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Background

Myocardial macrophages have key roles in cardiac remodeling and dysfunction. The gamma-aminobutyric acid subtype A (GABAA) receptor was recently found to be distributed in macrophages, allowing regulation of inflammatory responses to various diseases. This study aimed to clarify the role of GABAA receptor-mediated macrophage responses in pressure overload-induced heart failure.



Methods and Results

C57BL/6J mice underwent transverse aortic constriction for pressure-overload hypertrophy (POH) and were intraperitoneally treated with a specific GABAA receptor agonist (topiramate) or antagonist (bicuculline). Echocardiography, histology, and flow cytometry were performed to evaluate the causes and effects of myocardial hypertrophy and fibrosis. Activation of the GABAA receptor by topiramate reduced ejection fraction and fractional shortening, enlarged the end-diastolic and end-systolic left ventricular internal diameter, aggravated myocardial hypertrophy and fibrosis, and accelerated heart failure in response to pressure overload. Mechanistically, topiramate increased the number of Ly6Clow macrophages in the heart during POH and circulating Ly6Chigh classic monocyte infiltration in late-phase POH. Further, topiramate drove Ly6Clow macrophages toward MHCIIhigh macrophage polarization. As a result, Ly6Clow macrophages activated the amphiregulin-induced AKT/mTOR signaling pathway, and Ly6ClowMHCIIhigh macrophage polarization increased expression levels of osteopontin and TGF-β, which led to myocardial hypertrophy and fibrosis. Conversely, GABAA receptor blockage with bicuculline reversed these effects.



Conclusions

Control of the GABAA receptor activity in monocytes/macrophages plays an important role in myocardial hypertrophy and fibrosis after POH. Blockade of the GABAA receptor has the potential to improve pressure overload-induced heart failure.
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Introduction

Heart failure (HF) is a leading cause of morbidity and mortality and has a poor prognosis (1). Chronic pressure overload, as seen in persistent hypertension or aortic stenosis, is a major risk factor for HF (2). The pressure-overload heart experiences the transitions from compensated hypertrophic remodeling with preserved contractile function to eccentric hypertrophy with contractile dysfunction (3). Notwithstanding the fact that current drugs capable of inhibiting neuroendocrine signaling can promote hypertrophy regression, HF progression and its poor prognosis remain unavoidable. Recent clinical evidence indicates that the progression from HFpEF to HFrEF has a worse prognosis than HFrEF and president HFpEF that is not accompanied by ejection fraction (EF) declines during follow-up (4). This underscores the need to unravel the mechanism of compensation to decompensation HF transition.

Mechanical pressure-overload hypertrophy (POH) results in HF progression from EF preservation to EF reduction with myocardial hypertrophy and fibrosis. Recently, It was shown that macrophages acted as key innate immune cells with important roles in the initiation and development of cardiac remodeling and dysfunction in mice with POH (5, 6). Macrophages can be constitutively present within the myocardium like kupffer cells in the liver and derived from blood monocytes as well (7, 8). Macrophages of different origins exert distinct effects on either early or late phases of POH. The proliferation of cardiac resident Ly6Clow macrophages as a mechanism of self-renewal occurs within early-phase POH, and infiltrating macrophages arise from circulating classic Ly6Chigh monocytes in late-phase POH (9). Macrophages are sensitive to their surroundings and alter their physiology in response to environmental factors (10). A previous study showed that infiltration of microRNA-155–expressing macrophages in response to pressure overload promoted cardiac inflammation, hypertrophy, and failure (11). By contrast, depletion of macrophages attenuated left ventricle (LV) remodeling and dysfunction in POH mice (12).

Gamma-aminobutyric acid subtype A (GABAA) receptors are the principal neurotransmitter receptors of the central nervous system(CNS), and they are also found to be distributed in immune cells, such as neutrophils, monocytes, and macrophages (13). Recently, we published a study showing that activation or inhibition of the GABAA receptor exerted a pronounced effect on post-infarction ventricular remodeling by modulating monocyte/macrophage subsets (14). The GABAA receptor has also been shown to affect macrophage recruitment and activity in tumor microenvironments and stress-induced colon inflammation (15, 16). Thus, the GABAA receptor can influence pathological processes in various diseases via the modulation of macrophages. However, it remains unclear whether macrophage modulation affects pressure overload-induced cardiac remodeling and dysfunction, which have increasingly been associated with macrophage-mediated inflammation in POH.

Here, we sought to address the role of the GABAA receptor in pressure overload-induced cardiac remodeling and dysfunction. In a transverse aortic constriction (TAC) model used to assess POH, we treated mice with a specific GABAA receptor agonist (topiramate) or antagonist (bicuculline). We demonstrated that activation of the GABAA receptor by topiramate accelerated HF. Conversely, blockade of the GABAA receptor by bicuculline protected POH mice against LV enlargement and EF reduction. The data indicated that GABAA receptor modulation would become a new strategy in the treatment of patients with pressure overload-induced HF.



Materials and Methods


Animals and Treatments

Six- to 8-week-old male C57BL/6J mice, weighing 22 to 24 g, were housed at room temperature under a 12-h light/dark cycle. Food and water were provided freely. The surgical and experimental procedures were approved by Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology.

After 1 week of adaptive feeding, mice were assigned into either a sham surgery group or a transverse aortic constriction (TAC) group. Subsequently, mice in the TAC group were randomly assigned to one of the following treatments: (1) Sodium chloride(NaCl)-treated group (vehicle), NaCl at 8 ml/kg; (2) topiramate-treated group, topiramate at 35 mg/kg; (3) bicuculline-treated group, bicuculline at 2 mg/kg (provided by Sigma-Aldrich, USA). The four groups were named as follows: sham, vehicle, topiramate-treated TAC group, and bicuculline-treated TAC group. Starting 6 h after TAC surgery, mice were intraperitoneally (i.p.) injected once a day consecutively for 3 weeks. At the end of the study, the hearts were harvested and weighed to compare the heart weight/body weight (HW/BW, mg/g). Then, LV tissues were collected for further experiments.



Neutralizing Antibody Administration

Mice were intraperitoneally administered five micrograms of affinity-purified anti-mouse-AREG polyclonal antibody (AF989, R&D systems) or IgG immediately before TAC and every 2 days after TAC.



