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The elimination of geomagnetic field (GMF), also called hypomagnetic field (HMF), is one of the major environmental hazards faced by deep-space astronauts and the workers in magnetically shielded rooms on Earth. We previously reported that long-term HMF exposure impaired adult hippocampal neurogenesis (AHN) and cognition by reducing endogenous reactive oxygen species (ROS) levels in adult neural stem cells (aNSCs). In addition to the aNSCs themselves, adult neurogenesis is also regulated by the local environment, i.e., the neurogenic niche. Neurogenic niche is mainly composed of astrocyte, microglia, and vascular system. However, whether the HMF exposure affects the neurogenic niche in hippocampus remains unknown. In this study, we investigated the effects of the HMF exposure on the neurogenic niche and adult neurogenesis in hippocampus, as well as the cognitive function in mice. The HMF is simulated by using the newly upgraded double-wrapped coils, different with our previous coils, which are capable of providing a very low-strength static magnetic field and identical electromagnetic field background between the HMF group and the GMF group. Here, we for the first time clearly revealed that 8-week HMF exposure significantly induced microglia activation and increased the number of astrocytes in hippocampal dentate gyrus (DG), suggesting the abnormalities in the neurogenic niche. Meanwhile, 8-week HMF exposure also markedly reduced proliferation and differentiation of aNSCs in the DG, and impaired the cognitive behavior of mice, consistent with our previous findings. In addition, we also found that 8-week HMF exposure significantly induced anxiety-like behaviors of mice. In summary, this study indicates that 8-week HMF exposure induces the neurogenic niche abnormalities, contributing to the AHN impairments, thus leads to the cognitive dysfunction and anxiety-like behaviors in mice.
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INTRODUCTION
Hypomagnetic field (HMF), space radiation, and microgravity are major environmental hazards faced by deep-space astronauts. On Earth, some staff also need to work in some artificial HMF environments such as magnetically shielded rooms. Thus, studying the effects of HMF exposure on living organisms is a unique platform for humans to understand the adaptability of life to extreme environment. In addition to the harm of space radiation on living organisms due to the absence of geomagnetic field (GMF) [1–7], the HMF itself has also many adverse influences on animal development, physiology, circadian rhythms, learning and memory, etc. [8–15]. However, the neural mechanisms involved in the cognitive dysfunctions are poorly understood. Adult hippocampal neurogenesis (AHN) plays important regulatory roles in hippocampal-dependent cognition and spatial orientation, which involves proliferation and differentiation of adult neural stem cells (aNSCs), survival and integration of newborn neurons into pre-existing neuronal networks [16,17]. We previously reported that long-term HMF exposure could cause the impairments of AHN in mice, thus leading to their cognitive dysfunction. That is the first time to demonstrate that HMF has negative effect on AHN and cognitive function by modulating the cellular reactive oxygen species (ROS) in vivo [18]. We also found that long-term HMF exposure increased cellular ROS in the dentate gyrus (DG) and cornu ammonis (CA) regions of the hippocampus by modulating the key genes expression of the oxidative stress and antioxidant defense [19]. In addition to the above findings, adult neurogenesis is also regulated by the local environment, i.e., the neurogenic niche. The neurogenic niche is the microenvironment supporting the neural progenitor cells, which mainly includes astrocytes, microglia, and the vascular system. It is a key factor affecting many aspects of neurogenesis, including the proliferation of aNSCs, the differentiation into different lineages, and the survival of newborn cells [20,21]. Astrocytes participate in the regulation of synaptic integration of hippocampal newborn neurons, which is crucial for the maturation of dendritic cells and the functional integration of new neurons, as well as the survival of these cells in the critical period of maturation [22–24]. Microglia are the immune cells in the brain, which play an important role in removing cell debris and promoting adult neurogenesis. Static microglia are highly branched, which can phagocytize and clear the newly apoptotic cells of subgranular zone (SGZ) [25,26]. While under the condition of injury or disease, microglia become active, whose cell body is hypertrophic and amebic-like, and start the inflammatory reaction by secreting proinflammatory cytokines and phagocytizing dead cells [27–29]. Phagocytic microglia can be regarded as a sensor of local cell death to regulate the dynamic balance between cell proliferation and survival in neurogenesis [30]. However, whether the HMF exposure affects the neurogenic niche in hippocampus remains unknown.
