from mice mechanically isolated in an Opti MEM medium (Gibco). The cells were cultured on a flask coated with 0.05 mg/mL poly-D-lysine in neurobasal medium supplemented with B27 (Gibco) at 37°C and 5%CO2, and the medium was changed every 3 days. After 12-15 days, after fixation with 4% paraformaldehyde, the concentration and purity of neurons were confirmed by staining with MAP2 antibody. To evaluate the effect of astrocytes on neurons, the cultured astrocytes on the bottom (1.5×105 cells/well in 6-well plates) and the cultured neurons in the Transwell chamber (5×104 cells/well in 6-well Transwell plates, 0.4 μm) were co-cultured for 24 hours to observe the effect of astrocytes on neurons.

 
  2.3 NMOSD in vitro astrocyte model

 The NMOSD in vitro astrocyte model was established as previously reported (39). Briefly, the anti-AQP4 IgG (5 μg/mL) and human complement (C3,10 μg/mL, Complement Technology, Beijing) were added into the culture medium of astrocytes for the indicated time. For the co-culture of astrocytes and neurons, the astrocytes were seeded in the lower chamber of Transwell (Corning, USA), the neurons were seeded in the upper chamber of Transwell (Corning, USA).

 
  2.4 Quantitative real-time PCR (qRT-PCR)

 Total RNA was lysed with TRIzol reagent and cDNA was synthesized using a one-step RT-PCR kit (Thermo Fisher Scientific). Real-time fluorescence quantitative PCR (qRT-PCR) was performed using the ABI Vii7 system (Applied Biosystems, USA). GAPDH is used as a housekeeping gene. The 2-△△CT cycle threshold method (40) was used to calculate relative gene expression levels. Primers used for QRT-PCR analysis are listed in Table 1.

  TABLE 1| Primer sequences for QRT-PCR analysis.

 

 
  2.5 Enzyme-linked immunosorbent assay (ELISA) assay

 Levels of Glu, ANP, and VIP in the cell culture medium were determined using commercially available ELISA kits (eBioscience Co., San Diego, CA, USA) according to the manufacturer’s instructions. In simple terms, take 100 μL supernatant, diluted standard, quality control, and diluted buffer (blank) and place on a pre-coated plate containing monoclonal antibody for 2 hours. Add 100 μL biotin-labeled antibody and incubate for 1 hour. Wash the plate, add 100 μL streptavidin-HRP conjugate, and incubate in the dark for 30 min. Adding 100 μL substrate and stop solution indicates the last steps before reading the absorbance (450nm) on the microplate reader.

 
  2.6 Western blot

 Total cellular proteins were lysed by RIPA buffer containing protease inhibitors (Beyotime, China). The protein extractions were harvested and quantified by bicinchoninic acid (BCA) analysis (Beyotime, China). Protein extractions were separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA). The membranes were incubated with antibodies against Cx43 (Abcam, Cambridge, MA, USA) and GAPDH (Abcam, Cambridge, MA, USA) as previously described. Using GAPDH as endogenous controls, we determined the loading of total proteins.

 
  2.7 Statistical analysis

 Data are presented as mean ± SD (mean ± standard deviation) for at least three independent experiments. Statistical analyses have been performed using GraphPad Prism 9 software (GraphPad Software Inc., La Jolla, CA, USA). One-way ANOVA and Student t-tests were used to compare means between groups. It is statistically significant when P less than 0.05 is used.

 
 
  3 Results

  3.1 The expression of Cx43 protein and circadian rhythm regulating gene (Bmal1 and Clock) are time-dependently decreased in astrocytes after NMO induction

 To understand the effect of NMO induction on the level of Cx43 and circadian rhythm-regulating genes (Bmal1 and Clock), we constructed an anti-AQP4 IgG-induced NMO model in SCN astrocytes. The SCN astrocytes were isolated from the SCN tissues. The identity of SCN astrocytes was confirmed with the expression of an astrocyte-specific marker, GFAP, by immunofluorescence staining ( Figure 2A ). The purity of SCN astrocytes was further confirmed by fluorescence activated cell sorting (FACS) analysis, which was up to 99.8% ( Figure 2B ). The isolated astrocytes were then treated with anti-AQP4 IgG (5 μg/ml) or control IgG (5 μg/ml) and human complement (10 μg/ml) for 0,6,12,18 and 24 hours. The protein level of Cx43 was significantly decreased after 12 hours of treatment with NMO induction ( Figure 2C ). Moreover, the mRNA levels of circadian rhythm-regulating genes (Bmal1 and Clock) were decreased after 12 hours of treatment with NMO induction ( Figure 2D ). Considering neurotransmitter glutamate (Glu) is mainly taken up by surrounding astrocytes after interaction with receptors in the synapse, we then detected the levels of Glu in astrocytes. Notably, the level of Glu also dramatically decreased after 12 hours of treatment with NMO induction ( Figure 2E ). These results suggested that the level of Cx43 protein and circadian rhythm regulating gene (Bmal1and Clock) may be involved in the NMO induction in astrocytes.