Surgical Protocol

TAC model was performed as described previously (17). In brief, mice were anaesthetized by isoflurane and artificially ventilated at a rate of 120 strokes per minute using a rodent ventilator with a mixture of O2 and air (1:2 vol/vol). Then, the aorta was constricted between the innominate and left common carotid arteries by placing a 5-0 nylon suture against a blunted 26-gauge needle. Blood pressure gradient across ligation site was confirmed by echography. Mice in sham group were subjected to identical operation without reducing aorta diameter to 26-gauge.



Echocardiography

A Vevo1100 high-resolution in vivo imaging system (Fujifilm Visualsionics) was used for echocardiographic analysis. Mice were anesthetized with isoflurane. The LV B-mode and M-mode images were captured from parasternal short-axis or long-axis views at the level of the papillary muscles (18). The LV end-diastolic diameter (LVIDd) and LV end-systolic diameter (LVIDs) were measured from M-mode tracings of parasternal short-axis views at the mid and apical levels. The ejection fraction (EF) was calculated as EF (%) = 100 × [(LV Vol;d − LV Vol;s)/LV Vol;d]. LV Mass was calculated as LV mass (mg) = 1.053 × [(LVID;d + LVPW;d + IVS;d)3 − LVID;d3]. The fractional shortening (FS) was calculated as FS(%) = 100 × [(LVID;d − LVID;s)/LVID;d].



Histological Analysis and Immunofluorescence

The cross-sectional area of cardiomyocytes (CMs) was assessed on the basis of wheat germ agglutinin (WGA) staining. For that, 5 µm thick paraffin-embedded sections from mice hearts were deparaffinized, rinsed in PBS and subsequently stained with Alexa Fluor 488-conjugated WGA according to the manufacturer-provided protocol. For the quantification of the cross-sectional area, slides were imaged by a fluorescence microscope and only CMs that were aligned transversely were considered. Cell area was calculated in more than 200 cells.

To determine collagen deposition, paraffin sections (5 µm thick) of hearts were stained with Masson’s trichrome as described previously (19). Perivascular fibrosis was calculated as the perivascular collagen area relative to the vessel area, and interstitial fibrosis was the percentage of the Azan’s trichrome-stained area per total area of cardiac tissue. The blinded measurements were made by two independent observers using ImagePro Plus 6.0 (Media Cybernetics, USA). To further detect collagen content, sections were stained in Sirius Red solution as described previously (20). Type I collagen fibrosis was determined as the ratio of red/yellow-stained area to total collagen-stained area.

For co-immunostaining of F4/80 and amphiregulin (Areg), antigen retrieval was performed by using boiling citrate buffered saline for 2 min after de-waxing and washing the sections in PBS. The heart slides were blocked for 1 h with 10% normal donkey serum. The tissue sections were incubated overnight with anti-Areg (A12680, ABclonal) and anti-F4/80 (Ab6640, Abcam) antibodies. Next day, the sections were washed and incubated for 2 h with Alexa-Fluor-488–conjugated anti-goat or Alexa-Fluor-594–conjugated anti-rat secondary antibodies (Invitrogen). DAPI was used to stain the cell nuclei. The stained samples were viewed using a confocal laser-scanning microscope.



Flow Cytometry

To determine monocytes and their subsets or neutrophils, peripheral blood was collected in 50 mM EDTA (Sigma-Aldrich, USA) as anticoagulant at the day of sacrifice. Spleens and femurs were excised after vascular perfusion with sterile PBS. Spleens were triturated in PBS with the end of a 1-ml syringe, and filtered through 40 μm nylon mesh. Flushed bone marrow was also strained through the nylon mesh. Then, the cell suspension was centrifuged and resuspended to get single cell suspension. The total viable cell numbers were determined using neubauer chamber (BD Bioscience, USA) with Trypan blue(Sigma-Aldrich, USA). Cell suspension were incubated with antibodies against CD45 (eBioscience, USA), Ly-6G (eBioscience, USA), Ly-6C (eBioscience, USA), and CD11b (eBioscience, USA) for 30 min at 4°C, and washed twice for flow cytometry (FCM) analysis.

To analyze macrophages and their subsets, heart macrophages were collected as described previously (14). The right atria, left atria, and atrioventricular valves were removed after the whole heart tissue was excised. Then, LV was cut into small pieces in PBS and digested with collagenase B. The cell suspension was filtered and resuspended to get single cell suspension. After total viable cells were calculated, they were conjugated with the following antibodies for the identification defined as Ly-6Chigh and Ly-6Clow macrophages according to Ly-6C (eBioscience, USA), CD45 (eBioscience, USA), F4/80 (eBioscience, USA), and CD11b (eBioscience, USA). After incubated with these antibodies for 30 min at 4°C, the cells were washed twice. To analyze the subsets of Ly-6Clow macrophages, cardiac single cell suspension was got according to the above. Cell suspension was incubated with antibodies against CD45 (eBioscience, USA), Ly-6C (eBioscience, USA), F4/80 (eBioscience, USA), MHCII (eBioscience, USA), and CD11b (eBioscience, USA) for 30 min at 4°C, and washed twice for FCM analysis. Similarly, to analyze the expression of Ki-67 protein, CD45 (eBioscience, USA), Ly-6C (eBioscience, USA), F4/80 (eBioscience, USA), Ki-67 (eBioscience, USA), and CD11b (eBioscience, USA) were incubated for FCM analysis.


EdU Incorporation Assay

To assess DNA synthesis in cardiac macrophages, 200 µg of EdU (5-ethynyl-2′-deoxyuridine) was injected into mice (i.p). Two hours after the injection, the heart was excised, and cell suspension was dispersed from the heart tissue and analyzed for incorporated EdU using FCM.




Western Blot Analysis

Western blot was performed as described previously (21). LV tissue was homogenized in radioimmunoprecipitation buffer containing 1% protease inhibitor cocktail, and the concentration of the supernatant was measured by means of BCA. After the target proteins were loaded onto an SDS polyacrylamide gel, proteins were transferred from the gel to a PVDF membrane. Subsequently, the membranes were incubated overnight with Areg, mTOR (A2445, ABclonal), AKT (A18120, ABclonal), P-AKT (AP0655, ABclonal), or P-mTOR (AP0094, ABclonal) antibody after being blocked for 1 h. After washed in TBST, the membranes were incubated with HRP-linked secondary antibody for 60 min at room temperature. The protein bands were detected using an enhanced chemiluminescence agent (ECL reagents) and analyzed.



