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Steroid receptor coactivator 1 (SRC-1) is the key coactivator because of its transcriptional activity. Previous studies have shown that SRC-1 is abundant in the hippocampus and has been implicated in cognition. SRC-1 is also related to some major risk factors for Alzheimer’s disease (AD), such as a decline in estrogen and aging, however, whether SRC-1 is involved in the pathogenesis of AD remains unclear. In this study, we established SRC-1 knockout in AD mice by cross breeding SRC-1−/− mutant mice with APP/PS1 transgenic mice, and investigated the expression of some synaptic proteins, the amyloid β (Aβ) deposition, and activation of astrocytes and microglia in the hippocampus of APP/PS1×SRC-1−/− mice. The results showed that SRC-1 knockout neither affects the Aβ plaque and activation of glia, nor changes the expression of synaptic proteins in AD model mice. The above results suggest that the complete deletion of SRC-1 in the embryo exerts no effect on the pathogenesis of APP/PS1 mice. Nevertheless, this study could not eliminate the possible role of SRC-1 in the development of AD due to the lack of observation of other events in AD such as tau hyperphosphorylation and the limitation of the animal model employed.

Keywords: steroid receptor coactivator 1, Alzheimer’s disease, amyloid-β, synapse, glia


INTRODUCTION

Alzheimer’s disease (AD), the most prevalent cause of dementia, is characterized by progressive cognitive impairment (Fernandez et al., 2019; Lu et al., 2019). The mechanisms of sporadic AD (representing more than 95% of AD cases) are uncertain, but some major risk factors have been identified. The incidence of AD rises exponentially with age (Villemagne et al., 2013; Wattmo and Wallin, 2017). The sex hormone offers protective effects on the brain and the deprivation during menopause or andropause triggers neurodysfunction, neurodegeneration, and cognitive disease (Meng et al., 2010; Ross et al., 2017) and disproportionately increases the risk of AD (Zhao et al., 2015; Tang et al., 2018).

Steroids, such as estrogen and androgen, have profound roles in the hippocampal function and may causally be involved in cognitive deficits in AD (Hasanpour et al., 2018). Steroid receptor coactivator 1 (SRC-1) is the key coactivator to the nuclear receptors (NRs) of the steroids and is important to their effect on transcriptional activities (Bayele, 2019; Heck et al., 2020). It has been reported that SRC-1 is abundantly expressed in specific brain regions such as the hippocampus and cortex, which are recognized as the crucial brain structures in cognition (Charlier et al., 2005, 2013; Qiu et al., 2016; Zalachoras et al., 2016). Previous studies have shown that SRC-1 is in involved in the estrogen receptor (ER) or androgen receptor (AR) induced memory formulation and synaptic plasticity in the hippocampus (Bian et al., 2012; Liu et al., 2015; Qiu et al., 2016; Zhao et al., 2017). The aged-related decrease of SRC-1 expression is also observed, especially in the hippocampus region (Zhang et al., 2011; Zhao et al., 2017). Taken together, these studies indicate that SRC-1 might be implicated in the interaction of these risk factors and the development of AD, which leads to the question of whether SRC-1 is involved in the pathogenesis of AD or not.

In this study, we first evaluated the SRC-1 level in APP/PS1 transgenic mice, and then investigated the effect of SRC-1 in the pathogenesis of AD mice by cross breeding the SRC-1 knockout (SRC-1−/−) mice with the APP/PS1 mice. Our results showed that SRC-1 expression in the APP/PS1 mice was not different from the wild type (WT) mice and SRC-1 deletion had no effect on Aβ deposition, activation of microglia and astrocytes, and synaptic protein expression in APP/PS1 mice. These negative results suggest that SRC-1 does not interfere with AD progression, at least in the current experimental condition.



