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L-methionine and the L-type Ca2+ channel agonist BAY K 8644 collaboratively contribute to the reduction of depressive-like behavior in mice
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The L-type Ca2+ channel (LTCC, also known as Cav1,2) is involved in the regulation of key neuronal functions, such as dendritic information integration, cell survival, and neuronal gene expression. Clinical studies have shown an association between L-type calcium channels and the onset of depression, although the precise mechanisms remain unclear. The development of depression results from a combination of environmental and genetic factors. DNA methylation, a significant epigenetic modification, plays a regulatory role in the pathogenesis of psychiatric disorders such as posttraumatic stress disorder (PTSD), depression, and autism. In our study, we observed reduced Dnmt3a expression levels in the hippocampal DG region of mice with LPS-induced depression compared to control mice. The antidepressant Venlafaxine was able to increase Dnmt3a expression levels. Conversely, Bay K 8644, an agonist of the L-type Ca2+ channel, partially ameliorated depression-like behaviors but did not elevate Dnmt3a expression levels. Furthermore, when we manipulated DNA methylation levels during Bay K 8644 intervention in depression-like models, we found that enhancing the expression of Dnmt3a could improve LPS-induced depression/anxiety-like behaviors, while inhibiting DNA methylation exacerbated anxiety-like behaviors, the combined use of BAY K 8644 and L-methionine can better improve depressive-like behavior. These findings indicate that DNA methylation plays a role in the regulation of depression-like behaviors by the L-type Ca2+ channel, and further research is needed to elucidate the interactions between DNA methylation and L-type Ca2+ channels.
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Introduction

Depression is currently one of the most common mental disorders, characterized by persistent low mood. Severe depression can even be life-threatening, significantly increasing the risk of suicide and having a profound negative impact on both physical and mental health (Whiteford et al., 2013). Presently, treatment for depression mainly focuses on pharmacotherapy and psychotherapy. Although pharmacotherapy has benefited many patients, a substantial proportion of individuals either do not respond to these medications or experience a delayed onset of therapeutic effects, resulting in inadequate treatment for many (Duman et al., 2016). Therefore, it is crucial to conduct in-depth research on the pathogenesis of depression to improve antidepressant therapies. Epidemiological studies indicate that approximately 40–50% of the risk for depression is hereditary (Fava and Kendler, 2000) and there is a mechanism between genetic factors and environmental factors that jointly affect the onset of depression.

The L-type Ca2+ channels mediates Ca2+ influx and associated regulatory events, playing a crucial role in the brain functions by regulating neuronal firing, activating Ca2+ signaling pathways involved in excitation-transcription coupling (ETC), and thus regulating neuronal plasticity associated with learning, memory, drug addiction, and neuronal development. Cav1,2 is the primary L-type Ca2+ channel expressed in the mammalian brain. In the mouse brain, quantitative polymerase chain reaction (qPCR) of RNA transcripts shows that Cav1,2 accounts for approximately 85% of LTCCs, while Cav1,3 constitutes most of the remaining portion (Sinnegger-Brauns et al., 2009).

Cacna1C is the gene encoding Cav1,2. Genome-Wide Association Studies (GWAS) have identified Cacna1C as a high-risk gene for psychiatric disorders. Cacna1C primarily encodes the Cav1,2 subunit of voltage-gated calcium channels, which is particularly associated with psychiatric conditions such as bipolar disorder (Ferreira et al., 2008; Moskvina et al., 2009; Clark et al., 2020). In rodent studies, knockout of Cacna1C in hippocampal and cortical neurons, 5-HT neuron-specific Cacna1C knockout, and Cacna1C heterozygous mice (Cacna1C ±) all exhibit anxiety-like behaviors (Ehlinger and Commons, 2019; Smedler et al., 2022). Cav1,2 activator BAY K 8644 can induce behavioral changes in rodents (Elliott et al., 2016). Therefore, the role of BAY K 8644 and Cav1,2 in depression requires further investigation.

DNA methylation, as a crucial epigenetic modification, plays a significant regulatory role in the pathogenesis of psychiatric disorders such as posttraumatic stress disorder (PTSD), depression, and autism (Liu et al., 2018). DNMTs (DNA methyltransferases) serve as vital regulators in the DNA methylation process, with Dnmt3a exhibiting direct catalytic activity and playing a critical role in mature neurons. Animal studies have revealed varying findings: mice experiencing depression due to social defeat exhibit lower levels of Dnmt3a expression in the medial prefrontal cortex compared to healthy controls, and up regulating Dnmt3a expression in this brain region can alleviate anxiety-like behaviors (Elliott et al., 2016). Conversely, research in rats demonstrated an increase in Dnmt3a and Dnmt3b expression in the medial prefrontal cortex of rats experiencing learned helplessness, with their expression levels down regulated by the antidepressant imipramine treatment (Sales and Joca, 2018). Additionally, variations in Dnmt3a expression in the ventral hippocampus of mice can play distinct roles in the development of depression in both males and females (Hodes et al., 2015). In our lab’s preliminary research, we observed that in a maternal separation-induced depression mouse model, Dnmt3a expression decreased in the hippocampus while increasing in the medial prefrontal cortex compared to control mice (Wang et al., 2022). These findings underscore the involvement of Dnmt3a in the development of depression, though the underlying mechanisms remain unclear.