In this study, we investigated the effects of the HMF exposure on the neurogenic niche, neurogenesis and cognition by using double-wrapped coils. Compared with the helmholtz coils, the advantages of double-wrapped coils are that GMF and HMF groups have similar ohmic heating and magnetomechanical effects, and easy to double-blind operation. Here, for the first time, we found that 8-week HMF exposure significantly altered the morphological activation of microglia and increased the number of astrocytes, which suggested that the 8-week HMF exposure impaired the balance of AHN microenvironment. We again confirmed that 8-week HMF exposure indeed inhibited the proliferation and differentiation of aNSCs, thus led to the anxiety-like and cognitive dysfunction behaviors in mice.
MATERIALS AND METHODS
Animals
Adult 7-week-old male mice (C57BL/6J) were housed in the experimental coils to acclimate to the exposure environment for 1 week, then started the HMF/GMF exposure experiments. The mice were randomly allocated to the GMF and HMF exposure groups. Brain samples for proliferation and differentiation of aNSCs were collected at 0, 4, 8, and 12 weeks, respectively. After determining the time point at which the HMF exposure had explicit negative effect on hippocampal neurogenesis, behavioral tests and neurogenic niche experiments were performed. All animals were housed under a constant temperature (23 ± 1°C) with a 12:12 h light: dark cycle. Water and food were provided ad libitum. Ten mice in each group were used for the behavioral tests. And four mice in each group were used for immunofluorescence analysis. The body weight of mice and the relative volume of DG area in hippocampus were comparable between the GMF- and HMF-exposed mice during experimental duration (Supplementary Figure S1). All procedures and husbandry were performed according to protocols approved by the Institutional Animal Care and Use Committee at the Institute of Geology and Geophysics (IGG), Chinese Academy of Science.
Double-wrapped coils
In this study, we modified and established double-wrapped coils with the support from professional engineers according to [31]. Double-wrapped coils were composed of three nested sets (X, Y, and Z) of orthogonal square coils corresponding to the north-south, east-west and vertical components of magnetic field. High central field uniformity was achieved by using the four-coil design similar to the Merritt square coils [32]. The four-coil design consisted of four coaxial square coils, parallel and coaxial to each other, and the coil skeleton was purely made up of nonmagnetic materials (Figure 1A). Two sets of coils were powered by the same power supply and each coil contained two matched sets of windings to allow operation in active or sham mode. In active mode, currents in paired windings were parallel, leading to summation of generated magnetic fields. In sham mode, currents ran antiparallel, yielding no measurable external field, but with similar ohmic heating and magneto-mechanical effects as in active mode [31]. The two sets of coils can be randomly selected, one as the HMF group and the other for the GMF control. The double-wrapped coils modified in this study enabled authentic double-blind experiments. Because the advantage of double-wrapped coils, it has been already used in many studies [33–37]. In this study, we used the double-wrapped coils to test the effects of HMF exposure on the neurogenic niche and adult neurogenesis in hippocampus, as well as the cognitive function in mice under double-blind experimental conditions. The coils were installed at Beijing National Observatory of Space Environment that is far from residential districts to reduce anthropogenic environmental interference, such as the background extremely low-frequency electric field (ELF-EF). The strength of static magnetic field and the power frequency electromagnetic field within the HMF and GMF cages were measured by Mag-13MS sensors combined with the Spectramag-6 (Bartington Instruments, Witney, United Kingdom) during the experiments. The HMF had a high uniformity with a strength of 31.1 ± 2.0 nT (mean ± SEM). For the GMF control, the magnetic field strength was 55,547.8 ± 1.5 nT (Figure 1B). The ELF-EF intensity at 50 Hz within the HMF and GMF cages was mutually comparable, reduced by 1–2 orders of magnitude compared to our previous study (Table 1).
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of double-wrapped coil system. (B) The parameters of magnetic fields in experimental duration. HMF means hypomagnetic field. GMF means geomagnetic field; wks means weeks.
TABLE 1 | The square root of power spectral density (PSD) at 50 Hz within the GMF and HMF cages in this study and our previous study. DW, double-wrapped coils in this study; pre, helmholtz coils used in our previous study [18].