  

 Figure 2 | The expression of Cx43 protein and circadian rhythm regulating gene (Clock and Bmal1) are time-dependently decreased in astrocytes after NMO induction. (A) The identity of isolated SCN astrocytes was confirmed with GFAP by immunofluorescence staining. (B) The purity of SCN astrocytes was further confirmed by fluorescence activated cell sorting (FACS) analysis. (C) The protein levels of Cx43 in SCN astrocytes with or without NMO induction were analyzed by Western Blot. (D) The mRNA levels of circadian rhythm regulating genes (Clock and Bmal1) in SCN astrocytes with or without NMO were analyzed by real-time PCR. (E) the levels of Glu in SCN astrocytes with or without NMO-IgG induction were analyzed by ELISA. *P<0.05, **P<0.01, ***P<0.001, compared with the blank group. N=3. 

 

 
  3.2 Astrocytes after NMO induction significantly decreased the neuropeptides (AVP and VIP) released from co-cultured neurons

 To evaluate the NMO astrocytes-induced neuron circadian rhythm dysregulation, we constructed a co-culture model of astrocytes and neurons. The neurons were isolated from the cortical tissues. The identity of neurons was confirmed with the expression of a neuron-specific marker, MAP2, by immunofluorescence staining ( Figure 3A ). The purity of neurons was further confirmed by fluorescence activated cell sorting (FACS) analysis, which was up to 96.8% ( Figure 3B ). After the co-culture of NMO inducted astrocytes and neurons were for 0,6,12,18 and 24 hours. The protein level of neuropeptides, including arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP), were detected by ELISA kits. The level of AVP was decreased at 24 hours of co-culture with NMO astrocytes ( Figure 3C ), whereas VIP was significantly decreased after 12 hours of treatment with co-culture with NMO astrocytes ( Figure 3D ). These results demonstrated an obvious NMO astrocytes-induced AVP and VIP circadian rhythm release from the neuron.

  

 Figure 3 | Astrocytes after NMO induction significantly decreased the neuropeptides (AVP and VIP) released from co-cultured neurons. (A) The identity of neurons was confirmed with the expression of MAP2 by immunofluorescence staining. (B) The purity of neurons was further confirmed by fluorescence activated cell sorting (FACS) analysis, which was up to 96.8%. After the co-culture of NMO inducted astrocytes and neurons for 0,6,12,18 and 24 hours. The protein level of AVP (C) and VIP (D) were detected by ELISA kits. **P<0.01, ***P<0.001, compared with the blank group. N=3. 

 

 
  3.3 Cx43-glutamate signaling inhibition contributes to the NMO-induced circadian rhythm dysregulation

 To evaluate the role of Cx43-glutamate signaling in the NMO-induced circadian rhythm dysregulation, we treated normal astrocytes with a specific Cx43 hemichannel (Cx43 HC) inhibitor TAT-Gap19 (20 μM) or a glutamate N-methyl-d-aspartate receptor (NMDAR) noncompetitive antagonist DQP-1105 (20 μM). Accordingly, the protein level of Cx43 was decreased by TAT-Gap19 mildly, whereas significantly decreased by DQP-1105. We also treated NMO-induced astrocytes with a Cx43 activator Linoleic acid (LA, 50 μM) or glutamate (50 μM) ( Figure 4A ). The results showed that the NMO decreased Cx43 protein level was reversed by LA or glutamate treatment ( Figure 4A ). The levels of glutamate in astrocytes were decreased by TAT-Gap19 and DQP-1105 treatment ( Figure 4B ). However, the suppressed glutamate levels in NMO astrocytes were elevated by LA or glutamate treatment ( Figure 4B ). Meanwhile, the levels of Clock mRNA were decreased by TAT-Gap19 and DQP-1105 treatment in normal astrocytes ( Figure 4C ) and elevated by LA or glutamate treatment in NMO astrocytes ( Figure 4C ). However, the levels of Bmal1 mRNA were unchanged with the DQP-1105 compared with blank group,and with glutamate treatment compared with NMO group ( Figure 4C ). The levels of VIP protein were decreased by DQP-1105 treatment in the co-culture medium of normal astrocytes and neurons ( Figure 4D ) and elevated by LA or glutamate treatment in the co-culture medium of NMO astrocytes ( Figure 4D ). However, the levels of AVP protein were unchanged with these treatments ( Figure 4E ). Collectively, these results demonstrated that Cx43-glutamate signaling impairment is critical to NMO-induced circadian rhythm dysregulation.