MATERIALS AND METHODS


Animals

SRC-1+/− mice (with a C57BL/6J background) were kindly provided by Dr. Jianming Xu from Baylor College of Medicine, TX, USA. APPswe/PS1Δe9 (APP/PS1) mice (with a C57BL/6J background) were purchased from Jackson Laboratory. C57BL/6J were provided by the Animal Center of Dalian Medical University (DMU).

Male SRC-1+/− were bred with SRC-1+/− females. Offspring males homozygous for the SRC-1−/− (SRC-1 knockout, KO) and the WT littermates (SRC-1+/+) were used in the experiments at 3–4 months of age.

APP/PS1 mice were bred with WT C57BL/6J. Male offspring heterozygous for the APP/PS1 transgenic construct and the WT littermates (not expressing any transgene) were used as the control. APP/PS1 mice develop plaque deposition by 6 months of age, while the plaque would be clearly visible when the mice are more than 7-months old. Male APP/PS1 and the WT littermates used in the experiments were at 8–9 months old.

All the animals were raised and bred in the Animal Center of DMU and allowed access to food and water ad libitum. Animals were maintained on a 12:12 light–dark cycle (lights on at 08:00, lights off at 20:00), within a temperature-controlled room (T: 24°C ± 1°C). All tests were performed during the light cycle. All experiments were carried out under the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Generation of APP/PS1×SRC-1−/− Mice

SRC-1 knockout in APP/PS1 (APP/PS1×SRC-1−/−) mice were obtained by breeding SRC-1−/− mice with APP/PS1 mice, using a three-generation breeding scheme (Supplementary Figure S1). APP/PS1 mice were crossed with SRC-1−/− mice to introduce the SRC-1 knockout allele into the F1 generation (APP/PS1×SRC-1+). APP/PS1×SRC-1+/− mice were then crossed with SRC-1+/− mice to obtain the F2 generation which could comprise APP/PS1×SRC-1+/+ (APP/PS1), APP/PS1×SRC-1+/−, APP/PS1×SRC-1−/−, SRC-1+/+ (WT), SRC-1+/− and SRC-1−/−. The proportions of each genotype of the mice are shown in Supplementary Figure S1.

APP/PS1×SRC-1−/− mice were then age-matched with APP/PS1×SRC-1+/+ mice, which were used as the control. The SRC-1+/+ littermates express neither the APP/PS1 gene nor SRC-1 mutants and could be considered as wildtype (WT). Female mice were only used for the breeding. All the male mice used in the experiment were 8–9 months old.



Western Blot

The proteins were extracted using an extraction kit (Keygen Biotech, China), and the protein content was measured by a BCA protein assay (Keygen Biotech, China). For Western Blotting, the proteins (10–30 μg) for each sample were loaded into a 10% SDS PAGE gel for electrophoresis, then the protein components were transferred to polyvinylidene difluoride (PVDF) membranes. Later, the PVDF membranes were blocked with 5% bull serum albumin (BSA) in TBST (TBS + 0.1% Tween-20) for 1 h, and immunoblotted overnight at 4°C with the primary antibodies: SRC-1 (180 KD, 1:1,000, Cell signaling technology, Millipore, 2191S); PSD95 (1:1,000, Abcam, ab2723); Synapsin (70 KD, 1:1,000, Abcam, ab64581); GluR1 (100 KD, 1:1,000, Abcam, ab31232); APP (87 KD, 1:1,000, Abcam, ab15272); beta-site APP-cleaving enzyme 1 (BACE-1; 70 KD, 1:1,000, Abcam, ab2077); β-actin (1:2,000, Abcam, ab6276). The following day, the membranes were washed in TBST three times, then incubated with a horseradish peroxidase-labeled secondary antibody (anti-mouse or anti-rabbit, 1:5,000; ZSJQ-BIO Company, Beijing, China) for 1 h at room temperature. The infrared band signals were detected using BIO-RAD gel analysis software (Hercules, CA, USA). The densitometric analysis of immunoreactivity was conducted using the NIH ImageJ software (Li et al., 2019).