The expression of Dnmt3a is correlated with changes in Ca2+ levels. DNA methyltransferase inhibitors can influence potassium channel activity by altering the expression of genes encoding proteins, participating in intracellular Ca2+ accumulation through voltage-gated Ca2+ channels entering or releasing from intracellular Ca2+ stores (Adelman et al., 2012). Studies in cardiovascular research have found that DNA methylation is involved in regulating tissue-specific expression of Cacna1C, and DNA methyltransferases may regulate the expression of Cacna1C (Zhao et al., 2022). Therefore, we hypothesize that DNA methylation and Cacna1C may jointly play a role in the process of depression.

In this study, we initially investigated the L-type Ca2+ channel activator BAY K 8644 in comparison to the antidepressant Venlafaxine using an LPS-induced depression model. Our results revealed that, compared to BAY K 8644, Venlafaxine exhibited superior improvement in depression/anxiety-like behaviors and increased Dnmt3a expression. Furthermore, we manipulated DNA methylation levels during BAY K 8644 intervention in the depression-like model, observing that simultaneous augmentation of DNA methylation alongside BAY K 8644 intervention ameliorated LPS-induced depression/anxiety-like behaviors, while inhibiting DNA methylation facilitated anxiety-like behaviors. These findings underscore the significant role of DNA methylation in regulating depression-like behaviors mediated by L-type Ca2+ channels. Additionally, the incorporation of methyl-donor supplements such as B vitamins alongside calcium channel modulation may offer promising benefits for ameliorating depression-like behaviors. However, further investigation is warranted to elucidate the interplay between DNA methylation and Cacna1C.



Materials and methods


Animal

C57BL/6 J mice were procured from SPF (Beijing) Biotechnology Co., Ltd. The mice were housed in accordance with standard laboratory conditions at a temperature of 22 ± 1°C and a 12-h light/dark cycle (lights on at 8 AM) at the Dali University Laboratory Animal Center. Recent studies have indicated that Dnmt3a expression is influenced by both sex (Nugent et al., 2015) and age (Feng et al., 2005; Wang et al., 2022). To control for these variables, we exclusively utilized male mice in all our experiments All mice aged 8 to 12 weeks. Each experimental group comprised mice from the same batch and age group. All behavioral experiments were conducted between 9 AM and 6 PM. The animal experiments adhered to the ARRIVE guidelines for the care and use of experimental animals and received approval from the Animal Care Ethical Committee of Dali University.



Drugs

Mice in the LPS group received intraperitoneal injections of LPS (1 mg/kg, L2880, Sigma-Aldrich, USA) (Ali et al., 2020) for 7 consecutive days, with LPS administered 1 h prior to each behavioral test. Mice in the LPS + L-methionine group were fed with L-methionine chow (19.5 mg/kg, M5380, Sigma-Aldrich, USA) for 7 consecutive days (Miousse et al., 2017). Following 7 days of intraperitoneal LPS injections, mice in the LPS + BAY K 8644 group received BAY K 8644 (1 mg/kg, A8632, APE × BIO, USA) 1 h before each behavioral test (Shelton et al., 1987). Mice in the LPS + RG108 group and LPS + venlafaxine group were administered RG108 (0.2 mg/kg, R8279, Sigma-Aldrich, USA) and venlafaxine (2.5 mg/kg, A5355, APE × BIO, USA) respectively (Guo et al., 2020; Sales et al., 2021; Zheng et al., 2022), 2 h prior to each behavioral assessment, following 7 consecutive days of intraperitoneal LPS injections. Mice in the LPS + BAY K 8644 + LM group received mouse methionine chow alongside intraperitoneal LPS injections for 7 consecutive days, with mouse BAY K 8644 administered 1 h before each behavioral test. Mice in the RG108 group received intraperitoneal injections of RG108 2 h prior to each behavioral test. The Vehicle group received intraperitoneal injections of saline for seven consecutive days and were administered mouse saline 1 h before each behavioral test. LPS, venlafaxine, and BAY K 8644 were dissolved in saline, while RG108 was dissolved in DMSO and diluted in saline.



Sucrose preference test

Indicators commonly used to evaluate pleasure deficit in depression modeling. The specific experimental protocol was as follows: the adaptation period of sucrose preference experiment was started on the fourth day of modeling, two roller ball water bottles were prepared, one bottle of 1% sucrose solution and one bottle of normal drinking water were prepared and placed in the rearing cages of the mice (during which the mice were fed with chow), the mice were free to choose, and the mice were placed in the cages continuously for 72 h (on the sixth day of the modeling), then the two bottles and the chow were withdrawn and the mice were fasted for 24 h. Behavioral tests were conducted on the seventh day of the modeling, and the mice were kept in a single cage for 24 h (during which they were fed with normal chow), and the positions of the water bottles were exchanged at 4hr intervals to prevent the formation of positional preference. The consumption of drinking water and sucrose solution was recorded respectively after 24 h. The test index was: sugar water preference index = sucrose solution consumption/total consumption (tap water + sucrose solution) × 100%.



