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Objective: To explore the mechanism underlying Kaixin-San (KXS) regulation of postsynaptic AMPA receptor (AMPAR) expression to mitigate toxic effects of the amyloid-β protein (Aβ).
Methods: An animal model was established via intracerebroventricular injection of Aβ1–42. The Morris water maze test was conducted to evaluate learning and memory, while electrophysiological recording was conducted to assess the hippocampal long-term potentiation (LTP). Western blotting was used to detect expression levels of the hippocampal postsynaptic AMPAR and its accessory proteins.
Results: The time spent to find the platform was significantly prolonged, the number of mice crossing the target site was significantly reduced, and the maintenance of LTP was inhibited in the Aβ group than in the control group. In the Aβ/KXS group, the time taken to find the platform was significantly shortened and the number of mice crossing the target site was significantly increased than in the Aβ group; furthermore, the inhibition of LTP induced by Aβ was reversed. The expression of GluR1, GluR2, ABP, GRIP1, NSF, and pGluR1–Ser845 was upregulated, while that of pGluR2–Ser880 and PKC δ was downregulated in the Aβ/KXS group.
Conclusion: The increased expression of ABP, GRIP1, NSF, and pGluR1–Ser845 and the decreased expression of pGluR2–Ser880 and PKC δ under the influence of KXS, followed by the upregulation of postsynaptic GluR1 and GluR2, alleviated the inhibition of LTP induced by Aβ. Ultimately, the memory function of model animals was improved by KXS. Our study provides novel insights into the mechanism underlying KXS mitigation of Aβ-induced synaptic plasticity inhibition and memory impairment by altering the levels of accessory proteins associated with AMPAR expression.
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1 INTRODUCTION
Kaixin-San (KXS), used for the treatment of memory dysfunction in traditional Chinese medicine (TCM), consists of Ginseng Radix (Panax ginseng C. A. Mey.), Poria (Poria cocos (Schw.) Wolf), Radix Polygalae (Polygala tenuifolia Willd), and Acori Tatarinowii Rhizoma (Acorus tatarinowii Schott). Previous studies have shown that KXS can effectively improve the memory of patients with Alzheimer’s disease (AD) and mild cognitive impairment (Chen et al., 2016; Fang et al., 2017), and attenuate the memory dysfunction of model animals (Nishiyama et al., 1994; Guo et al., 2019; Xu et al., 2019). However, its mechanisms of action remain unclear.
Hippocampal long-term potentiation (LTP) is essential for memory formation (Bliss and Collingridge, 1993; Barnes, 2003). The basis for the LTP formation is alterations in the function of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (AMPAR) on the postsynaptic membrane, which increases in sensitivity to presynaptic transmitter release (Hussain et al., 2014; Diering and Huganir, 2018). In hippocampal neurons, AMPARs comprise subunits (GluR1–GluR4). The GluR4 expression level is high in the early development of the hippocampus (Nuriya et al., 2005). In a mature hippocampus, GluR1/GluR2 and GluR2/GluR3 subunit combinations are the main forms of AMPAR assembly, with a small contribution of GluR1 homomers (Díaz-Alonso and Nicoll, 2021). GluR1 is rapidly recruited for synapses during LTP, while GluR2/GluR3 is recruited for synapses that gradually replace receptors that contain GluR1 at potentiated synapses (Shi et al., 2001). This subunit exchange occurring after LTP is considered to be an important part of memory consolidation (Diering and Huganir, 2018).
After reaching the surface of the postsynaptic membrane, AMPARs need to be fixed or anchored onto the synaptic membrane to exert their function. The following receptor accessory proteins mainly mediate this process: the glutamate receptor interacting protein (GRIP), AMPA receptor binding protein (ABP), and N-ethylmaleimide-sensitive factor (NSF). The combination of the AMPAR and ABP/GRIP can maintain the expression of AMPARs (Lu and Ziff, 2005), and the NSF can block AMPARs separated from the postsynaptic membrane, which is conducive for the maintenance of LTP (Hanley, 2007). Protein kinase A (PKA) could phosphorylate the GluR1–Ser845 site, and the phosphorylation of Ser845 promotes GluR1 targeting or retention on the cell surface, which is closely related to LTP maintenance (Oh et al., 2006). Moreover, phosphorylation by protein kinase C (PKC) can also dissociate AMPARs from the anchoring protein and initiate the endocytosis process. PKC phosphorylates Ser880 of GluR2 (McDonald et al., 2001), thereby weakening the affinity with the GRIP and reducing the enrichment of AMPARs on the postsynaptic membrane (Osten et al., 2000). The amyloid-β protein (Aβ), whose soluble oligomers have potent neurotoxicity and memory impairment properties, is a primary contributor to the pathogenesis of AD (Wilcox et al., 2011; Takahashi et al., 2021). We have previously shown that KXS increases postsynaptic GluR2 expression while improving Aβ-induced synaptic plasticity inhibition and memory impairment (Zhang et al., 2019), although the underlying mechanism remains to be elucidated.