  

 Figure 4 | Cx43-glutamate signaling inhibition contributes to the NMO-induced circadian rhythm dysregulation. (A) The protein level of Cx43 in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by Western Blot. (B) The glutamate levels in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by ELISA kit. (C) The mRNA levels of Clock and Bmal1 in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by real-time PCR. The protein level of AVP (D) and VIP (E) were detected by ELISA kits. *P<0.05, ***P<0.001, compared with the indicated group. N=3. 

 

 
  3.4 Bmal1 knockdown reversed the Cx43-glutamate signaling activation

 To explore the critical role of Bmal1 in the Cx43-glutamate signaling impairment in NMO-induced circadian rhythm dysregulation, we constructed a recombinant adenovirus containing a short hairpin RNA targeting Bmal1 to knock down the expression of Baml1 in astrocytes. Interestingly, Bmal1 knock-down significantly inhibited the protein level of Cx43 in the normal astrocytes or NMO astrocytes, which was neither changed by the treatment of TAT-Gap19 and DQP-1105 in normal astrocytes nor the treatment of LA or glutamate treatment in NMO astrocytes ( Figure 5A ). Moreover, the mRNA expression level of Bmal1 and Clock ( Figure 5B ) and the glutamate levels ( Figure 5C ) were also suppressed by Bmal1 knockdown, which was neither changed by the treatment of TAT-Gap19 and DQP-1105 in normal astrocytes nor the treatment of LA or glutamate treatment in NMO astrocytes. Correspondingly, the levels of AVP protein from neurons were also suppressed by Bmal1 knockdown, which was neither changed by the co-culture of TAT-Gap19 and DQP-1105 treated normal astrocytes nor the co-culture of LA or glutamate treated NMO astrocytes ( Figure 5D ). The levels of VIP protein were also unchanged with these treatments ( Figure 5E ). These results revealed that Bmal1 knockdown reversed the Cx43-glutamate signaling activation.

  

 Figure 5 | Bmal1 knockdown reversed the Cx43-glutamate signaling activation. (A) The effect of Bmal1 knock-down on the protein level of Cx43 in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by Western Blot. (B) The effect of Bmal1 knock-down on the mRNA levels of Clock and Bmal1 in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by real-time PCR. (C) The effect of Bmal1 knock-down on the glutamate levels in normal astrocytes with or without TAT-Gap19/DQP-1105 or NMO astrocytes with or without LA/glutamate were analyzed by ELISA kit. The effect of Bmal1 knockdown on the protein level of AVP (D) and VIP (E) was detected by ELISA kits. *P<0.05, **P<0.01, ***P<0.001, compared with the indicated group. N=3. 

 

 
 
  4 Discussion

 The primary astrocytic disease NMO is associated with inflammation and secondary myelin loss in the CNS (1, 2). Aquaporin 4 (AQP4), a water channel, plays an important role in disease pathogenesis as a target of autoantibodies (NMO-IgG) in patient sera (19). Astrocytes are the major source of AQP4 expression in the brain, especially near the end feet, where the blood-brain barrier is located (4). As a result of the interaction between NMO-IgG and AQP4 in astrocytes, rapid AQP4 endocytosis initiates pathogenesis (7) and induced cortical neurodegeneration (41). In this study, we constructed an anti-AQP4 IgG-induced NMO model of SCN astrocytes. We found that the Cx43-glutamate signaling and circadian rhythm regulating genes (Bmal1 and Clock) were significantly decreased in a time-dependent manner.

 Connexin proteins are involved in the formation of homotypic or heterotypic gap junctions (GJs) between astrocytes, or between astrocytes and oligodendrocytes. GJs connect two cells and provide direct intercellular communication. They are responsible for the exchange of intracellular second messengers, such as calcium ions. Cx43 levels declined in half of the NMO cases, almost parallel with the diminution of AQP4 levels in active lesions (42). Astroglial Cx43 protein plays a significant role in several CNS functions, including cognitive behavior, motor control, and sleep-wake regulation. Circadian rhythms control sleep and wakefulness (43). It is the SCN that generates the central circadian rhythm, and it is closely coupled with the rest of the brain to generate coherence (44). During the circadian cycle, the SCN is entrained in the environmental light-dark cycle through the excitation of glutamatergic neurons (38). A key role of connexins is to regulate the rhythmic activity of neuronal activity in SCN by electric coupling of neurons and astrocytic-neuronal signaling (37). However, the role of Cx43 in the regulation of circadian rhythms regulating genes, including Bmal1 and Clock, remains largely unclear in SCN. Herein, we found that the levels of Bmal1 and Clock were significantly decreased in normal astrocytes with a specific Cx43 hemichannel (Cx43 HC) inhibitor TAT-Gap19. Furthermore, the level of Clock was increased in the NMO-induced astrocytes with a Cx43 activator LA.