Forced swimming test

The forced swimming test is commonly used to evaluate indicators of behavioral despair in depression models. The specific experimental protocol was as follows: after the sucrose preference test, the mice tested individually were returned to the home cage and placed into the behavioral chamber for acclimatization at least 1hr prior to the start of the forced swimming test, and the room temperature of the behavioral chamber was maintained at 25°C. Prepare a cylindrical transparent acrylic water tank with a diameter of 15cm and a height of 30cm in advance, and fill the water tank with pure water; and the water temperature was controlled at 25 ± 2°C. Place the mice in the tank and start the test after 2 min of adaptation, the test duration is 3 min, and the floating time (i.e., the time when the mouse stops struggling and its body floats on the water surface) is filmed and recorded with the animal behavior analysis equipment. Note that each mouse needed to be replaced with clean tap water to prevent feces and urine from interfering with the behavior of the mice to be tested. (Control and modeling groups were alternated throughout the testing period).



Open field test

The open field experiment is mainly used to assess the locomotion level and anxiety level of mice. The size of the open field used was 45 × 45 × 30 cm with a brightness of about 150 lux. The mice were taken out from the feeding room and acclimatized in the behavioral room for at least 1hr before starting the experiment. During the experiment, the total activity of the mice was recorded for 15 min, and the data was collected using Visual Track software. At the end of the experiment, the same cage was used to transfer the mice to another empty cage in the acclimatization room, and all the mice in the same cage were put back to the home cage together when they were done. The Vehicle group received intraperitoneal injections of saline for seven consecutive days and were administered mouse saline 1 h before each behavioral test (Yue et al., 2023). The absent field was scrubbed with 75% ethanol in the middle of every 2 mice. The room temperature of the behavioral room was maintained at 25°C.



Immunofluorescence staining

Mice were anesthetized with sodium pentobarbital, perfused transcardially with 4% paraformaldehyde and PBS, and sectioned at 30 μm. Brain sections were treated with 0.5% Triton X-100, 10% goat serum, and 0.2% skimmed milk powder in PBS for 1 h at room temperature. Sections were incubated overnight at room temperature with primary antibodies (anti-Dnmt3a (rabbit), 1:1000, CST, #3598; anti-GFAP (rabbit), 1:500, MCE, #264369). The slices were incubated overnight at room temperature, washed three times with PBS (10 min each time), incubated in the dark with secondary antibodies (goat anti-rabbit 488, A11008, 1:400, Invitrogen) for 1 h at room temperature, and washed three times with PBS (10 min each time). Finally, sections were incubated with Hoechst for 5 min and mounted on glass slides. Images were captured using a 10 × (ix73; Olympus, Japan) inverted microscope. The co-localization of Dnmt3a-positive cells was counted using Image J.



Data analysis

At least 3 brain slices were taken from each DG region, as shown in The Mouse brain in Stereotaxic Coordinates, and counted according to Image J. all the images analysis was made using ImageJ and statistical analysis using GraphPad Prism8. Stat significance was set at P < 0.05, all the data are expressed as mean ± SEM.




Results


LPS induces depressive-like behavior and reduces Dnmt3a expression in the dentate gyrus (DG) region of the mouse hippocampus

We administered LPS intraperitoneally to mice for 7 consecutive days, monitored their body weight (Figure 1B, P < 0.0001), conducted behavioral tests, and subsequently perfused and stained their brains (Figure 1A). Results showed a significant decrease in body weight in the LPS group compared to the Ctrl group (P < 0.0001) (Figure 1B). The sucrose preference test revealed a significant reduction in sucrose consumption in the LPS group compared to the Ctrl group (P = 0.0001) (Figure 1C). In the forced swimming test, the floating time of the modeled group was significantly lower than that of the control (P = 0.030) (Figure 1D). In the open field test, the modeled group showed no significantly change compared to the control group on total distance (P = 0.459) (Figure 1G). compared to the LPS group, the Ctrl group exhibited an increasing trend but not significantly in both the percentage of time spent in the central area (P = 0.221) and the number of entries (P = 0.066) (Figures 1E, F). These behavioral findings collectively demonstrate that LPS significantly increases depressive-like behavior in mice.
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FIGURE 1
LPS induces depressive-like behavior and reduces Dnmt3a expression in the dentate gyrus (DG) region of the mouse hippocampus. (A) Experimental procedures. Ctrl group, n = 7; LPS group, n = 10. (B) Weight changes of the two groups of mice, The weight of the LPS group was significantly lower than that of the control group (two-way RM ANOVA, F (1, 15) = 47.26, P < 0.0001). (C) Sucrose preference test results showed that the sucrose preference of the LPS group was significantly lower than that of the control group (unpaired t-test, T15 = 5.031, P = 0.0001). (D) Forced swim test results, the immobility time of the LPS group was significantly higher than that of the control group (unpaired t-test, T15 = 2.391, P = 0.030) (E–G) Open field test results. (E) Percentage of time in the center area (LPS group vs. Ctrl group; unpaired t-test, T15 = 1.276, P = 0.221); (F) the number of central area entries (LPS group vs. Ctrl group; unpaired t-test, T15 = 1.157, P = 0.266); (G) total distance (LPS group vs. Ctrl group; unpaired t-test, T15 = 0.758, P = 0.459). (H) Sample Images of Dnmt3a staining in the hippocampal dentate gyrus. Scale bars, 100 μm. (I) Quantification of Dnmt3a expression in the hippocampal dentate gyrus. (LPS group, n = 5; Ctrl group, n = 4; unpaired t-test, T7 = 6.004, P = 0.0005). Results are presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001; ns, not significant.