[image: Table 1]BrdU administration and brain slices
Mice were injected at a dose of 200 mg/kg BrdU at 2 h or 4 weeks before perfusion (proliferation or differentiation sampling). Mice were perfused and euthanized after anesthesia with isoflurane. The brains were dissected and properly fixed in 4% PFA and then dehydrated in 30% sucrose buffer. The brains were consecutively sectioned on the coronal plane with a thickness of 40 µm using a freezing microtome. Serials sections were stored in 96-well plates filled with the cryoprotectant solution for next immunofluorescence steps.
Immunofluorescence staining
Tissue sections (40-μm thick) were preblocked with blocking buffer PBS++ (PBS containing 3% donkey serum and 0.3% Triton X-100) for 1 h at 37°C, followed by incubation with primary antibodies diluted in blocking buffer for 24 h at 4°C. After washing 3 times, sections were incubated with the secondary antibody for 1 h at 37°C. To detect BrdU incorporation, BrdU-labeled brain sections were pretreated with 2 M HCl for 20 min at 37°C and neutralized with 0.1 M borate buffer (pH 8.5) for 30 min, and subjected to immunofluorescence analyses. All sections were counterstained with DAPI (Sigma-Aldrich, #D9542). The following primary antibodies were used for immunostaining: Rat anti-BrdU (1:1000, Abcam, #ab6326), Goat anti-GFAP (1:1000, Abcam, #ab53544), Mouse anti-SOX2 (1:1000, Abcam, #ab79351), Mouse anti-NeuN (1:500, Millipore, #MAB377), Rabbit anti-S100β (1:1000, Abcam, #ab52642). The following fluorescent secondary antibodies were used: Donkey anti-rat 488 (1:500, Invitrogen, #A21208), Donkey anti-rabbit 488 (1:500, Abcam, #ab150073), Donkey anti-goat 568 (1:500, Invitrogen, #A11057), Donkey anti-rabbit 568 (1:500, Abcam, #ab175470), Donkey anti-rabbit 647 (1:500, Abcam, #ab150075), Donkey anti-mouse 647 (1:500, Invitrogen, #A31571). After staining, sections were mounted, coverslipped, and then maintained at 4°C in the dark until imaging. Images were acquired on an FV1000 Olympus confocal system with a multitrack configuration.
Quantification and fate mapping of BrdU+ cells in the dentate gyrus
For quantification of BrdU+ cells, Iba1+ cells, GFAP+ cells, and the phenotype of BrdU+ cells (double labeling with either GFAP, SOX2, S100β, or NeuN), 1 in 12 serial sections of the whole hippocampus (from Bregma −1.5 to −3.5 mm) were used. All indicated cells in the brain sections (5–6 sections per mouse) were counted inside the section center between 5-μm guard zones of the section surfaces under an FV1000 Olympus microscope. The data were presented as a number of cells in a cubic millimeter of the dentate gyrus. For measurement of relative DG volume, 1 in 12 serial sections of the whole hippocampus (from Bregma −1.5 to −3.5 mm) were stained with DAPI to visualize the nuclei. The same amount of sections (5 sections per mouse) with relative same brain anatomy was used to measure granule cell layer volume under an FV1000 Olympus microscope, and the data were presented as relative DG volume among the selected sections. Four individuals in each group for the immunofluorescence experiments.
Open-field test
The open field test box and video recording equipment (VCR) were prepared and installed beforehand. The marked mice were placed in the central area of the open field maze, and allowed to move freely to explore. The video device was switched on after 5 min to record the exploration activity for 10 min. After each test, the inner environment of the test box was thoroughly cleaned and disinfected with 75% alcohol solution to remove the residual odor of the last mouse. Then the next open-field experiment was carried out after the alcohol was volatilized and the operation was repeated. Finally, Panlab smart 3.0 software was used to analyze the exploration activity of each mouse recorded by VCR.
Object location task and novel object recognition task tests
Object location task (OLT) and novel object recognition task (NORT) tests are commonly surveyed as indicators of the cognitive functions of specific brain regions. OLT primarily evaluates hippocampal-related spatial learning and NORT evaluates non-spatial learning of object identity, which relies on multiple brain regions [38,39]. The experimental procedures were described in detail elsewhere [40]. The two tests exploited the inherent preference of mice for the novelty to reveal memory for previously encountered objects. The percentage of the time spent exploring new locations or new objects in the total time spent exploring new and old locations or objects was counted as preference index (PI). If PI > 0.5, it indicates that mice have exploration preference for novel locations or objects.