 Cx43 is the most abundant connexin expressed on astrocytes and forms gaps between astrocytes, which are the most abundant and most functional glial cells in the brain (45). Because Cx43 hemichannels can pass through large molecules, their opening might provide a mechanism for transmitters like glutamate to diffuse out of astrocytes (46, 47). As a result of its adaptive advantage, the circadian clock allows for predictive, rather than entirely reactive, homeostatic regulation of physiological functions. It was reported that the Circadian clock-regulated ATP release from Cx43 might contribute in part to the adaptation of functional bladder capacity in daily life. Moreover, it was reported that astrocytic Cx43 was down-regulated in human NMO lesions (48) and an in vitro model (49). In NMO, a large number of inflammatory infiltrates could be seen in NMO lesions (50, 51). On the other hand, inflammatory cytokines could also suppress astrocytic Cx43 (52). In this study, we further found that the levels of Bmal1 and Clock were significantly decreased in normal astrocytes with a glutamate N-methyl-d-aspartate receptor (NMDAR) noncompetitive antagonist DQP-1105. The level of Clock was increased in the NMO-induced astrocytes with glutamate. These changes supposed that the circadian rhythms may be regulated by Cx43-signaling in the pathogenesis of NMO.

 It is well known that sleep and circadian rhythm are closely intertwined, and they are coordinated to adapt the organism to varying environments (29). The sleep abnormalities associated with NMOSD patients have been mentioned in previous reports (31). Based on some observation results regarding clinical phenomena and the specific regions of damage of NMOSD, it appears that rhythmic damage occurs more easily (17, 32). However, the underlying mechanism of rhythmic damage and NMO were rarely reported. From our observations, on the one hand, the NMO induction dramatically decreased the rhythm-regulating genes, including Bmal1 and Clock, which were increased by Cx43 activator LA and glutamate, suggesting that Cx43-glutamate signaling would be a critical upstream regulator that contributes to the NMO-induced rhythmic damage in SCN astrocytes. On the other hand, our results suggested that the decreasing of Bmal1, the critical gene in circadian rhythms, contributes to the disease aggressiveness and circadian rhythm disorders of NMO.

 The limitation of this study is that the in vitro environment cannot completely simulate the complex in vivo environment. Therefore, in vivo experiments need to be perfected to further verify the results.

 In conclusion, our experiment confirmed that clock gene Bmal1 and Cx43 mediate inflammatory regulation and circadian rhythm bidirectionally in NMO. Cx43 of astrocytes is involved in NMO circadian rhythm disorders by influencing the diurnal oscillation of glutamate. Activation of Cx43-glutamate signaling would be a promised strategy for the therapy of NMOSD and prevent NMO-damaged circadian rhythms.

 
  Data availability statement

 The original contributions presented in the study are included in the article/ Supplementary Material . Further inquiries can be directed to the corresponding authors.

 
  Ethics statement

 The animal study was reviewed and approved by Ethics Committee of the First Hospital of Shanxi Medical University.

 
  Author contributions

 MZ and HZ put forward research ideas and sets overall research goals. HX organizes and analyzes the data and is responsible for writing the article. MW, YW, and YZ performs the specific operation of the experiment. All authors contributed to the article and approved the submitted version.

 
   Funding

 The study is supported by The Applied Basic Research Plan of Shanxi Province (201901D12111182092523033923469462).

 
  Acknowledgments

 The authors wish to acknowledge the expertise and support of Baoguo Xiao, Professors of Huashan Hospital Affiliated to Fudan University.

 
  Conflict of interest

 The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

 
  Supplementary material

 The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1021703/full#supplementary-material 

 

Abbreviations

ANP, atrial natriuretic peptide; AQP4, aquaporin-4; CNS, the central nervous system; Cx43, Connexin 43; DMEM, Dulbecco’s Modified Eagle Medium; FACS, fluorescence activated cell sorting; FBS, Fetal Bovine Serum; Glu, glutamate; HBSS, Hank’s Balanced Salt Solution; LA, Linoleic acid; NMDAR, N-methyl-D-aspartic acid receptor; NMO, Neuromyelitis Optica; NMOSD, NMO spectrum disorders; SCN, The Suprachiasmatic Nucleus; VIP, vasoactive intestinal peptide. 