Under physiological and pathological conditions, the regulation of neurogenesis in the hippocampal DG region significantly affects mechanisms involved in emotion, memory, and cognition. Previous studies have shown that Dnmt3a is primarily expressed in the adult mouse DG region (Gong and Zhou, 2018; Wang et al., 2022). Therefore, we primarily stained the DG region for Dnmt3a. We randomly selected 5 mice from the same group for immunofluorescence staining and analysis of Dnmt3a. The results showed that the expression of Dnmt3a in the LPS group was significantly decreased compared with the control group (P = 0.0005) (Figures 1H, I). This result indicated that while LPS induced depression in mice, the level of Dnmt3a in the DG region also decreased. Abnormal levels of Dnmt3a affect depressive behavior in mice, which is consistent with our previous findings (Wang et al., 2022).



Compared to BAY K 8644, venlafaxine shows better improvement in depressive/anxiety-like behaviors and can reverse the decrease in DNMT3a expression induced by LPS injection

Mice subjected to consecutive LPS injections were divided into three groups. One hour before behavioral testing, they were administered with venlafaxine/Cacna1C activator BAY K 8644/vehicle, followed by behavioral testing. After behavioral testing, brains were collected for Dnmt3a staining (Figure 2A). The sucrose preference test results showed that venlafaxine injection could counteract the decreased sucrose preference induced by LPS, whereas BAY K 8644 could not, LPS + venlafaxine showed no difference in sucrose preference compared to the control group (P = 0.999), while LPS + BAY K 8644 showed tend lower preference (P = 0.063) and LPS showed significantly differences (P = 0.002) (Figure 2B). Forced swimming test results indicated that both venlafaxine and BAY K 8644 could eliminate the despair behavior induced by LPS in the forced swimming test, the immobility time of the LPS + venlafaxine (P = 0.0994) and LPS + BAY K 8644 groups (P = 0.239) showed no significant difference from the control group, while the control and LPS groups had significant differences (P = 0.023) (Figure 2C). Open field test results demonstrated that the total distance traveled by mice in the LPS group (P = 0.008), LPS + venlafaxine group (P = 0.049) and LPS + BAY K 8644 group (P = 0.002) decreased compared to the control group (Figure 2D). The number of central zone visits and time spent in the central zone showed no difference between the LPS + venlafaxine group, LPS + BAY K 8644 group, while they were significantly reduced in the LPS group compared to the control group (Figures 2E, F). Behavioral results indicate that BAY K 8644 can alleviate depressive-like behavior induced by LPS to some extent, but its antidepressant effect is not as significant as venlafaxine.
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FIGURE 2
Compared to BAY K 8644, venlafaxine shows better improvement in depressive/anxiety-like behaviors and can reverse the decrease in DNMT3a expression induced by LPS injection. (A) Experimental procedures. Ctrl group, n = 13; LPS group, n = 7; LPS + BAY K 8644 group, n = 8; LPS + Venlafaxine group, n = 10. (B) Sucrose preference test results (one-way ANOVA with Tukey’s multiple comparisons test, F(3, 34) = 7.172, P = 0.0007; LPS vs. LPS + BAY K 8644, T34 = 1.881, P = 0.551; LPS vs. LPS + Venlafaxine, T34 = 5.230, P = 0.004; LPS vs. Ctrl, T34 = 5.601, P = 0.002; LPS + BAY K 8644 vs. LPS + Venlafaxine, T34 = 3.381, P = 0.098; LPS + BAY K 8644 vs. Ctrl, T34 = 3.676, P = 0.063; LPS + Venlafaxine vs. Ctrl, T34 = 0.115, P = 0.999). (C) Forced swim test results (one-way ANOVA with Tukey’s multiple comparisons test, F(3, 34) = 6.722, P = 0.001; LPS vs. LPS + BAY K 8644, T34 = 6.249, P = 0.0005; LPS vs. LPS + Venlafaxine, T34 = 4.400, P = 0.019; LPS vs. Ctrl, T34 = 4.295, P = 0.023; LPS + BAY K 8644 vs. LPS + Venlafaxine, T34 = 2.247, P = 0.398; LPS + BAY K 8644 vs. Ctrl, T34 = 2.715, P = 0.239; LPS + Venlafaxine vs. Ctrl, T34 = 0.367, P = 0.994). (D–F) Open field test results. (D) total distance (one-way ANOVA with Tukey’s multiple comparisons test, F(3, 34) = 6.735, P = 0.001; LPS vs. LPS + BAY K 8644, T34 = 0.3923, P = 0.992; LPS vs. LPS + Venlafaxine, T34 = 1.341, P = 0.779; LPS vs. Ctrl, T34 = 4.844, P = 0.008; LPS + BAY K 8644 vs. LPS + Venlafaxine, T34 = 1.821, P = 0.577; LPS + BAY K 8644 vs. Ctrl, T34 = 5.506, P = 0.002; LPS + Venlafaxine vs. Ctrl, T34 = 3.828, P = 0.049) (E) Percentage of time in the center area (one-way ANOVA with Tukey’s multiple comparisons test, F(3, 34) = 3.505, P = 0.026; LPS vs. LPS + Venlafaxine, T34 = 4.412, P = 0.018); (F) the number of central area entries (one-way ANOVA with Tukey’s multiple comparisons test, F(3, 34) = 4.034, P = 0.015; LPS vs. Ctrl, T34 = 4.597, P = 0.013); (H) Sample Images of Dnmt3a staining in the hippocampal dentate gyrus. Scale bars, 100μm. (G) Quantification of Dnmt3a expression in the hippocampal dentate gyrus. (Ctrl group, n = 4; LPS group, n = 3; LPS + BAY K 8644 group, n = 5; LPS + Venlafaxine group, n = 5; one-way ANOVA with Tukey’s multiple comparisons test, F(3, 13) = 6.666, P = 0.006; LPS vs. LPS + BAY K 8644, T13 = 0.0006, P > 0.999; LPS vs. LPS + Venlafaxine, T13 = 2.388, P = 0.368; LPS vs. Ctrl, T13 = 5.021, P = 0.016; LPS + BAY K 8644 vs. LPS + Venlafaxine, T13 = 2.758, P = 0.256; LPS + BAY K 8644 vs. Ctrl, T34 = 5.718, P = 0.007; LPS + Venlafaxine vs. Ctrl, T13 = 3.117, P = 0.173). Results are presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.