Statistical analysis
All data in this study were collected in a double-blind manner. The number of various types of cells were counted by Imaris Viewer and Image J, and different groups were randomly numbered for statistical analyses to ensure the objectivity and reliability of the experimental results. Unpaired t-test was used to analyze the significance of the difference between groups using GraphPad Prism 8.3.0 software. Differences were considered statistically significant at p < 0.05.
RESULTS
Long-term hypomagnetic field exposure induced adult hippocampal neurogenesis inhibition
To assess whether the exposure to HMF affects the proliferation of aNSCs, we examined the proliferation of aNSCs in the DG of adult mice at 0, 4, 8, and 12 weeks after the GMF- or HMF-exposure. Compared with the GMF control, a significant reduction in the number of BrdU+ proliferating cells was observed in HMF-exposed mice after 8-week (p = 0.0201) and 12-week (p = 0.0001) HMF exposure (Figure 2). We further assessed the phenotypes of the BrdU+ proliferating cells in the DG of mice. Compared with the GMF control, BrdU+GFAP+SOX2+ type 1 aNSCs were significantly reduced in HMF-exposed mice after 8-week HMF exposure (p = 0.0314), while no significant change in the number of BrdU+GFAP−SOX2+ type 2 aNSCs after 8-week HMF exposure (Figure 3). The results suggested that 8-week HMF exposure primarily affected proliferating type 1 aNSCs.
[image: Figure 2]FIGURE 2 | The 8-, and 12-week hypomagnetic field (HMF) exposure significantly decreased the proliferation of aNSCs in DG of hippocampus. (A) Representative images of BrdU+ cells in the DG at 0-, 4-, 8-, and 12-week of GMF- or HMF-exposure. (B) Quantification of numbers of BrdU+ cells in GMF- and HMF-exposed mice (P8w = 0.0201, P12w = 0.0001). There were 4 mice in each group at each time point. Data are expressed as mean ± SEM. *p < 0.05; ***p < 0.001. GMF means geomagnetic field; wks means weeks.
[image: Figure 3]FIGURE 3 | The 8-week hypomagnetic field (HMF) exposure significantly decreased the proliferation of type 1 aNSCs in DG of hippocampus. (A) Representative images of BrdU+GFAP+SOX2+ cells (type 1 aNSCs) and BrdU+GFAP−SOX2+ cells (type 2 aNSCs) in the DG at 8-week GMF- or HMF-exposure. (B) Comparison of two types of aNSCs between GMF- and HMF-exposed mice (P8w = 0.0314). There were 4 mice in each group at each time point. Data are expressed as mean ± SEM. ns means no significance. *p < 0.05. GMF means geomagnetic field. 4w means 4-week magnetic fields exposure; 8w means 8-week magnetic fields exposure.
We further analyzed the numbers of the newborn neurons and astrocytes after the differentiation from aNSCs. BrdU-colabeled with NeuN and S100β were used to specifically identify the newborn neurons and astrocytes, respectively. Compared to the GMF-exposed control, we found the numbers of newborn neurons (p = 0.022) and astrocytes (p = 0.0016) significantly decreased after 12-week HMF exposure (Figure 4). The results indicated that long-term HMF exposure significantly decreased the neuronal/astrocytic differentiation of aNSCs.
[image: Figure 4]FIGURE 4 | Long-term hypomagnetic field (HMF) exposure decreased the neuronal and astrocytic differentiation of aNSCs in DG of hippocampus. (A) Representative images of BrdU+ NeuN+ cells (newborn neurons) in the DG after 12-week of GMF- or HMF-exposure. (B) Representative images of BrdU+ S100β+ cells (newborn astrocytes) in the DG after 12-week of GMF- or HMF-exposure. (C) Quantification of numbers of BrdU+ NeuN+ cells in GMF- and HMF-exposed mice (p = 0.022). (D) Quantification of numbers of BrdU+ S100β+ cells in GMF- and HMF-exposed mice (p = 0.0016). There were 4 mice in each group. Data are expressed as mean ± SEM. *p < 0.05; **p < 0.01. GMF means geomagnetic field.