 
  References

  1. Wingerchuk, DM, Lennon, VA, Lucchinetti, CF, Pittock, SJ, and Weinshenker, BG. The spectrum of neuromyelitis optica. Lancet Neurol (2007) 6:805–15. doi: 10.1016/S1474-4422(07)70216-8 

  2. Wu, Y, Zhong, L, and Geng, J. Neuromyelitis optica spectrum disorder: Pathogenesis, treatment, and experimental models. Mult Scler Relat Disord (2019) 27:412–8. doi: 10.1016/j.msard.2018.12.002 

  3. Graber, DJ, Levy, M, Kerr, D, and Wade, WF. Neuromyelitis optica pathogenesis and aquaporin 4. J Neuroinflamm (2008) 5:22. doi: 10.1186/1742-2094-5-22 

  4. Papadopoulos, MC, and Verkman, AS. Aquaporin 4 and neuromyelitis optica. Lancet Neurol (2012) 11:535–44. doi: 10.1016/S1474-4422(12)70133-3 

  5. Ratelade, J, and Verkman, AS. Neuromyelitis optica: aquaporin-4 based pathogenesis mechanisms and new therapies. Int J Biochem Cell Biol (2012) 44:1519–30. doi: 10.1016/j.biocel.2012.06.013 

  6. Iorio, R, and Papi, C. Neuromyelitis optica, aquaporin-4 antibodies, and neuroendocrine disorders. Handb Clin Neurol (2021) 181:173–86. doi: 10.1016/B978-0-12-820683-6.00013-0 

  7. Jarius, S, and Wildemann, B. AQP4 antibodies in neuromyelitis optica: diagnostic and pathogenetic relevance. Nat Rev Neurol (2010) 6:383–92. doi: 10.1038/nrneurol.2010.72 

  8. Shimoyama, K, Akahori, M, Ishio, Y, and Yanagihara, C. Seroconversion of anti-aquaporin-4 antibody in a patient with neuromyelitis optica spectrum disorder: a case report. Rinsho Shinkeigaku (2022) 62(5):351–6. doi: 10.5692/clinicalneurol.cn-001626 

  9. Huang, W, Ramsey, KM, Marcheva, B, and Bass, J. Circadian rhythms, sleep, and metabolism. J Clin Invest (2011) 121:2133–41. doi: 10.1172/JCI46043 

  10. Firsov, D, and Bonny, O. Circadian rhythms and the kidney. Nat Rev Nephrol (2018) 14:626–35. doi: 10.1038/s41581-018-0048-9 

  11. Jagannath, A, Taylor, L, Wakaf, Z, Vasudevan, SR, and Foster, RG. The genetics of circadian rhythms, sleep and health. Hum Mol Genet (2017) 26:R128–38. doi: 10.1093/hmg/ddx240 

  12. Leung, JM, and Martinez, ME. Circadian rhythms in environmental health sciences. Curr Environ Health Rep (2020) 7:272–81. doi: 10.1007/s40572-020-00285-2 

  13. Reid, KJ. Assessment of circadian rhythms. Neurol Clin (2019) 37:505–26. doi: 10.1016/j.ncl.2019.05.001 

  14. Valdez, P. Circadian rhythms in attention. Yale J Biol Med (2019) 92:81–92. 

  15. Vitaterna, MH, Takahashi, JS, and Turek, FW. Overview of circadian rhythms. Alcohol Res Health (2001) 25:85–93. 

  16. Yang, Y, and Zhang, J. Bile acid metabolism and circadian rhythms. Am J Physiol Gastrointest Liver Physiol (2020) 319:G549–63. doi: 10.1152/ajpgi.00152.2020 

  17. Xue, H, Cao, X, and Zhang, M. Alteration of circadian rhythms in 2D2 transgenic mice. Med Sci Monit (2018) 24:8272–8. doi: 10.12659/MSM.908528 

  18. Sollars, PJ, and Pickard, GE. The neurobiology of circadian rhythms. Psychiatr Clin North Am (2015) 38:645–65. doi: 10.1016/j.psc.2015.07.003 

  19. Siuko, M, Tienari, PJ, Saastamoinen, KP, Atula, S, Miettinen, A, Kivela, T, et al. Neuromyelitis optica and aquaporin-4 (AQP4) autoantibodies in consecutive optic neuritis patients in southern Finland. Acta Ophthalmol (2014) 92:387–91. doi: 10.1111/aos.12187 

  20. Ikeda, M. Calcium dynamics and circadian rhythms in suprachiasmatic nucleus neurons. Neuroscientist (2004) 10:315–24. doi: 10.1177/10738584031262149 

  21. Besedovsky, L, Lange, T, and Born, J. Sleep and immune function. Pflugers Arch (2012) 463:121–37. doi: 10.1007/s00424-011-1044-0 

  22. Ikonomov, OC, and Stoynev, AG. Gene expression in suprachiasmatic nucleus and circadian rhythms. Neurosci Biobehav Rev (1994) 18:305–12. doi: 10.1016/0149-7634(94)90044-2 

  23. Landgraf, D, Long, JE, Proulx, CD, Barandas, R, Malinow, R, and Welsh, DK. Genetic disruption of circadian rhythms in the suprachiasmatic nucleus causes helplessness, behavioral despair, and anxiety-like behavior in mice. Biol Psychiatry (2016) 80:827–35. doi: 10.1016/j.biopsych.2016.03.1050 