RNA Extraction and Quantitative Real-Time PCR (RT-PCR) Analysis

The total RNA of the LV were isolated using TRIzol®Reagent, and then, cDNA was synthesized using Prime Script™ RT Master Mix(Takara, Japan). The internal control was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All reactions were performed in a 10-μl volume-containing 1 μl cDNA, 5 μl SYBR-Green reaction mix, 0.2 μl sense primer, 0.2 μl anti-sense primer (both from TSINGKE), 0.4 μl ROX, and 3.2 μl ddH2O twice. All reactions were performed in a Applied Biosystems. Relative changes were determined using the 2−ΔΔCt method. The primer sequences were as follows:

	GAPDH-F CAGTGGCAAAGTGGAGATTGTTG GAPDH-R TCGCTCCTGGAAGATGGTGAT

	Ccl2-F CAGGTCCCTGTCATGCTTCT  Ccl2-R CCCATTCCTTCTTGGGGTCA

	Cxcl 12-F CCTTCAGATTGTTGCACGGC  Cxcl 12-R TTACAAAGCGCCAGAGCAGA

	osteopontin-F TTGCTTGGGTTTGCAGTCTTC osteopontin-R TATAGGATCTGGGTGCAGGCT

	TGF-B1-F AGGGCTACCATGCCAACTTC  TGF-B1-R CCACGTAGTAGACGATGGGC





Statistical Analysis

All values were expressed as the mean ± SEM and multiple group comparisons were analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni’s test. The survival rate was analyzed by Kaplan–Meier survival analysis and compared by the log-rank test. A value of P < 0.05 was regarded to be statistically significant. The statistical analysis was performed with SPSS 17.0 and GraphPad Prism 7.0.




Results


Activation or Blockade of the GABAA Receptor Aggravates or Attenuates Pressure Overload-Induced Cardiac Dysfunction

To assess the effect of the GABAA receptor on TAC-induced cardiac function, echocardiography was performed in topiramate- or bicuculline-treated TAC mice. Four weeks after TAC, the transition from concentric to dilated hypertrophy in the LV was accelerated by topiramate, while the development of HF was attenuated by bicuculline. At day 28 post-TAC, topiramate-treated TAC mice showed significantly reduced cardiac systolic function, expressed as fractional shortening (FS) or ejection fraction (EF) in comparison to vehicle. By contrast, cardiac systolic function in bicuculline-treated TAC mice was significantly improved compared with vehicle (Figures 1B, C and Supplementary Table 1). Four weeks after pressure overload, cardiac hypertrophy parameters including end-diastolic and end-systolic left ventricular internal diameter (LVIDd and LVIDs), LV mass, and heart-to-body weight, were significantly aggravated by topiramate, and attenuated by bicuculline (Figures 1A, D–G and Supplementary Table 1). The survival rate was observed up to 30 days post-TAC, which was significantly higher in bicuculline-treated than that in topiramate-treated TAC mice and vehicle (Figure 1H).




Figure 1 | Activation or blockade of the GABAA receptor aggravates or attenuates cardiac dysfunction in pressure-overload hypertrophy mice. Mice underwent sham or transverse aortic constriction (TAC) operation; mice in the TAC group were treated with intraperitoneal injections once a day of NaCl, topiramate or bicuculline for 3 weeks. (A) Representative left ventricular echocardiographic recordings at day 28 post-TAC. Short-axis M-mode (left) and long-axis B-mode (right). Arrows and lines marked (left ventricle internal dimension) LVID in systole (dashed) and diastole (firm). (B) Ejection fraction (%EF), (C) fractional shortening (%FS), (D) left-ventricular mass (LV mass), (E) left ventricle internal dimension in systole (LVIDs), and (F) in diastole (LVIDd) in TAC- and sham-operated mice at day 28 post-TAC. (G) Heart weight/body weight (HW/BW) in indicated groups at day 28 post-TAC. Data showed the mean ± SEM of %FS, %EF, LV mass, LVIDd, LVIDs and HW/BW for each experimental group, by one-way ANOVA with Bonferroni’s multiple comparison test. (H) Compared with vehicle, the survival rate increased in bicuculline-treated TAC group during 30 days follow-up post-TAC (n = 20 in each group). For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. NaCl-treated TAC mice (for simplicity, vehicle). (n = 4–6 in sham group, n = 10 in TAC-operated group).





Activation or Blockade of the GABAA Receptor Promotes or Alleviates Pressure Overload–Induced Myocardial Remodeling

Consistent with findings in cardiac function, topiramate-treated TAC mice showed more severe myocardial hypertrophy, and interstitial or perivascular fibrosis, compared with vehicle. As shown in Figures 2A–C, F, cross-sectional area of individual cardiomyocyte measured respectively by WGA or Masson trichrome staining increased as well as visible heart enlargement did in topiramate-treated TAC mice, compared with vehicle. Bicuculline-treated TAC mice had a variance effect. In addition, Masson trichrome and Sirius Red staining showed that areas of interstitial or perivascular fibrosis and I type collagen ratio after TAC were significantly increased by topiramate treatment (Figures 2D, E, G–I). However, cardiac fibrosis was significantly less prominent in mice treated with bicuculline after TAC than in vehicle. Furthermore, the GABAA receptor agonist or antagonist had no effect on the structure of the aorta, mesenteric arteries, and kidneys (Supplementary 1).