Dnmt3a staining results showed that compared to the control group, both the LPS group (P = 0.016) and LPS + BAY K 8644 group (P = 0.007) exhibited a significant decrease in Dnmt3a expression (Figures 2G, H), while the LPS + venlafaxine group (P = 0.173) showed no difference. GFAP is a marker of astrocytes whose expression is associated with inflammation (Kunchok et al., 2019). We also performed GFAP staining, and the results showed that compared to the control group, the expression of GFAP increased significantly in the LPS + BAY K 8644 group (P = 0.003), while there was no difference in the LPS + venlafaxine group (P = 0.672) (Figures 3A, B). These results suggest that compared to BAY K 8644, venlafaxine shows better improvement in depressive/anxiety-like behaviors and can reverse the decrease in Dnmt3a expression and the increase in inflammation induced by LPS injection.
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FIGURE 3
Venlafaxine reverse the increase expression of GFAP in the hippocampal dentate gyrus. (A) Sample images of GFAP staining in the hippocampal dentate gyrus. Scale bars, 100μm. (B) Quantification of GFAP expression in the hippocampal dentate gyrus. (Ctrl group, n = 4; LPS group, n = 3; LPS + BAY K 8644 group, n = 5; LPS + Venlafaxine group, n = 5; one-way ANOVA with Tukey’s multiple comparisons test, F(3, 13) = 8.528, P = 0.002; LPS vs. LPS + BAY K 8644, T13 = 1.568, P = 0.691; LPS vs. LPS + Venlafaxine, T13 = 3.033, P = 0.190; LPS vs. Ctrl, T13 = 4.646, P = 0.027; LPS + BAY K 8644 vs. LPS + Venlafaxine, T13 = 4.765, P = 0.023; LPS + BAY K 8644 vs. Ctrl, T34 = 6.465, P = 0.003; LPS + Venlafaxine vs. Ctrl, T13 = 1.613, P = 0.672). Results are presented as mean ± SEM; *P < 0.05; **P < 0.01; ns, not significant.