  24. Mirmiran, M, Swaab, DF, Kok, JH, Hofman, MA, Witting, W, and Van Gool, WA. Circadian rhythms and the suprachiasmatic nucleus in perinatal development, aging and alzheimer’s disease. Prog Brain Res (1992) 93:151–162; discussion 162-153. doi: 10.1016/s0079-6123(08)64570-7 

  25. Mohawk, JA, Green, CB, and Takahashi, JS. Central and peripheral circadian clocks in mammals. Annu Rev Neurosci (2012) 35:445–62. doi: 10.1146/annurev-neuro-060909-153128 

  26. Nagai, K, Nagai, N, Sugahara, K, Niijima, A, and Nakagawa, H. Circadian rhythms and energy metabolism with special reference to the suprachiasmatic nucleus. Neurosci Biobehav Rev (1994) 18:579–84. doi: 10.1016/0149-7634(94)90014-0 

  27. Nakagawa, H, and Okumura, N. Coordinated regulation of circadian rhythms and homeostasis by the suprachiasmatic nucleus. Proc Jpn Acad Ser B Phys Biol Sci (2010) 86:391–409. doi: 10.2183/pjab.86.391 

  28. Pickering, L, Thorstensen, EW, Riedel, C, and Jennum, PJ. Sleep and circadian rhythms. Ugeskr Laeger (2018) 180(36):V05180319. 

  29. Purnell, BS, and Buchanan, GF. Free-running circadian breathing rhythms are eliminated by suprachiasmatic nucleus lesion. J Appl Physiol (1985) (2020) 129:49–57. doi: 10.1152/japplphysiol.00211.2020 

  30. Takemura, S, Nagano, M, Isonishi, A, Tanaka, T, Tatsumi, K, Yamano, M, et al. Circadian rhythms of sorting nexin 25 in the mouse suprachiasmatic nucleus. Neurosci Lett (2020) 727:134897. doi: 10.1016/j.neulet.2020.134897 

  31. Prolo, LM, Takahashi, JS, and Herzog, ED. Circadian rhythm generation and entrainment in astrocytes. J Neurosci: Off J Soc Neurosci (2005) 25:404–8. doi: 10.1523/JNEUROSCI.4133-04.2005 

  32. Brancaccio, M, Patton, AP, Chesham, JE, Maywood, ES, and Hastings, MH. Astrocytes control circadian timekeeping in the suprachiasmatic nucleus via glutamatergic signaling. Neuron (2017) 93:1420–35.e1425. doi: 10.1016/j.neuron.2017.02.030 

  33. Clasadonte, J, Scemes, E, Wang, Z, Boison, D, and Haydon, PG. Connexin 43-mediated astroglial metabolic networks contribute to the regulation of the sleep-wake cycle. Neuron (2017) 95:1365–80.e1365. doi: 10.1016/j.neuron.2017.08.022 

  34. Chen, W, Tong, W, Guo, Y, He, B, Chen, L, Yang, W, et al. Upregulation of connexin-43 is critical for irradiation-induced neuroinflammation. CNS Neurol Disord Drug Targets (2018) 17:539–46. doi: 10.2174/1871527317666180706124602 

  35. Diaz, EF, Labra, VC, Alvear, TF, Mellado, LA, Inostroza, CA, Oyarzun, JE, et al. Connexin 43 hemichannels and pannexin-1 channels contribute to the alpha-synuclein-induced dysfunction and death of astrocytes. Glia (2019) 67:1598–619. doi: 10.1002/glia.23631 

  36. Kovacs, GG, Yousef, A, Kaindl, S, Lee, VM, and Trojanowski, JQ. Connexin-43 and aquaporin-4 are markers of ageing-related tau astrogliopathy (ARTAG)-related astroglial response. Neuropathol Appl Neurobiol (2018) 44:491–505. doi: 10.1111/nan.12427 

  37. Nuriya, M, Morita, A, Shinotsuka, T, Yamada, T, and Yasui, M. Norepinephrine induces rapid and long-lasting phosphorylation and redistribution of connexin 43 in cortical astrocytes. Biochem Biophys Res Commun (2018) 504:690–7. doi: 10.1016/j.bbrc.2018.09.021 

  38. Short, BL, Miller, MK, and Anderson, KD. Extracorporeal membrane oxygenation in the management of respiratory failure in the newborn. Clin Perinatol (1987) 14:737–48. doi: 10.1016/S0095-5108(18)30760-7 

  39. Wang, Y, Zhang, J, Chang, H, Wang, H, Xu, W, Cong, H, et al. NMO-IgG induce interleukin-6 release via activation of the NF-kappaB signaling pathway in astrocytes. Neuroscience (2022) 496:96–104. doi: 10.1016/j.neuroscience.2022.05.038 