Figure 2 | Activation or blockade of the GABAA receptor promotes or alleviates myocardial remodeling in pressure-overload hypertrophy mice. (A) Representative visible images of hearts (top) and Masson trichrome staining of heart vertical section (bottom) at day 28 post-TAC. Scale bar = 2.5 mm. (B, C) Cardiomyocytes by wheat germ agglutinin (WGA) staining (B), and Masson trichrome staining (C) at day 28 post-TAC. scale bar = 50 μm. (D, E) Cardiac fibrosis by Masson trichrome staining (D), and Sirius Red staining (E) at day 28 post-TAC. (top, perivascular fibrosis; bottom, interstitial fibrosis). (F–I) Quantified analysis of cardiomyocytes size (F), the perivascular collagen area relative to the vessel area (G), the percentage of interstitial fibrosis area in each picture (H), and the ratio of type I collagen fibrosis to total collagen-stained area (I). Sections were analyzed with Image-Pro Plus 6.3 software. Data show the mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. (each group, n = 6–10).





Activation or Blockade of the GABAA Receptor Selectively Increases or Reduces Accumulation of Ly6Clow Macrophages in the Heart

To assess the effect of the GABAA receptor on macrophage polarization after TAC, we analyzed macrophage subpopulations in the heart by FCM at days 1, 3, 7, 14, 21, and 28 post-TAC. We used a Ly-6C marker to identify two subsets of macrophages with distinct functions, namely Ly6Chigh and Ly6Clow macrophages. As shown in Figures 3A, B, compared with vehicle, topiramate resulted in the expansion of CD45+CD11b+F4/80+Ly6Clow macrophages (hereafter referred to as Ly6Clow macrophages) in the myocardium at days 3, 7, 14, 21, and 28 post-TAC, whereas bicuculline treatment exhibited opposite effects. Mice treated with either topiramate or bicuculline after TAC did not have significantly altered CD45+CD11b+F4/80+Ly6Chigh macrophage populations (hereafter referred to as Ly6Chigh macrophages), compared with vehicle at days 1, 3, 7, 14, and 21 post-TAC (Figures 3A, B and Supplementary 2). However, topiramate treatment markedly induced the expansion of Ly6Chigh macrophages at day 28 post-TAC (late-phase POH) compared to vehicle (Figures 3A, B).




Figure 3 | Activation or blockade of the GABAA receptor selectively increases or reduces the number of Ly6Clow macrophages in the hearts of pressure-overload hypertrophy mice. Macrophage (CD45+F4/80+CD11b+) subpopulations were respectively defined as Ly6Chigh or Ly6Clow macrophages according to Ly-6C expression levels. (A) Representative images of Ly6Chigh and Ly6Clow macrophages at days 7, 14, and 28 post-TAC. The representative images of 1, 3, and 21 days after TAC were shown in supplementary materials. (B) The number of Ly6Clow macrophages or Ly6Chigh macrophages (per mg heart tissue) among the total number of live cells isolated from hearts at the indicated time points after TAC. (C) The number of CD45+CD11b+F4/80+EdU+cell (per mg heart tissue) among the total number of live cells isolated from hearts at the indicated time points after TAC. (D) Representative images of Ki-67+ expression in Ly6Clow macrophages at day 7 post-TAC. (E) The percentage of Ki-67+ expression in Ly6Clow macrophages. Data show the mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. (n = 3 mice for sham group, n = 6–8 mice for all other groups).



Recent studies have shown that cardiac Ly6Clow macrophages were independent of monocyte infiltration in early-phase POH. We hypothesized that activation of the GABAA receptor increased levels of Ly6Clow macrophages by stimulating local proliferation in early-phase POH. Indeed, we found that activation of the GABAA receptor led to the local proliferation of macrophages, as demonstrated by 5-ethynyl-2′-deoxyuridine (EdU) staining at day 7, but not day 28 post-TAC (Figure 3C and Supplementary 2). In parallel, activation of the GABAA receptor significantly induced the expression of the Ki-67 protein, a nuclear proliferation marker, in Ly6Clow macrophages at day 7 post-TAC (Figures 3D, E). Collectively, these results suggest that activation of the GABAA receptor increases the number of Ly6Clow macrophages by stimulating local proliferation of macrophages in early-phase POH.



Activation or Blockade of the GABAA Receptor Promotes or Reduces Monocyte Recruitment in Late-Phase POH

To further explore the effect of the GABAA receptor on systemic innate immunity in mice after TAC, we analyzed the number of monocyte subsets (CD45+Ly6G-CD11b+Ly6Chigh or CD45+Ly6G-CD11b+Ly6Clow) in the peripheral blood and spleen, and monocytes (CD45+Ly6G-CD11b+Ly6C+) in marrow bone by FCM at days 1, 7, 14, 21, and 28. The results showed that the GABAA receptor exerted no influence on monocytes in the peripheral blood, spleen, and marrow bone at days 1, 7, 14, and 21 post-TAC (Figures 4D–F and Supplementary 3–5). However, treatment with either topiramate or bicuculline markedly affected Ly6Chigh monocyte counts in the peripheral blood and spleen not in marrow bone at day 28 post-TAC (late-phase POH) (Figures 4A–F). For example, topiramate treatment resulted in Ly6Chigh monocyte counts in the peripheral blood and spleen to increase from 0.81 ± 0.07 × 104 to 1.78 ± 0.37 × 104, and 0.01 ± 0.01 × 104 to 0.03 ± 0.01 × 104, respectively. Furthermore, blood neutrophil counts were evaluated at days 7 and 28 post-TAC, revealing that counts in topiramate/bicuculline-treated TAC mice did not differ from those in vehicle (Supplementary 6).




Figure 4 | Activation or blockade of the GABAA receptor promotes or reduces monocyte recruitment in pressure-overload hypertrophy mice. (A, B) Representative images for flow cytometric analysis of CD45+Ly6G-CD11b+Ly6Chigh and CD45+Ly6G-CD11b+Ly6Clow monocytes in the blood (A), and spleen (B) at day 28 post-TAC. (C) Representative images for flow cytometric analysis of monocytes (CD45+Ly6G-CD11b+Ly6C+) in bone marrow at day 28 post-TAC. The representative images of other time points are shown in supplementary materials. (D) The number of Ly6Chigh or Ly6Clow monocytes (per ml blood) among the total number of live cells isolated from blood at the indicated time points. (E) The number of Ly6Chigh or Ly6Clow monocytes (per mg spleen) among the total number of live cells isolated from spleen at the indicated time points. (F) The number of monocytes (per mg marrow bone) among the total number of live cells isolated from marrow bone at the indicated time points. (G, H) Expression of Ccl2 and Cxcl12 marker genes at days 7 and 28 post-TAC. Data show the mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. (n = 3 mice for sham group, n = 6–8 mice for all other groups).