Long-term hypomagnetic field exposure induced abnormal neurogenic niche of adult neural stem cells
Maintenance of homeostasis of the neurogenic niche in the DG is quite important to normal AHN [41]. We then examined the effect of the exposure to HMF on the morphological activation of microglia and the number of astrocytes in DG area. Compared to GMF-exposed mice, some microglia morphologies were altered (cytoplasmic hypertrophy and fewer and thicker branches) in the DG of HMF-exposed mice after 8-week HMF exposure, suggesting that microglia were activated by the HMF exposure (Figure 5); In addition, the number of astrocytes in the DG in HMF-exposed mice was significantly increased (p = 0.0008), compared to the GMF-exposed mice (Figure 6). These results indicated that 8-week HMF exposure altered the homeostasis of the neurogenic niche of aNSCs.
[image: Figure 5]FIGURE 5 | The hypomagnetic field (HMF) led to partial activation of microglia in the DG of hippocampus. Representative images of microglia in the hippocampal neurogenic niche under different magnetic field treatments. Microglia (Iba1-labeled, red), hippocampal cells (DAPI-labeled, blue).
[image: Figure 6]FIGURE 6 | The hypomagnetic field (HMF) increased the number of astrocytes in the DG of hippocampus. (A) The representative images of astrocytes in the hippocampal neurogenic niche under different magnetic field treatments, astrocytes (GFAP-labeled, red), hippocampal cells (DAPI-labeled, blue). (B) Quantitative statistical analysis of the number of astrocytes in the DG area of hippocampus under different magnetic field treatments (p = 0.0008). There were 4 mice in each group. Data are expressed as mean ± SEM. ***p < 0.001.
Long-term hypomagnetic field exposure induced anxiety-like behavior of mice
To assess whether the long-term HMF exposure affects the locomotion and anxiety-like behaviors in mice, we mainly analyzed the movement distances of mice in the open field and the exploration time in the central area. The result showed no significant difference in the movement distances between the GMF group and the HMF group at 0-week and 8-week, indicating that the 8-week HMF exposure had no significant effect on the movement ability of mice. However, the exploration time in the central area significantly decreased in HMF-exposed mice after 8-week HMF exposure (p = 0.0002), suggesting that the HMF group mice exhibited significant anxiety-like behavior. While at 0 week, there was no significant difference between HMF- and GMF- groups (Figure 7).
[image: Figure 7]FIGURE 7 | Exposure to the hypomagnetic field (HMF) induced anxiety-like behaviors in mice. (A) Comparison of the proportions of the exploration time in the central area of the open field maze to the total exploration time in mice exposed to different magnetic fields (P8w = 0.0002). (B) Comparison of total travel distances of mice exposed to different magnetic fields in the open field maze. (C) The representative image of the trajectory of mice in the open field maze after 8-week GMF exposure. (D) The representative image of the trajectory of mice in the open field maze after 8-week HMF exposure. There were 10 mice in each group at each time point. ns, no significance. Data are expressed as mean ± SEM. ***p < 0.001. GMF means geomagnetic field; wks means weeks.
Long-term hypomagnetic field exposure impaired the cognitive function of mice
We analyzed the percentage of the time spent exploring new locations or new objects in the total time in NOL and NORT tests. As shown in Figure 8, GMF-exposed mice spent relatively more time exploring the new object or new location, while the time exploring the new object or new location of HMF-exposed mice significantly reduced (p < 0.0001). The results showed that HMF-exposed mice have less exploration preference for novel objects or locations than ones in the GMF group. These data suggested the HMF exposure impaired the spatial memory of mice.
[image: Figure 8]FIGURE 8 | Exposure to hypomagnetic field (HMF) impaired hippocampal-dependent cognition. (A) Comparison of preference index in novel location recognition test between the GMF-exposed group and HMF-exposed group (P8w < 0.0001). (B) Comparison of preference index in novel object recognition test between the GMF-exposed group and HMF-exposed group (P8w < 0.0001). Boxplots show the median value (horizontal line), box limits indicate the 25th and 75th percentiles (box size covers the central 50% of the data), whiskers show extreme values of data distribution (maximal and minimal values within total range). There were 10 mice in each group at each time point. ns means no significance. ***p < 0.001. GMF means geomagnetic field; wks means weeks.