  40. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262 

  41. Saji, E, Arakawa, M, Yanagawa, K, Toyoshima, Y, Yokoseki, A, Okamoto, K, et al. Et al: Cognitive impairment and cortical degeneration in neuromyelitis optica. Ann Neurol (2013) 73:65–76. doi: 10.1002/ana.23721 

  42. Tishchenko, A, Azorin, DD, Vidal-Brime, L, Munoz, MJ, Arenas, PJ, Pearce, C, et al. Cx43 and associated cell signaling pathways regulate tunneling nanotubes in breast cancer cells. Cancers (Basel) (2020) 12(10):2798. doi: 10.3390/cancers12102798 

  43. Yin, X, Feng, L, Ma, D, Yin, P, Wang, X, Hou, S, et al. Roles of astrocytic connexin-43, hemichannels, and gap junctions in oxygen-glucose deprivation/reperfusion injury induced neuroinflammation and the possible regulatory mechanisms of salvianolic acid b and carbenoxolone. J Neuroinflamm (2018) 15:97. doi: 10.1186/s12974-018-1127-3 

  44. Turovsky, EA, Braga, A, Yu, Y, Esteras, N, Korsak, A, Theparambil, SM, et al. Mechanosensory signaling in astrocytes. J Neurosci (2020) 40:9364–71. doi: 10.1523/JNEUROSCI.1249-20.2020 

  45. Wu, LY, Yu, XL, and Feng, LY. Connexin 43 stabilizes astrocytes in a stroke-like milieu to facilitate neuronal recovery. Acta Pharmacol Sin (2015) 36:928–38. doi: 10.1038/aps.2015.39 

  46. Guillebaud, F, Barbot, M, Barbouche, R, Brezun, JM, Poirot, K, Vasile, F, et al. Blockade of glial connexin 43 hemichannels reduces food intake. Cells (2020) 9(11):2387. doi: 10.3390/cells9112387 

  47. Li, T, Niu, J, Yu, G, Ezan, P, Yi, C, Wang, X, et al. Et al: Connexin 43 deletion in astrocytes promotes CNS remyelination by modulating local inflammation. Glia (2020) 68:1201–12. doi: 10.1002/glia.23770 

  48. Masaki, K, Suzuki, SO, Matsushita, T, Matsuoka, T, Imamura, S, Yamasaki, R, et al. Connexin 43 astrocytopathy linked to rapidly progressive multiple sclerosis and neuromyelitis optica. PloS One (2013) 8:e72919. doi: 10.1371/journal.pone.0072919 

  49. Richard, C, Ruiz, A, Cavagna, S, Bigotte, M, Vukusic, S, Masaki, K, et al. Connexins in neuromyelitis optica: a link between astrocytopathy and demyelination. Brain (2020) 143:2721–32. doi: 10.1093/brain/awaa227 

  50. Carnero Contentti, E, and Correale, J. Neuromyelitis optica spectrum disorders: from pathophysiology to therapeutic strategies. J Neuroinflamm (2021) 18:208. doi: 10.1186/s12974-021-02249-1 

  51. Wang, Z, and Yan, Y. Immunopathogenesis in myasthenia gravis and neuromyelitis optica. Front Immunol (2017) 8:1785. doi: 10.3389/fimmu.2017.01785 

  52. Watanabe, M, Masaki, K, Yamasaki, R, Kawanokuchi, J, Takeuchi, H, Matsushita, T, et al. Th1 cells downregulate connexin 43 gap junctions in astrocytes via microglial activation. Sci Rep (2016) 6:38387. doi: 10.1038/srep38387 



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Xue, Wu, Wang, Zhao, Zhang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms. 

 
OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The circadian rhythms regulated by Cx43-signaling in the pathogenesis of Neuromyelitis Optica

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Primary astrocytes isolation and culture

          



          		

            2.2 Primary neurons isolation and culture

          



          		

            2.3 NMOSD in vitro astrocyte model

          



          		

            2.4 Quantitative real-time PCR (qRT-PCR)

          



          		

            2.5 Enzyme-linked immunosorbent assay (ELISA) assay

          



          		

            2.6 Western blot

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 The expression of Cx43 protein and circadian rhythm regulating gene (Bmal1 and Clock) are time-dependently decreased in astrocytes after NMO induction

          



          		

            3.2 Astrocytes after NMO induction significantly decreased the neuropeptides (AVP and VIP) released from co-cultured neurons

          



          		

            3.3 Cx43-glutamate signaling inhibition contributes to the NMO-induced circadian rhythm dysregulation

          



          		

            3.4 Bmal1 knockdown reversed the Cx43-glutamate signaling activation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-1021703-g001.jpg
-
——