To determine whether the accumulation of myocardial macrophages depends on the recruitment of monocytes from blood in late-phase POH, we measured chemokine expression in myocardial tissues at days 7 and 28 post-TAC. Intriguingly, chemokine C-C motif ligand-2 (CCL2) levels were elevated in topiramate-treated TAC mice versus vehicle at day 28, but not day 7 post-TAC (Figure 4G), whereas CCL2 levels in bicuculline-treated TAC mice were lower than those in vehicle. We also found that topiramate treatment increased the percentage of CCR2+ macrophages in the heart at day 28 post-TAC (Supplementary 7). However, in topiramate/bicuculline-treated TAC mice, chemokine C-X-C motif ligand-12 (Cxcl12) levels were unaltered at days 7 and 28 post-TAC, which aligned well with unaltered blood neutrophil densities (Figure 4H and Supplementary 6). These data demonstrate that activation of the GABAA receptor induces circulating Ly6Chigh classic monocyte infiltration in late-phase POH via CCL2/CCR2-dependent monocyte migration.



GABAA Receptor-Mediated Myocardial Hypertrophy Is Associated With Areg-Induced Akt/mTOR Signaling

To elucidate the mechanism by which the GABAA receptor affects cardiac macrophages and thus, induces myocardial hypertrophy, we tested whether humoral factors produced from macrophages affected cardiomyocytes. Areg has recently been shown to induce cardiomyocyte hypertrophy (22). We found that topiramate increased the areas of regions that co-stained positive for Areg and F4/80 and upregulated Areg protein levels in the heart. Conversely, bicuculline treatment significantly reduced the area of co-stained regions and levels of Areg protein expression (Figures 5A–C). Furthermore, increased cardiomyocyte size in topiramate-treated mice was accompanied by increasing levels of phosphorylation of AKT and mTOR, while bicuculline reduced phosphorylation levels of both proteins relative to those which were observed in vehicle (Figures 5D–F and Supplementary 8). The capability of the GABAA receptor activation to induce Akt and mTOR phosphorylation was blocked by a neutralizing antibody specific for Areg (Figure 6). These data suggest that Areg-induced Akt/mTOR signaling pathway may be essential for GABAA receptor-mediated cardiac hypertrophy.




Figure 5 | Areg expression and Akt/mTOR signaling are involved in the GABAA receptor-mediated cardiac hypertrophy. (A) Representative micrographs showing immunofluorescent staining of Areg (red) and a macrophage marker, F4/80 (green) in a sample of heart tissue. Nuclei were counterstained with DAPI (blue). Scale bar = 50 µm. (B) Representative images of Areg protein at day 7 post-TAC in heart. (D) Representative images of P-Akt and P-mTOR protein at day 7 post-TAC in heart. (C, E, F) Quantitative analysis of Areg protein (C), P-Akt protein (E), and P-mTOR protein (F) at day 7 post-TAC in heart. GAPDH mAb (middle) was used as a loading control. Data are mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. (each group, n = 6).






Figure 6 | Blocking of Areg activity suppresses topiramate-mediated effect on Akt/mTOR signaling. (A) Representative images of Areg, P-Akt, and P-mTOR proteins at day 7 post-TAC in heart. T: topiramate; I: IgG; A: Anti-Areg Ab + IgG + topiramate. (B–D) Quantitative analysis of Areg protein (B), P-Akt protein (C), and P-mTOR protein (D) at day 7 post-TAC in heart. Data are mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. *P < 0.05 vs. TAC + Topiramate+ IgG. (each group, n = 6).





The GABAA Receptor Affects Fibrosis by Regulating MHCIIlow/MHCIIhigh Ratios in Subpopulations of Ly6Clow Macrophages

To understand how the GABAA receptor affects fibrosis, we assessed the crosstalk that occurred between macrophages and fibroblasts. As reported, Ly6Clow macrophages can be further classified into two subpopulations based on expression levels of major histocompatibility complex (MHC) class II proteins. We found that topiramate treatment reduced MHCIIlow/MHCIIhigh ratios in subpopulations of Ly6Clow macrophages, and bicuculline increased the ratios of MHCIIlow/MHCIIhigh at days 7 and 28 post-TAC, compared with vehicle (Figures 7A, B). Furthermore, RT-PCR revealed that topiramate treatment increased osteopontin (OPN) and TGF-β transcript levels at days 7 and 28 post-TAC, whereas bicuculline treatment reduced their expression levels, compared with vehicle (Figures 7C, D). These data suggest that activation of the GABAA receptor polarizes macrophages toward Ly6ClowMHCIIhigh subpopulations after pressure overload in the heart.




Figure 7 | The GABAA receptor affects fibrosis by regulating MHCIIlow/MHCIIhigh ratios in subpopulations of Ly6Clow macrophages. Ly6Clow macrophages could be further classified into two subpopulations based on MHC II proteins. (A) Representative images of MHC II high and MHC II low macrophages at days 7 and 28 post-TAC in heart. (B) Quantified analysis of the percentage of MHC II low and MHC II high macrophages at days 7 and 28 post-TAC. (C, D) Relative mRNA expression of OPN (C), and TGF-B marker genes (D) at days 7 and 28 post-TAC in the heart. Data show the mean ± SEM, by one-way ANOVA with Bonferroni’s multiple comparison test. For topiramate treatment, *P < 0.05 vs. vehicle. For bicuculline treatment, #P < 0.05 vs. vehicle. (each group, n = 6).