The regulation in Dnmt3a levels can impact depressive-like behavior in mice, and the combined use of BAY K 8644 and L-methionine can better improved depressive-like behaviors

To modulate the expression levels of Dnmt3a in the mouse brain, we utilized the Dnmt3a inhibitor RG108 and the DNA methylation substrate L-methionine. In a pilot experiment, we found that feeding mice with L-methionine added to their diet continuously for 7 days significantly increased the level of Dnmt3a expression. In this experiment, we initiated a high-methylation diet concurrently with the start of LPS administration, and then administered Bay K 8644 (LPS + LM + BAY K 8644 group) or vehicle (LPS + LM group) 1 h before behavioral testing. To investigate the impact of reduced methylation on LPS-induced depressive-like behavior, we also included two groups of mice: one receiving the DNA methyltransferase inhibitor RG108 before behavioral testing following LPS injection (LPS + RG108 group) and another receiving RG108 but not LPS (RG108 group). These mice were compared with a control group injected only with vehicle (ctrl group) (Figure 4A).
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FIGURE 4
The regulation in Dnmt3a levels can impact depressive-like behavior in mice, and the combined use of BAY K 8644 and L-methionine can better improved depressive-like behaviors. (A) Experimental procedures. Ctrl group, n = 7; LPS group, n = 13; LPS + BAY K 8644 + LM group, n = 9; LPS + LM group, n = 9; LPS + RG108 group, n = 7; RG108 group, n = 8. (B) Sucrose preference test results (one-way ANOVA with Tukey’s multiple comparisons test, F(5, 47) = 16.71, P < 0.0001; LPS vs. LPS + BAY K 8644 + LM, T47 = 8.789, P < 0.0001; LPS vs. LPS + RG108, T47 = 7.778, P < 0.0001; LPS vs. RG108, T47 = 4.739, P = 0.019; LPS vs. Ctrl, T47 = 7.226, P < 0.0001; LPS + BAY K 8644 + LM vs. LPS + LM, T47 = 9.072, P < 0.0001; LPS + LM vs. LPS + RG108, T47 = 8.159, P = 0.006; LPS + LM vs. Ctrl, T47 = 7.646, P < 0.0001). (C) Forced swim test results(one-way ANOVA with Tukey’s multiple comparisons test, F(5, 47) = 10.66, P < 0.0001; LPS vs. LPS + BAY K 8644 + LM, T47 = 4.465, P = 0.031; LPS vs. LPS + RG108, T47 = 4.214, P = 0.049; LPS vs. Ctrl, T47 = 5.848, P = 0.002; LPS + BAY K 8644 + LM vs. LPS + RG108, T47 = 7.762, P < 0.0001; LPS + BAY K 8644 + LM vs. RG108, T47 = 4.576, P = 0.025; LPS + LM vs. LPS + RG108, T47 = 5.817, P = 0.002; LPS + RG108 vs. Ctrl, T47 = 8.825, P < 0.0001; RG108 vs. Ctrl, T47 = 5.853, P = 0.002). (D–F) Open field test results. Ctrl group, n = 6; LPS group, n = 12; LPS + BAY K 8644 + LM group, n = 9; LPS + LM group, n = 9; LPS + RG108 group, n = 7; RG108 group, n = 8. (D) Total distance (one-way ANOVA with Tukey’s multiple comparisons test, F(5, 45) = 17.98, P < 0.0001). (E) Percentage of time in the center area (one-way ANOVA with Tukey’s multiple comparisons test, F(5, 45) = 11.26, P < 0.0001); (F) the number of central area entries (one-way ANOVA with Tukey’s multiple comparisons test, F(5, 45) = 3.936, P = 0.005); (H) Sample Images of Dnmt3a staining in the hippocampal dentate gyrus. Scale bars, 100μm. (G) Quantification of Dnmt3a expression in the hippocampal dentate gyrus. (Ctrl group, n = 4; LPS group, n = 5; LPS + BAY K 8644 + LM group, n = 5; LPS + LM group, n = 5; LPS + RG108 group, n = 5; RG108 group, n = 5; one-way ANOVA with Tukey’s multiple comparisons test, F(5, 23) = 30.11, P < 0.0001). Results are presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.


Behavioral results showed that in the sucrose preference test, compared to the ctrl group, mice in the LPS (P < 0.0001) and LPS + LM (p < 0.0001) groups exhibited significantly reduced sucrose preference, while the remaining groups showed no significant differences compared to the control group (Figure 4B). In the forced swim test, compared to the ctrl group, mice in the LPS (P = 0.002), LPS + RG108 (P < 0.0001), and RG108 (P = 0.002) groups all exhibited significantly increased immobility time in the forced swim, while the other groups showed no differences compared to the control group (Figure 4C). In the open field test, compared to the control group, the LPS (P < 0.0001), LPS + RG108 (P < 0.0001), and RG108 (P < 0.0001) groups all displayed reduced locomotor activity, while the LPS + LM + BAY K 8644 (P = 0.223) and LPS + LM (P = 0.139) groups showed no significant differences compared to the control group (Figure 4D); the LPS (P = 0.008) and LPS + RG108(P = 0.012) groups exhibited reduced entries into the central zone (Figure 4F), while the LPS + LM + BAY K 8644 group (P = 0.023) showed significantly increased time spent in the central zone compared to the control group (Figure 4E). These results indicate that L-methionine and BAY K 8644 can significantly improve depressive-like behavior in LPS-treated mice, with L-methionine alone partially improving depressive-like behavior (reduced immobility time in the forced swim test and increased locomotor activity and entries into the central zone in the open field test compared to the LPS group). Additionally, RG108 injection exhibited increased depressive-like behavior in the forced swim test, and even without LPS injection, it led to increased depressive-like behavior in the open field and forced swim tests. However, in the sucrose preference test, the RG108 group showed normal sucrose preference. This suggests that DNA methyltransferase inhibitors can increase some aspects of depressive-like behavior, while increasing methylation substrates can ameliorate depressive-like behavior. The best antidepressant effect was achieved when increasing methylation substrates while administering BAY K 8644.