NMO/NMOSD

circadian rhythm
disorder

rA'v
@ /
B e o aes e

\ neuron astrocyte ™ ~

\ / S~

o o o W RN R o e e e e -






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-1021703-g005.jpg
Relative mRNA expression
Clock verse GAPDH

o

AVP Con. (pgimg)

®

K

o

o x
O &
& && & &
& & & & & @

- -

Ad-sh-NC Ad-sh-Bmalt
* Kk
kK o Bank
u TATGspIS
ok 4 DoPHIS
D
159 Kkk + NMO+Linoleic acid .
© NGy Sz
£z
i is
53
FY
3
05 H
H
H

250

200

150

100

Ad-sh-NC

©  Blank

W TAT-Gapt9

4 DQP105
Ad-sh-NC

Ad-sh-Bmalt

v No
 NVOsLinoleic acd
® NMONGu

Ad-sh-Bmalt

VIP Con. (pg/mg)

bakoaded

cxa3 s M wxx xk
H T
£E |
28 10
GAPDH 53
H
2 05
3
00
Adsh-NC Ad-sh-Bmalt
ok ° Bank
B TATGEp19
4 Dapios
% %k
— v N
15 #  NMOt+Linoleic acid
ST ko x *k *kK _
® oG E
10 £
H
38
=
05 3
£
£
00 3
Ad-shNC Ad-sh-Bmalt
% % %
*
*k
250 *kk KKK *ok ok ®; iBiank
|—| W TATGapto
200, Kok ok KKK 4 DapP-1105
v oo
150
+ NMO+Linoleic acid
- o oG
50
o

Ad-sh-NC

R gy

e Bank
® TATGapl9
A DQPA105
)
+  NMO+Linoleic acid
® NMOGU
ok
* ok ok
*k
*kk *
250
200
150
100
50
o
Ad-sh-NC

©  Blank

= TATGapis
DGP-1105

)

4 NMOsLinolsic acid
® NG

Ad-sh-Bmalt





OEBPS/Images/fimmu-13-1021703-g003.jpg
DAPI

Neurons ~o~ Blank ~o— Blank
NMO NMO
MAP2+
m
968 250, 150
— S
Bl = 200 <
] 2 2
3 E : 100
8 = <
2 150 H
60 = o *k
< =
8 100 K] 1 Hokk
= 3 g %0 ok
< 50 I g i
o ]
** dok o
0 o0 w0t w0 w0t 0’ 0 0
a2 0 6 12 18 24 0 6 12 18 24

Time (hours) Time (hours)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.1021703_cover.jpg
’ frontiers ‘ Frontiers in Immunology

The circadian rhythms
regulated by Cx43-signaling
in the pathogenesis of
Neuromyelitis Optica





OEBPS/Images/fimmu-13-1021703-g002.jpg
i _
A B C

ASTs-GFAP 0 6 12 18 24 0 6 12 18 24
- ——— — cxaz

. S W G W | cAroH

200

150

15 ~o~ Blank

100

Count

50

CX43 verse GAPDH

Relative protein expression

Time (hours)

~&- Blank ~®- Blank ~&- Blank
= NMO - NMO #- NMO
15 15 300
< < 5
g H
ez B &
£g £8 H
&< 10 89 10 = 200
$e 58 H
S8 $8 2
x 3 gt 8
Ex os < 05 o 100
8 ZE E
5] 5o £
E 5
0.0 T T T T T 0.0 o T T T T T
0 6 12 18 2 0 6 12 18 2 0 6 12 18 2

Time fhou) Time fhouss) “Tane fhous)





OEBPS/Images/table1.jpg
Forward primer Reverse prim )
Clock CCTATCCTACCHCGCCACACA TCCCGTGGAGCAACCTAGAT
Bl TCGTIGEARTCGGGCG CCGTATTICCCCGTTCGE

GarDH AMTGGTGAAGGTCGGTGTGAAC CAACAATCTCCACTTTGECACTG





OEBPS/Images/fimmu-13-1021703-g004.jpg
*
*
*
* %,
* o,
x| ox o
-4 - %,
* o,
* L &
%,
K3
(1] (Bu/Bd) w0 proe awenio
*
*
*
*
*
*
| o*
*
*

@ 2 @ S
< 2 3 3
HadV9 os10n
uoyssordxe ujroid onpeioy

GAPDH

3
3
k1
&
H
H

TAT-Gap19

DQP-1105

Blank

.
[]
A

B e - | CX83

i i
v o
.
®  NMO+Gu

* %k

ok 3k

* ok k

kK

200

*ok ok

150

* kK

g 8

(BuwyBd) w0 dAY

100

(Bui/Bd) ‘w0 dIA

=

HAdVO osion
UOISSOIdX® YN SA!

00

Bmalt

Clock