Discussion

In this study, we identified the role of GABAA receptors in pressure overload-induced HF. Using the GABAA-specific receptor agonist or antagonist, we found that activation of the GABAA receptor by topiramate resulted in cardiac dysfunction, as shown by worsened FS & EF, enlarged LVIDd & LVIDs, and aggravation of cardiac hypertrophy and fibrosis, in comparison to vehicle. In contrast, blockade of the GABAA receptor by bicuculline reversed this effect in mice with POH, protecting them against cardiac dysfunction and hypertrophy. Mechanistically, topiramate stimulated the local proliferation of cardiac resident macrophages, which were identified as Ly6Clow macrophages during early-phase POH, and promoted bloodborne monocyte recruitment and macrophage polarization in late-phase POH. We also found that topiramate promoted the polarization of Ly6Clow macrophages labeled with MHCIIhigh. As a consequence of Ly6Clow macrophage polarization by topiramate treatment, the Areg-induced Akt/mTOR signaling pathway was activated, which resulted in myocardial hypertrophy. With a decrease in the ratios of MHCIIlow/MHCIIhigh subpopulations of Ly6Clow macrophages, OPN and TGF-B levels increased, thereby contributing to fibrosis. As the antagonist, bicuculline exhibited the opposite effect.

TAC is a classic model that presents dynamic changes of pressure overload-induced hypertrophy and HF (23). In response to TAC, as it is commonly held, the compensatory cardiac hypertrophy occurs within the initial 2 weeks for the sake of preserved contractile function (24). In a period ranging from 2 to 4 weeks after TAC, decompensation and HF manifest (9). Here, we present findings indicating that macrophages are a potential pharmacological target against pressure overload-induced HF. Intriguingly, bicuculline, a GABAA receptor antagonist that is clinically used as an analgesic, produced novel effect and emerged as a chemical candidate for the reversal of cardiac dysfunction due to pressure overload. It exerted a significant influence on myocardial hypertrophy as well as fibrosis, contrasted by topiramate. By affecting both the pathological changes underlying pressure overload-induced HF, the process of POH can be modulated. Therefore, during an initial or early phase, blockade of the GABAA receptor made it possible to manipulate cardiac resident macrophages to achieve the goal of reversing POH.

Recently, increasing evidence has indicated that the GABAA receptor is enriched in immune cells, where it exhibits anti- or pro-inflammatory effects. Previous findings showed that activation of the GABAA receptor could potently inhibit post-infarction inflammation by acting upon bloodborne or cardiac resident macrophages (14). Moreover, Kim et al. suggested that GABAergic activation promoted macrophage antimicrobial responses against mycobacterial infection (25). However, activation of the GABAA receptor A3 subunit has been shown to impair colon barrier function by upregulating macrophage activity in early-life stress mice (16). In comparison, inhibition of the GABAA receptor reduced neuroinflammation in the hippocampus and CNS (26, 27). These diverse effects might be due to GABAA receptor activation in different pathological situations.

In early-phase POH, GABAA receptor activation or blockade did not affect neutrophils and monocytes, whereas it promoted or suppressed local proliferation of cardiac resident macrophages marked with Ly6Clow as shown in Figures 3 and 4. These results are in accordance with those of Liao X et al. who showed that cardiac residence in macrophages is a mechanism of self-renewal, which occurred within early-phase POH. Increasing evidences support that GABAergic drugs can cause CNS or myocardial pathologic changes through activation or blockade of the GABAA receptor in macrophages independent of CNS (14, 26). A recent study shows that Ly6Clow macrophages can induce a hypertrophic response in cardiomyocytes for myocardial adaptive response to pressure overload (22). Evidence indicates that cardiac resident macrophages have tissue-repairing capacities after injuries (28). In mice with myocardial infarction (MI), proliferation of cardiac resident macrophages together with monocyte-derived Ly6Clow macrophages activated by topiramate attenuated ventricular remodeling by promoting neovascularization and fibrosis instead of infarcts. However, activation of the GABAA receptor compelled cardiac resident macrophages to play a new role in ventricular remodeling in response to pressure overload. These players contribute to cardiac hypertrophy and fibrosis by producing effectors. For instance, Areg, a humoral factor specifically produced by Ly6Clow macrophages, induces a hypertrophic response and activates AKT/mTOR signaling which is proportional to rate of eccentric hypertrophy progression under pressure overload (29, 30).

Similar to monocyte-derived Ly6Clow macrophages, cardiac resident macrophages can also promote fibrosis. As reported recently, these Ly6Clow macrophages can be further classified into MHCIIhigh or MHCIIlow macrophages based on MHCII expression levels (28). MHCIIlow macrophages favor matrix breakdown, whereas MHCIIhigh macrophages display enrichment in a gene set that regulates fibrosis. The high ratios of MHCIIhigh/MHCIIlow macrophages may induce cardiac fibrosis, which leads to diastolic dysfunction in mice with hypertension or advanced age (31). Our data showed that activation of the GABAA receptor increased the ratios of MHCIIhigh/MHCIIlow. Due to the shift toward MHCII high macrophages, TGF-B or OPN expression was upregulated, thereby aggravating cardiac fibrosis.

In late-phase POH, which was accompanied by EF reduction and enlargement of LV, Ly6Chigh monocytes infiltrated the myocardium and were derived into macrophages, which participated in myocardial injury and repair responses. Thus, macrophages acted similar to MI.

The mechanism of GABAergic drugs on cultured peritoneal macrophages and bone marrow-derived macrophages was ever investigated (13, 25). However, cardiac resident macrophages emerge in recent years with little knowledge of their nature in vivo or vitro and their subtypes (7, 32). Thus, it is imperative to gain more knowledge in future.

In conclusion, our study provides novel insights into the role of cardiac resident macrophages and GABAA receptor in pressure overload-induced HF. The pros and cons of our results show that cardiac resident macrophages can probably act as key players in the progression from HFpEF to HFrEF. Thus, targeting the GABAA receptor in cardiac resident macrophages will likely benefit the early treatment of HFpEF. And the antagonist or blocker emerges as a promising therapeutical chemical.