Dnmt3a staining results showed that the Dnmt3a expression levels in the LPS + LM + BAY K 8644 (P = 0.0001), RG108 + LPS (P < 0.0001), and RG108 (P < 0.0001) groups were significantly lower than those in the control group (Figures 4G, H). These staining results indicate that a high-methylation diet and RG108 injection indeed play a role in modulating Dnmt3a expression levels in the hippocampal region. And the combined use of BAY K 8644 and L-methionine can’t increase the expression of Dnmt3a.

These results demonstrate that changes in Dnmt3a levels can influence depressive-like behavior in mice, and the combined use of BAY K 8644 and L-methionine can better improve depressive-like behavior. However, the combined use of BAY K 8644 and L-methionine does not significantly improve the decrease in Dnmt3a expression induced by LPS, suggesting that there may be a more complex mutual regulation between Dnmt3a and Cacna1C in the regulation of depression.




Discussion

In this study, we investigated the L-type Ca2+ channel activator BAY K 8644 in comparison with the antidepressant Venlafaxine in a depressive model induced by LPS. Our results demonstrate that Venlafaxine is more effective than BAY K 8644 in ameliorating depression like behaviors and increasing Dnmt3a expression while decreasing GFAP expression. Furthermore, we manipulated DNA methylation levels during BAY K 8644 intervention in the depressive model, and found that increasing DNA methylation simultaneously with BAY K 8644 intervention could ameliorate LPS-induced depressive/anxiety-like behaviors, while inhibiting DNA methylation could promote anxiety-like behaviors. Our findings suggest a potential interaction between Dnmt3a and L-type Ca2+ channels in the context of depression.

Continuous LPS injection in mice has been shown to induce depressive-like behaviors including increased immobility in forced swimming and tail suspension tests, and decreased sucrose preference (Frenois et al., 2007). Additionally, the LPS-induced depressive model is associated with changes in brain regions such as the hippocampus, amygdala, and hypothalamus, primarily modeling the inflammation hypothesis of depression (Frenois et al., 2007). Consistent with our previous research showing predominant Dnmt3a expression in the dentate gyrus (DG) region of adult mice (Wang et al., 2022), we found a decrease in Dnmt3a expression in the DG region of mice exhibiting LPS-induced depressive-like behaviors. In 2018, Stephanie M Matt et al. discovered that the DNA methyltransferase inhibitor zebularine could affect the expression changes of inflammation-related genes induced by LPS, altering the course of LPS-induced inflammation (Matt et al., 2018). Studies in the cardiovascular system have found that inhibiting Dnmt3a expression in bone marrow cells can lead to an increase in inflammation and the severity of atherosclerosis in mice (Rauch et al., 2023). These results collectively suggest an association between Dnmt3a and chronic inflammation, with decreased Dnmt3a expression potentially affecting the progression of inflammatory responses. Therefore, increasing Dnmt3a expression may improve LPS-induced inflammatory responses, consistent with our GFAP staining results.

Venlafaxine not only improves depressive-like behaviors but also reverses the downregulation of Dnmt3a expression and the upregulation of GFAP expression induced by LPS. This suggests that Venlafaxine may elevate DNA methylation levels while improving inflammation. Clinical studies have shown that the use of venlafaxine can reduce GFAP levels in the cerebrospinal fluid of patients with depression (Zheng et al., 2023), consistent with our staining results. There have been no reports on the relationship between venlafaxine and Dnmt3a, we speculate that venlafaxine may influence Dnmt3a expression through its effects on inflammation.