Immunohistochemistry (IHC) and Immunofluorescence (IF)

IHC and IF were carried out according to our previous work (Wang et al., 2018). The primary antibodies: SRC-1 (1:100–200); 6E10 (for Aβ; 1:100, Covance, S39320260); GFAP (1:200, DAKO, 20334); Iba-1 (1:200, WAKO, 019-19741) were used. The mice were anesthetized with pentobarbital (50 mg/kg, 0.05 ml/10 g body weight, i.p.) and perfused with 0.1% phosphate buffer (PB), followed by 4% paraformaldehyde (PFA) dissolved in 0.1% PB. Afterward, the brains were removed and left in 4% PFA at 4°C for 24 h, and then transferred to 30% sucrose dissolved in 0.1% PB. Following saturation of the brains in sucrose, serial 16 μm coronal sections were made with a cryostat (Leica CM 3050 S, Leica Microsystems AG, Wetzlar, Germany) after OCT embedding. The slices that contained cortex and ventral hippocampus were used for the staining. For the IHC staining procedure, the slices were thoroughly rinsed in 0.3% PBS-T for 15 min, then quenched by 3% H2O2 in 0.01 M PBS for 15 min. Subsequently, they were rinsed again and pre-incubated in 2% BSA and 0.3% Triton X-100 in 0.01 M PBS at room temperature for 1 h, and then incubated at 4°C with the primary antibody in 0.01 M PBS containing 2% BSA and 0.3% Triton X-100 overnight. After incubation with a biotinylated goat anti-rabbit or anti-mouse IgG secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) for 2 h, the bound antibodies were visualized using an avidin–biotin–peroxidase complex system (Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA) and then stained with diaminobenzidine (DAB; Vectro Laboratories) as a chromogen. The slides were visualized with a microscope and digitally photographed (Pannoramic Digital Slide Scanners, 3DHISTECH, Budapest, Hungary).

For the IF staining procedure, the sections were washed with 0.3% PBST (three times, 10 min each time). After that, the sections were blocked with 5% BSA in PBS containing 0.3% Triton X-100 at room temperature for 1 h, and then incubated with primary antibody overnight at 4°C. On the second day, the sections were incubated with secondary antibody for 2 h at room temperature after being washed with 0.3% PBST three times. Images were captured under a microscope (Pannoramic Digital Slide Scanners, 3DHISTECH, Budapest, Hungary). The analysis of mean integrated optical density (MIOD) was performed using ImageJ software from the National Institutes of Health.



Statistical Analysis

All statistical analyses were performed using SPSS22.0 and the figures were created using GraphPad Prism (GraphPad Software Inc.). Data were presented as the mean ± SEM. Comparisons between two groups were made by student 2-tailed unpaired t-test. Comparisons between three or four groups were made by one-way ANOVA. p value < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).




RESULTS


SRC-1 Expression in APP/PS1 Mice

APP/PS1 mice, which express human mutant APP and PS1 (Garcia-Alloza et al., 2006), are commonly used as an Aβ-induced AD model. We first examined the expression of SRC-1 in the hippocampus (Figure 1A) and cortex (Figure 1F) of APP/PS1 mice. Both IHC (Figures 1A,B) and western (Figures 1C,D) results showed that SRC-1 is abundant in the region of the hippocampus but no changed expression was observed in the APP/PS1 mice compared to the littermate WT mice.
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FIGURE 1. The expression of Steroid receptor coactivator 1 (SRC-1) protein in APP/PS1 mice. (A,B) SRC-1 expression in the coronal sections of the hippocampus (10×) in APP/PS1 mice at 8–9 months of age. Dentate gyrus (20× and 40×), CA1 region (20× and 40×), and CA3 region (20× and 40×). (C,D) Representative immuno-blot and densitometry analysis of SRC-1 expression in the hippocampus of APP/PS1 mice. (E,F) SRC-1 expression in the coronal sections of the cortex (10×, 20× and 40×). Data are presented as the mean ± SEM of six mice in each group. N.S., no significance.