DISCUSSION
In this study, the findings support that 8-week HMF exposure impairs AHN and hippocampal-dependent cognitive function of mice (Figures 2–4, 8), which are consistent with our previous results [18]. These results strongly confirm that long-term HMF can indeed cause AHN impairment and cognitive dysfunction of mice, seemly regardless of small electromagnetic field differences. Importantly, we observed the increased number of astrocytes and partial activation of microglia in the neurogenic niche after 8-week HMF exposure for the first time (Figures 5, 6), indicating that the homeostasis of the neurogenic niche was altered by the 8-week HMF exposure. Neurogenic niche cells are essential to neurogenesis as they provide structural and nutritional support, and modulate fundamental stem cell fate decisions [42–44]. In the health condition, astrocytes and microglia promote developmental synapse formation and pruning [25,30,45,46]. While an increase in the number of astrocytes serves as a delicate indicator of the action of noxious influences upon the CNS and may lead to excessive pruning of dendrites [41]. In general, the proliferation process means the production of many reactive astrocytes and GFAP content is a strong indication of reactive astrocyte remodeling [47,48]. And the reactive astrocytes are commonly detected in many neurodegenerative diseases and in the aging hippocampus [49–51]. Furthermore, microglia are regarded as the macrophages of the CNS, which play critical roles in neural development, homeostasis and neuroinflammation and age-related neurological dysfunction. The activation of microglia often implies the occurrence of neuroinflammation, and the increase of microglial activation and inflammation is closely related to the proliferation of aNSCs and the decline of neuronal maturity [52,53], and ultimately result in cognitive decline [54–56]. Therefore, the increased number of astrocytes and the activation of microglia demonstrate that the long-term HMF disrupts the homeostasis of the neurogenic niche, contributing to the neurogenesis impairments in hippocampus. Further evidence about some inflammatory cytokines and growth factors related to the niche cells in the DG, such as tumor necrosis factor (TNF), astrocyte-derived IL-33 and IL-1, will be investigated in the future.
In addition, we found that the HMF exposure significantly induced anxiety-like behaviors of mice as evidenced in the open field test. Previous studies revealed short-time HMF exposure (72 h) induced a significant increase in anxiety-like behaviors of mice and the oxidative stress may be one of the factors triggering anxious behavior [14,57,58]. Intriguingly, we previously reported that HMF exposure increased ROS content in the whole hippocampus by modulating the key genes expression of the oxidative stress and antioxidant defense, except the subgranular zone of dentate gyrus [19], which suggests that oxidative stress in the hippocampus may contribute to the anxiety-like behavior found in this study. Besides, other studies suggested that decreased neurogenesis or ablation of neurogenesis usually led to an increased anxiety-like behavior [59,60]. And the recovery of anxiety also requires the inevitable involvement of neurogenesis [61–63]. For example, Mohammad et al. showed that enhancing adult neurogenesis could alleviate the anxiety behaviors [64]. Thus, oxidative stress and reduced neurogenesis induced by HMF exposure may lead to the anxiety-like behavior in mice. The effect of amygdala on anxiety cannot be ruled out, which has also been shown to be closely related to anxiety [65–70].
In this study, the accumulation period of HMF effect on the proliferation of aNSCs was 8 weeks of HMF exposure (Figure 2), different with 4 weeks in our previous study [18]. Furthermore, HMF exposure caused a significant decrease in the number of type 1 aNSCs in this study, whereas the numbers of both type 1 and type 2 aNSCs were decreased in our previous study [18]. We could not determine whether these differences were caused by differences in the stability of the static magnetic field and background electromagnetic noise of the two different coil systems.
In summary, this study delineates that long-term HMF exposure causes cognitive dysfunction and the anxiety-like behavior in the CNS, which are closely associated with the neurogenic niche abnormalities to reduce adult neurogenesis in hippocampus. These findings demonstrate that geomagnetic field is an important environmental factor for normal adult neurogenesis in mammals on Earth. Furthermore, this study helps us to assess the health risks of the HMF environment in deep space exploration and to develop effective protective strategies or potential treatments.
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