BAY K 8644 is an L-type Ca2+ channel activator. As early as 1985, P. Skolnick et al. found that injection of 2–4 mg/kg BAY K 8644 could induce behavioral changes in mice, including ataxia, decreased motor activity, Straub tail, arched back, limb clonus and tonus, and an increased sensitivity to auditory stimulation (Bolger et al., 1985). Similar behavioral changes were observed in rats with a dose of 2 mg/kg BAY K 8644 (Baran et al., 2000). In 2002, Kasim et al. reported that doses ranging from 2 to 8 mg/kg of BAY K 8644 could induce self-biting behavior in mice by affecting serotonin (Kasim et al., 2002). Additionally, research has shown that doses of 0.5 mg/kg and 1 mg/kg BAY K 8644 can prolong immobility time in the despair test in mice (Mogilnicka et al., 1988). In rat studies, it was found that using 0.5 mg/kg BAY K 8644 alone did not affect anxiety-like behavior, but when combined with ethanol, it enhanced the anxiolytic effects of ethanol (Kirac and Eroglu, 1991). In our study, we found that a dose of 1 mg/kg BAY K 8644 reduced despair behavior in the forced swim test in the LPS model mice, increased central access time and frequency in the open field test, but did not significantly affect sucrose preference. The role of the L-type Ca2+ channel-encoding gene Cacna1C in psychiatric disorders also exhibits variability. Most studies suggest that Cacna1C is a highly risk-associated gene for psychiatric disorders, with its overexpression leading to emotional, cognitive, and memory deficits. For example, heterozygous Cacna1C knockout mice exhibit social deficits similar to humans (Kabitzke et al., 2018), and selective deletion of Cacna1C in the prefrontal cortex also shows antidepressant effects (Kabir et al., 2017). However, Ehlinger and Commons also confirmed that selective deletion of Cacna1C can increase immobility time in the forced swim test and anxiety levels in the open field test (Ehlinger and Commons, 2019). These studies suggest differences in the regulation of behavior by BAY K 8644 and Cacna1C in different experiments and contexts.

Higher or lower levels of Ca2+ influx in neurons may be detrimental. L-type Ca2+ channels can regulate neuronal firing. For example, L-type Ca2+ channels can directly provide depolarizing stimuli, which can stabilize depolarization plateaus, thereby affecting neuronal firing (Olson et al., 2005). L-type Ca2+ channels can also couple with Ca2+-activated potassium channels to regulate neuronal firing. Therefore, the regulation of behavior by BAY K 8644 may be related to its effects on L-type Ca2+ channels, as the level of channel opening directly affects behavioral changes (Berkefeld et al., 2006). Thus, the behavioral regulatory effects of BAY K 8644 may depend greatly on the purity of the drug, dosage regimen, and timing of administration. It may be the key point limiting the application of BAY K 8644.

Mice with depressive behavior due to social failure showed lower expression levels of Dnmt3a in the medial prefrontal cortex than healthy control mice. Increasing the expression of Dnmt3a in the medial prefrontal cortex can reduce anxiety-like behavior (Elliott et al., 2016). These studies, along with our findings of increased Dnmt3a expression levels in the LPS model mice through dietary supplementation with L-methionine, reversing the increased immobility time in the forced swimming test and reduced central visits in the open field test induced by LPS, are consistent with previous research results. However, in the sucrose preference test, RG108 reversed the phenotype of reduced sucrose preference induced by LPS, which differed from the phenotypes observed in the forced swimming and open field tests. Administration of RG108 alone increased immobility time in the forced swimming test but did not affect the sucrose preference test. This difference may be related to the perception of sweet taste and signal transduction. Studies have shown that the methylation level of TAS1R2, a gene related to sweet taste transduction, is associated with sweet taste perception and preference (Ramos-Lopez et al., 2018). Therefore, RG108 may affect sweet taste perception by influencing the methylation level of TAS1R2, leading to differences in the sucrose preference test and other test results.

The reasons for the synergistic effect of L-methionine and BAY K 8644 in achieving better antidepressant effects may be twofold. On the one hand, DNA methylation may participate in the regulation of cacna1C gene expression. On the other hand, both are involved in the regulation of depression-related neural functions. L-type Ca2+ channels can regulate spine density in the CA1 region through the cAMP/PKA signaling pathway, affecting neural function (Hoogland and Saggau, 2004). Studies have found that increased expression of Dnmt3a in the nucleus accumbens (NAc) can increase spine density in the NAc, while RG108 can reduce spine density in cultured neurons (LaPlant et al., 2010). These studies suggest that both L-type Ca2+ channels and DNA methylation can affect spine density, and spine density is an important influencing factor in the regulation of depression. Regulation of the number, size, and shape of dendritic spines is important for synaptic plasticity, learning, and memory (Lai and Ip, 2013). In chronic stress depression models, spine density in the hippocampal area is reduced (Qiao et al., 2016), and reduced spine density in the hippocampal area is also found in LPS-induced depression models (Gong et al., 2023). These results suggest that DNA methylation and L-type Ca2+ channels may synergistically regulate spine density in the LPS model to improve depressive-like behavior.

Our study suggests that DNA methylation and L-type Ca2+ channels play regulatory roles in inflammation-induced depressive-like behavior. Activation of L-type Ca2+ channels alone and increasing Dnmt3a expression alone can alleviate depressive-like behavior to some extent, but their synergistic effect can enhance antidepressant efficacy. The specific mechanism of interaction is still unclear. Our results suggest that research on the synergistic effects of epigenetics and calcium ion channels may be helpful in developing new antidepressant therapies.
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