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 Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author Contributions

JB and ZW conceived the study. JB, YY, TX, HL, and JW performed the experiments and data analyses. KL and SH provided intellectual inputs. JB and KL wrote the manuscript. All authors edited and approved the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (81901429 to SH and 82070514 to KL).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.670153/full#supplementary-material



References

1. Braunwald, E. The War Against Heart Failure: The Lancet Lecture. Lancet (2015) 385(9970):812–24. doi: 10.1016/s0140-6736(14)61889-4

2. Schiattarella, GG, and Hill, JA. Inhibition of Hypertrophy is a Good Therapeutic Strategy in Ventricular Pressure Overload. Circulation (2015) 131(16):1435–47. doi: 10.1161/CIRCULATIONAHA.115.013894

3. Zarrinkoub, R, Wettermark, B, Wandell, P, Mejhert, M, Szulkin, R, Ljunggren, G, et al. The Epidemiology of Heart Failure, Based on Data for 2.1 Million Inhabitants in Sweden. Eur J Heart Fail (2013) 15(9):995–1002. doi: 10.1093/eurjhf/hft064

4. Park, JJ, Park, CS, Mebazaa, A, Oh, IY, Park, HA, Cho, HJ, et al. Characteristics and Outcomes of HFpEF With Declining Ejection Fraction. Clin Res Cardiol (2020) 109(2):225–34. doi: 10.1007/s00392-019-01505-y

5. Su, M, Wang, J, Wang, C, Wang, X, Dong, W, Qiu, W, et al. MicroRNA-221 Inhibits Autophagy and Promotes Heart Failure by Modulating the P27/CDK2/mTOR Axis. Cell Death Differ (2015) 22(6):986–99. doi: 10.1038/cdd.2014.187

6. Kallikourdis, M, Martini, E, Carullo, P, Sardi, C, Roselli, G, Greco, CM, et al. T Cell Costimulation Blockade Blunts Pressure Overload-Induced Heart Failure. Nat Commun (2017) 8:14680. doi: 10.1038/ncomms14680

7. Kierdorf, K, Prinz, M, Geissmann, F, and Gomez Perdiguero, E. Development and Function of Tissue Resident Macrophages in Mice. Semin Immunol (2015) 27(6):369–78. doi: 10.1016/j.smim.2016.03.017

8. Epelman, S, Lavine, KJ, Beaudin, AE, Sojka, DK, Carrero, JA, Calderon, B, et al. Embryonic and Adult-Derived Resident Cardiac Macrophages Are Maintained Through Distinct Mechanisms At Steady State and During Inflammation. Immunity (2014) 40(1):91–104. doi: 10.1016/j.immuni.2013.11.019

9. Liao, X, Shen, Y, Zhang, R, Sugi, K, Vasudevan, NT, Alaiti, MA, et al. Distinct Roles of Resident and Nonresident Macrophages in Nonischemic Cardiomyopathy. Proc Natl Acad Sci USA (2018) 115(20):E4661–9. doi: 10.1073/pnas.1720065115

10. Lavin, Y, Winter, D, Blecher-Gonen, R, David, E, Keren-Shaul, H, Merad, M, et al. Tissue-Resident Macrophage Enhancer Landscapes are Shaped by the Local Microenvironment. Cell (2014) 159(6):1312–26. doi: 10.1016/j.cell.2014.11.018

11. Heymans, S, Corsten, MF, Verhesen, W, Carai, P, van Leeuwen, RE, Custers, K, et al. Macrophage microRNA-155 Promotes Cardiac Hypertrophy and Failure. Circulation (2013) 128(13):1420–32. doi: 10.1161/CIRCULATIONAHA.112.001357

12. Kain, D, Amit, U, Yagil, C, Landa, N, Naftali-Shani, N, Molotski, N, et al. Macrophages Dictate the Progression and Manifestation of Hypertensive Heart Disease. Int J Cardiol (2016) 203:381–95. doi: 10.1016/j.ijcard.2015.10.126

13. Bhat, R, Axtell, R, Mitra, A, Miranda, M, Lock, C, Tsien, RW, et al. Inhibitory Role for GABA in Autoimmune Inflammation. Proc Natl Acad Sci USA (2010) 107(6):2580–5. doi: 10.1073/pnas.0915139107

14. Wang, Z, Huang, S, Sheng, Y, Peng, X, Liu, H, Jin, N, et al. Topiramate Modulates Post-Infarction Inflammation Primarily by Targeting Monocytes or Macrophages. Cardiovasc Res (2017) 113(5):475–87. doi: 10.1093/cvr/cvx027

15. Jiang, SH, Zhu, LL, Zhang, M, Li, RK, Yang, Q, Yan, JY, et al. GABRP Regulates Chemokine Signalling, Macrophage Recruitment and Tumour Progression in Pancreatic Cancer Through Tuning KCNN4-Mediated Ca(2+) Signalling in a GABA-independent Manner. Gut (2019) 68(11):1994–2006. doi: 10.1136/gutjnl-2018-317479

16. Seifi, M, Rodaway, S, Rudolph, U, and Swinny, JD. Gabaa Receptor Subtypes Regulate Stress-Induced Colon Inflammation in Mice. Gastroenterology (2018) 155(3):852–64.e3. doi: 10.1053/j.gastro.2018.05.033

17. Rockman, HA, Ross, RS, Harris, AN, Knowlton, KU, Steinhelper, ME, Field, LJ, et al. Segregation of Atrial-Specific and Inducible Expression of an Atrial Natriuretic Factor Transgene in an In Vivo Murine Model of Cardiac Hypertrophy. Proc Natl Acad Sci USA (1991) 88(18):8277–81. doi: 10.1073/pnas.88.18.8277

18. Wu, L, Zhao, F, Dai, M, Li, H, Chen, C, Nie, J, et al. P2y12 Receptor Promotes Pressure Overload-Induced Cardiac Remodeling Via Platelet-Driven Inflammation in Mice. Hypertension (2017) 70(4):759–69. doi: 10.1161/HYPERTENSIONAHA.117.09262

19. Song, L, Wang, L, Li, F, Yukht, A, Qin, M, Ruther, H, et al. Bone Marrow-Derived Tenascin-C Attenuates Cardiac Hypertrophy by Controlling Inflammation. J Am Coll Cardiol (2017) 70(13):1601–15. doi: 10.1016/j.jacc.2017.07.789

20. Wang, Z, Xu, Y, Wang, M, Ye, J, Liu, J, Jiang, H, et al. TRPA1 Inhibition Ameliorates Pressure Overload-Induced Cardiac Hypertrophy and Fibrosis in Mice. EBio Med (2018) 36:54–62. doi: 10.1016/j.ebiom.2018.08.022

21. Bu, J, Qiao, X, He, Y, and Liu, J. Colonic Electrical Stimulation Improves Colonic Transit in Rotenone-Induced Parkinson’s Disease Model Through Affecting Enteric Neurons. Life Sci (2019) 231:116581. doi: 10.1016/j.lfs.2019.116581