The expression levels of the AMPAR on the postsynaptic membrane are influenced by anchoring, externalization, and endocytosis processes (Braithwaite et al., 2002; Patten and Ali, 2009; Park et al., 2016; Watson et al., 2017). To explore the mechanism underlying KXS-induced changes in AMPAR expression, in this study, we investigated the molecular expression of AMPAR-related proteins associated with the inhibitory effect of Aβ and the mitigating effect of KXS on the postsynaptic AMPAR, to elucidate the molecular mechanism underlying the beneficial effects of KXS on Aβ-induced memory impairment and provide experimental evidence to support the clinical application of KXS.
2 MATERIALS AND METHODS
2.1 Animals
Adult male Institute of Cancer Research (ICR) mice (25–30 g; 10 weeks old), provided by the Heilongjiang University of Chinese Medicine, were maintained at ambient temperature (24 ± 2°C) and humidity (55% ± 5%) on a 12-h dark/light cycle with unlimited access to food and water. All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals by the National Academy of Sciences and were approved by the Animal Experiment Ethics Committee of the Heilongjiang University of Chinese Medicine. During the experiments, all efforts were made to humanize the experiments for animals.
2.2 Kaixin-San preparation
KXS comprised Ginseng Radix, Poria, Radix Polygalae, and Acorus Tatarinowii Rhizoma mixed in a ratio of 3:3:2:2 by weight. KXS was obtained via extraction as described previously (Liu et al., 2014). Briefly, KXS was refluxed and extracted three times with a 10-fold quantity of 60% ethanol, each for 1.5 h. The extracts were dried under a vacuum and stored at −20°C for later use.
2.3 Lateral ventricle injection and drug administration
Mice were randomly divided into the control group, Aβ group, and Aβ/KXS group. Following anesthesia with an intraperitoneal injection of pentobarbital sodium (45 mg kg-1), the mice were fixed in a stereotaxic locator (1 mm posterior to the bregma and 1.75 mm lateral to the midline) and a microsyringe was vertically inserted into the brain to a depth of 1.8 mm, through which Aβ1–42 (1 μM and 5 μL; Sigma, A9810) was slowly injected into the unilateral ventricle for 5 min in both Aβ and Aβ/KXS groups. The control group mice were injected with an equal volume of normal saline at the same location in the brain. The mice in the Aβ/KXS group were administered KXS intragastrically (0.2 mL; 0.15 g kg-1) for 7 days (Zhang et al., 2019), while those in the remaining groups were administered an equal volume of normal saline once a day.
2.4 Behavioral experiments
The Morris water maze (MWM) test was used to evaluate the learning and memory function of all groups of mice (Bromley-Brits et al., 2011; Zhang et al., 2021). In the experiment, a black circular pool (for white mice) with a diameter of 150 cm and a depth of 50 cm filled with clear water (24 ± 2°C) was used. A hidden platform was placed 1.5 cm under the water surface at the center of the first quadrant of the pool. The experiment was divided into the following two parts: the positioning sailing training and spatial exploration experiment. Mice were gently placed into the water facing the pool wall at fixation points and tested once for 60 s in each quadrant (four quadrants in total). During the training session, whether or not the mouse found the platform within 60 s, it was allowed to stay on the platform for 10 s. The time the mice spent in finding the submerged platform was recorded each day.
After the training sessions, the spatial exploration experiment was conducted as the test phase. The platform was removed, and 2 h later, the mice were gently placed in the water at one point facing the pool wall in the fixed quadrant (quadrant II). The number of times the mice crossed the target site (the original platform position) within 60 s was counted. The movements of each mouse during training and test phases were recorded by a digital camera 10Moons SDK-2000 (10Moons, Huizhou, China) and were analyzed using the Morris water maze video analysis system V2.0 (Anhui Zhenghua, Huaibei, China).
2.5 Electrophysiological recording
Electrophysiological recording was performed as previously described (Zhang et al., 2019). Briefly, the stimulating electrode was positioned at the perforant path branch at 4.5 mm posterior to the bregma, 3.0 mm lateral to the midline, and 1.5–2.0 mm from the surface of the cortex. The recording electrode was inserted into the molecular layer of the hippocampal dentate gyrus (DG) area at 2.1 mm posterior to the bregma, 1.5 mm lateral to the midline, and at a depth of 1.75–2.25 mm from the surface of the cortex. A reference electrode was attached to the head skin.