SRC-1 Knockout Shows No Effect on Synaptic Protein Expression in APP/PS1 Mice

In order to observe the possible role of SRC-1 in the AD model, we bred SRC-1−/− mice with APP/PS1 mice and obtained APP/PS1×SRC-1−/− mice at the F2 generation, with the control APP/PS1×SRC-1+/+ (Supplementary Figure S1). The immunofluorescent staining of SRC-1 in WT (SRC-1+/+), APP/PS1×SRC-1+/+ and APP/PS1×SRC-1−/− mice (Supplementary Figure S2) showed no positive staining of SRC-1 in APP/PS1×SRC-1−/− mice, and non-changed SRC-1 expression between the WT and APP/PS1×SRC-1+/+ mice, which is consistent with the result in Figure 1.

Synaptic loss is the main reason of the cause cognitive deficiency in AD. Postsynaptic density (PSD) 95, Synapsin and glutamate receptor 1 (GluR1) are the important proteins in synapse and their level shows a positive correlation to synaptic function. The expression of the three selected proteins was detected in the hippocampus of APP/PS1×SRC-1−/− mice (Figure 2). The results showed, compared to the WT mice, that the APP/PS1 (shown as APP/PS1×SRC-1+/+) mice exhibited a notable decrease in the expression of PSD95, Synapsin, and GluR1 (Figure 2). However, none of the three synaptic proteins showed any changed expression in the hippocampus of APP/PS1×SRC-1−/− mice, compared to the APP/PS1×SRC-1+/+ mice. These findings indicates that the deletion of SRC-1 has no effect on synaptic protein expression in the AD mouse model. Similarly, in the non-AD model (as shown in Supplementary Figure S3), PSD95, Synapsin, and GluR1 expression remain constant in the SRC-1 knockout (SRC-1−/−) mice compared to their WT littermates.
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FIGURE 2. Expression of PSD95, Synapsin and GluR1 in the hippocampus of APP/PS1×SRC-1−/− mice. (A–C) The coronal sections of the hippocampus were stained for PSD95 (A), Synapsin (B), GluR1 (C), and 4’,6-diamidino-2-phenylindole (DAPI) in APP/PS1×SRC-1−/−, APP/PS1×SRC-1+/+ control and wildtype (WT) mice (8–9 months age). Scale bars: 50 μm. (D,E) Representative immunoblots and densitometry analysis of PSD95, Synapsin and GluR1 expressions in each group. Data are presented as the mean ± SEM of six mice in each group. *p < 0.05, **p < 0.01 and N.S., no significance.





SRC-1 Knockout Exerts No Effect on Aβ Deposition in APP/PS1 Mice

The Aβ senile plaque is the major pathological hallmark of AD. To further determine the effects of SRC-1 knockout on AD, we detected the Aβ plaque in both APP/PS1×SRC-1+/+ and APP/PS1×SRC-1−/− mice (Figures 3A,C). The IHC results demonstrated that the number and area of the Aβ plaque in APP/PS1×SRC-1−/− mice was comparable to those in APP/PS1×SRC-1+/+ mice (Figures 3A,B). It is known that Aβ production is affected by protein levels of APP and APP processing enzymes such as BACE-1. We discovered that APP/PS1×SRC-1+/+ mice showed an increased expression of both APP and BACE-1 compared to WT mice (Figures 3D–F); but APP/PS1×SRC-1−/− mice showed an expression change of neither APP nor BACE-1 compared to APP/PS1×SRC-1+/+ mice (Figures 3D–F). In addition, we also detected an APP and BACE-1 level in the non-transgenic AD mice and the result showed no expression difference of APP or BACE-1 between SRC-1−/− mice and their WT littermates (Supplementary Figure S4).
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FIGURE 3. The Aβ plaque in the hippocampus of APP/PS1×SRC-1−/− mice. (A,C) The coronal sections of the hippocampus in APP/PS1 with (APP/PS1×SRC-1+/+) or without SRC-1 APP/PS1×SRC-1−/−), mice of 8–9 months age were stained for Aβ (6E10). Scale bars: 100 μm. (B) The mean Aβ plaque load (% area) and number were quantified. (D–F) Representative immune-blot and densitometry analysis of APP and BACE-1 expression in the APP/PS1×SRC-1−/−, APP/PS1×SRC-1+/+ control and WT. Data are presented as the mean ± SEM of six mice in each group. *p < 0.05, **p < 0.01 and N.S., no significance.