22. Fujiu, K, Shibata, M, Nakayama, Y, Ogata, F, Matsumoto, S, Noshita, K, et al. A Heart–Brain–Kidney Network Controls Adaptation to Cardiac Stress Through Tissue Macrophage Activation. Nat Med (2017) 23(5):611–22. doi: 10.1038/nm.4326

23. Houser, SR, Margulies, KB, Murphy, AM, Spinale, FG, Francis, GS, Prabhu, SD, et al. Animal Models of Heart Failure: A Scientific Statement From the American Heart Association. Circ Res (2012) 111(1):131–50. doi: 10.1161/RES.0b013e3182582523

24. Yoo, J, Chepurko, V, Hajjar, RJ, and Jeong, D. Conventional Method of Transverse Aortic Constriction in Mice. Methods Mol Biol (2018) 1816:183–93. doi: 10.1007/978-1-4939-8597-5_14

25. Kim, JK, Kim, YS, Lee, HM, Jin, HS, Neupane, C, Kim, S, et al. Gabaergic Signaling Linked to Autophagy Enhances Host Protection Against Intracellular Bacterial Infections. Nat Commun (2018) 9(1):4184. doi: 10.1038/s41467-018-06487-5

26. Malaguarnera, M, Llansola, M, Balzano, T, Gomez-Gimenez, B, Antunez-Munoz, C, Martinez-Alarcon, N, et al. Bicuculline Reduces Neuroinflammation in Hippocampus and Improves Spatial Learning and Anxiety in Hyperammonemic Rats. Role of Glutamate Receptors. Front Pharmacol (2019) 10:132. doi: 10.3389/fphar.2019.00132

27. Carmans, S, Hendriks, JJ, Slaets, H, Thewissen, K, Stinissen, P, Rigo, JM, et al. Systemic Treatment With the Inhibitory Neurotransmitter Gamma-Aminobutyric Acid Aggravates Experimental Autoimmune Encephalomyelitis by Affecting Proinflammatory Immune Responses. J Neuroimmunol (2013) 255(1-2):45–53. doi: 10.1016/j.jneuroim.2012.11.001

28. Lavine, KJ, Epelman, S, Uchida, K, Weber, KJ, Nichols, CG, Schilling, JD, et al. Distinct Macrophage Lineages Contribute to Disparate Patterns of Cardiac Recovery and Remodeling in the Neonatal and Adult Heart. Proc Natl Acad Sci USA (2014) 111(45):16029–34. doi: 10.1073/pnas.1406508111

29. Shimizu, I, Minamino, T, Toko, H, Okada, S, Ikeda, H, Yasuda, N, et al. Excessive Cardiac Insulin Signaling Exacerbates Systolic Dysfunction Induced by Pressure Overload in Rodents. J Clin Invest (2010) 120(5):1506–14. doi: 10.1172/JCI40096

30. Sciarretta, S, Forte, M, Frati, G, and Sadoshima, J. New Insights Into the Role of Mtor Signaling in the Cardiovascular System. Circ Res (2018) 122(3):489–505. doi: 10.1161/CIRCRESAHA.117.311147

31. Hulsmans, M, Sager, HB, Roh, JD, Valero-Munoz, M, Houstis, NE, Iwamoto, Y, et al. Cardiac Macrophages Promote Diastolic Dysfunction. J Exp Med (2018) 215(2):423–40. doi: 10.1084/jem.20171274

32. Nicolas-Avila, JA, Hidalgo, A, and Ballesteros, I. Specialized Functions of Resident Macrophages in Brain and Heart. J Leukoc Biol (2018) 104(4):743–56. doi: 10.1002/JLB.6MR0118-041R



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.

Copyright © 2021 Bu, Huang, Wang, Xia, Liu, You, Wang and Liu. 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/Images/fimmu-12-670153-g007.jpg
T






OEBPS/Images/fimmu.2021.670153_cover.jpg
’ frontiers
in Immunology

The GABA, Receptor Influences
Pressure Overload-Induced
Heart Failure by Modulating

Macrophages in Mice





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The GABAA Receptor Influences Pressure Overload-Induced Heart Failure by Modulating Macrophages in Mice

      

        		

          Background

        



        		

          Methods and Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals and Treatments

          



          		

            Neutralizing Antibody Administration

          



          		

            Surgical Protocol

          



          		

            Echocardiography

          



          		

            Histological Analysis and Immunofluorescence

          



          		

            Flow Cytometry

          

            		

              EdU Incorporation Assay

            



          



          



          		

            Western Blot Analysis

          



          		

            RNA Extraction and Quantitative Real-Time PCR (RT-PCR) Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Activation or Blockade of the GABAA Receptor Aggravates or Attenuates Pressure Overload-Induced Cardiac Dysfunction

          



          		

            Activation or Blockade of the GABAA Receptor Promotes or Alleviates Pressure Overload–Induced Myocardial Remodeling

          



          		

            Activation or Blockade of the GABAA Receptor Selectively Increases or Reduces Accumulation of Ly6Clow Macrophages in the Heart

          



          		

            Activation or Blockade of the GABAA Receptor Promotes or Reduces Monocyte Recruitment in Late-Phase POH

          



          		

            GABAA Receptor-Mediated Myocardial Hypertrophy Is Associated With Areg-Induced Akt/mTOR Signaling

          



          		

            The GABAA Receptor Affects Fibrosis by Regulating MHCIIlow/MHCIIhigh Ratios in Subpopulations of Ly6Clow Macrophages

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-670153-g002.jpg





OEBPS/Images/fimmu-12-670153-g004.jpg





OEBPS/Images/fimmu-12-670153-g006.jpg
A oo

TREL . TR T

B

03

P-AKTIAKT

0

Topiamate
6 -

ol

15

Protein/GAPDH

o0l

me o+
Topiramate. -

s
At Areg b

o
os-

o 04
B

Eos
2 02

So1

T

o0-

Topiamate. -
e
AbAE AL





OEBPS/Images/fimmu-12-670153-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-670153-g005.jpg





OEBPS/Images/fimmu-12-670153-g003.jpg