SRC-1 Knockout Exerts No Effect on the Activation of Microglia and Astrocytes in APP/PS1 Mice

Neuroinflammation characterized by the activation of astrocytes and microglia is also a significant contributor to the pathological progression of AD (Zheng et al., 2018). To investigate whether SRC-1 is involved in the neuroinflammation of APP/PS1 mice, we then stained the coronal sections of the hippocampus of each group of mice with antibodies against GFAP (a marker for astrocytes) or Iba-1 (a marker for microglia; Figures 4A,C). Over activation of glial cells was shown in APP/PS1×SRC-1+/+ mice in contrast to WT mice, however, the volume of both astrocytes and microglia in the hippocampus of APP/PS1×SRC-1−/− is similar to that of APP/PS1×SRC-1+/+ mice (Figures 4B,D). This result showed that SRC-1 deletion would not affect the over activation status of microglia and astrocytes in the APP/PS1 mice.
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FIGURE 4. The activation of microglia and astrocyte in the hippocampus of APP/PS1×SRC-1−/− mice. (A,C) The coronal sections of the hippocampus in each group were stained for GFAP (A), Iba-1 (C) and DAPI. Scale bars: 50 μm. (B,D) The volume of astrocyte (B) and microglia (D) in APP/PS1×SRC-1−/− mice, respectively. Data are presented as the mean ± SEM of six mice in each group. **p < 0.01 and N.S., no significance.






DISCUSSION

Steroids modulate the structure and function of the brain by binding to the NRs (Bayele, 2019; Heck et al., 2020), then the activated NRs recruit the steroid receptor coactivators (SRCs, also named nuclear receptor coactivators) to enhance their transcriptional activities (McEwen and Milner, 2017). SRC-1 is the key coactivator for the transcriptional regulation of NRs (Bayele, 2019; Heck et al., 2020). There are studies that have reported that SRC-1 is widely expressed in the brain (Chen et al., 2015; Kerver and Wade, 2015) and modulates many brain functions, such as motor, energy homeostasis, and reproductive behavior (Charlier et al., 2005; Yang et al., 2019) through the effect on cerebellar Purkinje cells (Eijun et al., 2003), hypothalamic neurons (Yang et al., 2019; Heck et al., 2020), and so on. Furthermore, a recent study has shown that SRC-1 is highly expressed in the hippocampus, and hippocampal SRC-1 knockdown mediated by the lentivirus could cause decreased synaptic protein expression and memory impairment (Bian et al., 2018; Chen et al., 2020). On the other hand, the ER regulates the synaptic protein expression, such as PSD95 and Synapsin, and the cognitive function through the SRC-1-dependent pathway (Liu et al., 2015; Zhao et al., 2017, 2018). This evidence suggests that SRC-1 is implicated in the cognitive function under the physiological condition and might even play a role in brain disorders with defects of cognition.

AD is a neurodegenerative disease and its major symptom is impaired cognitive function. It is of interest to see whether the SRC-1 protein level correlates with AD. In the present study, we first examined the SRC-1 protein level in the hippocampus and cortex of APP/PS1 mice, and the result showed no difference in SRC-1 expression between AD mice and the WT littermates. This result indicates that the transgene of APP/PS1 and the consequent pathology, have no effect on SRC-1 expression. Furthermore, we investigated whether SRC-1 knockout affected the expression of the synaptic protein in AD mice. Our results demonstrated that SRC-1 deficiency (APP/PS1×SRC-1−/−) had no effect on the expression of PSD95, Synapsin, and the GluR1 protein in AD. Consistently, the level of the three synaptic proteins in the SRC-1 KO mice was comparable to those in the WT mice.

However, a previous study has reported that SRC-1 knockdown in the hippocampus of mice during adulthood leads to the decreased expression of PSD95 and other synaptic proteins for weeks (Bian et al., 2018; Chen et al., 2020). The discrepancies between their studies and ours might be explained by the different gene manipulations of SRC-1. SRC-1 knockout is the complete deletion of SRC-1 from the embryo period, so its function might be compensated by other coactivators, such as SRC-2 or SRC-3. Another study has actually revealed that knockout of both SRC-1 and SRC-3 during the embryo stage would cause a cardiomyopathy phenotype, however, the heart morphology and tissue structures in mice with either SRC-1 or SRC-3 knockout were very similar to those of WT mice (Chen et al., 2015). Similarly, the same reason might be used to explain that SRC-1 knockdown in adulthood caused the memory loss (Bian et al., 2018) but the SRC-1 knockout did not (Eijun et al., 2003).

The Aβ plaque is the major pathological feature in AD (Masters and Beyreuther, 2006). A decrease of synaptic protein expression in the APP/PS1 mice is probably the result of the overproduction of Aβ (Evin and Weidemann, 2002). Aβ peptides are generated from APP sequentially cleaving by β- and then γ-secretase (Maia and Sousa, 2019; Zhang et al., 2020). In our study, SRC-1 deletion has not affected the Aβ plaque in the APP/PS1 mice, in neither the number nor the area of the plaque load. We also demonstrated that APP/PS1×SRC-1−/− mice showed no change of the expression of the APP and BACE-1 protein. Futhermore, SRC-1−/− mice also exhibited the non-changed expression of APP or BACE-1, similar to that in the AD model. As the source of Aβ, APP and BACE-1 expression was not affected by SRC-1 deletion, which would sustain the result of the invariable Aβ plaque in APP/PS1×SRC-1−/− mice, at least to some extent. Aβ deposition is often accompanied by activation of microglia and astrocytes, an important event in AD brain, which produces proinflammatory cytokines and chemokines causing neuronal dysfunction and further neurodegeneration (Galea et al., 2015). Here, the cell number of astrocytes and microglia increased in the hippocampus of APP/PS1 mice compared to the WT, consistent with previous reports (Lu et al., 2019); but in the APP/PS1×SRC-1−/− group, no clear changes of astrocytes and microglia were observed compared to the APP/PS1×SRC-1+/+ group.

Altogether, our results suggest that the SRC-1 knockout would neither change the synaptic protein expression, nor affect the Aβ plaque or activation of astrocytes and microglia in APP/PS1 mice. But this outcome could not completely eliminate the possible role of SRC-1 in AD. First, as we have discussed, SRC-1 knockout and knockdown shows different consequences. SRC-1 knockdown during the adulthood of APP/PS1 mice might possibly exhibit quite different results from this present study. Second, our experiments only detected the effect of SRC-1 deletion, but not the effects of SRC-1 over-expression or activation. Wang et al. (2015) has reported that MCB613 could be a potent small molecule “stimulator” for SRC-1, which could be used to enhance the activity of SRC-1 in APP/PS1 mice for further investigation of the role of SRC-1. Finally, we could not completely exclude the possible connection between SRC-1 and tau hyperphosphorylation, and more experiments are required to further address this question. In summary, our study confirms that SRC-1 knockout has no effect on some of the pathologic features of APP/PS1 mice.
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