We generated the input–output curve (I–O curve) by gradually increasing the intensity of the stimulation in the DG area before recording LTP, and the field excitatory postsynaptic potential (fEPSP) was evoked and recorded via electrical stimulation with a wave width of 0.6 ms and frequency of 0.067 Hz. The rising slope of the fEPSP in each mouse was obtained to evaluate the basic function of synaptic transmission. The electrical stimulation intensity that induced 30% of the maximum amplitude of the fEPSP was set as the stimulus intensity for the baseline fEPSP recording. After 15 min of stable baseline recording, high-frequency stimuli (HFS) (100 Hz; 100 trains; 1 s) were delivered to induce LTP. Then, fEPSPs were continuously monitored for 90 min. The fEPSPs were recorded using Clampex 10.2 software and analyzed using Clampfit 10.2 software (Molecular Devices Corporation, California, USA). The obtained data are presented as the percentage of the population spike (PS) amplitude of fEPSPs to the baseline and expressed as the mean ± standard error (SE).
2.6 Western blotting
Immediately following the electrophysiological experiment, mice were sacrificed by decapitation and the hippocampi were removed. The stimulated hippocampus was lysed on ice for 30 min and the supernatant was centrifuged (12,000 × g; 30 min; 4°C) to obtain the total protein. A standard protein concentration curve was established and the protein concentration in the mouse hippocampus was determined using the BCA Protein Assay Kit (Beyotime, P0012S). The loading buffer (4×) was added to the protein according to the measured protein concentration and boiled for 10 min and centrifuged (12,000 × g; 5 min; 4°C). Then, 20 μg of protein samples were loaded per well, and the proteins were separated by SDS-PAGE (8% separation gel and 5% concentrated gel) using electrophoresis parameters (upper layer gel, 70 V for 30 min; lower layer gel, 110 V for 1 h). The proteins were transferred onto PVDF membranes via wet transfer using 100 V constant pressure for 2 h. After 1 h of incubation with the Western blocking solution at room temperature, the membranes were incubated with one of the primary antibodies (anti-GluR1 [1:2,000, ab109450; Abcam]; anti-GluR2 [1:2,000, ab206293; Abcam]; anti-phospho-GluR1 [Ser845, ab222761; Abcam]; anti-phospho-GluR2 [Ser880, bs-5359R; Bioss]; anti-GluR2/3 [1:500, AF5458; Affinity]; anti-NSF [1:500, DF4611; Affinity]; anti-GRIP1 [1:500, DF2500; Affinity]; anti-ABP [1:500, bs-2410R; Bioss]; anti-PKA alpha + beta [1:500, bs-0520R; Bioss]; anti-beta-actin [1:5,000, bs-0061R; Bioss]; and anti-GAPDH [1:3,000, bs-2188R; Bioss]) at 4 °C overnight. After incubation with the peroxidase-conjugated secondary antibody (goat anti-rabbit IgG [1:7,500, ZSGB-BIO, ZB-2301]) at room temperature for 1 h, the electrochemiluminescence reagent (Meilunbio, Dalian, China) was applied to the membranes for signal detection. Finally, immunoblots were exposed to the gel imaging and analysis system (Tanon 5200, China).
2.7 Statistical analysis
A statistical analysis was conducted using SPSS 21.0 software; all data are expressed as the mean ± standard deviation (SD). Comparisons of all data among the groups were performed using the analysis of variance (ANOVA), while the comparison between two groups was carried out using a two-sample t-test. The statistical significance was set at p < 0.05.
3 RESULTS
3.1 Kaixin-San improving learning and memory in mice
During the training phase, the time for the mice in the three groups to find the platform submerged in the water maze progressively decreased with the training time (Figures 1A,B). However, the magnitude of the decline was different in the three groups. The Aβ mice required a significantly longer duration to find the platform than the Aβ/KXS on days 4 and 5 (Figure 1B). The test results on day 5 are shown in Figures 1C–E. During the test phase, the control and Aβ/KXS mice persistently swam to and across the former platform location, whereas the Aβ mice did not. Compared with that in the control group, the time taken to find the platform in the Aβ group was significantly prolonged (p < 0.05), and the number of times the mice crossed the target site was significantly reduced (p < 0.05), indicating that Aβ impaired both learning and memory. Conversely, the mice in the Aβ/KXS group spent a shorter time in finding the platform (p < 0.05) than those in the Aβ group; furthermore, the number of mice crossing the target site was significantly increased in the former group (p < 0.05). These results suggest that KXS improved Aβ-induced memory impairment.
[image: Figure 1]FIGURE 1 | Effect of KXS on learning and memory of model mice. (A) Representative swimming traces of a control mouse (Left), an Aβ mouse (Middle), and an Aβ/KXS mouse (Right) during the training phase. (B) Time taken to find the hidden platform during five consecutive days of the positioning sailing training. There were significant differences in the time taken to find the platform in all groups on days 4 and 5. (C) Representative swimming traces of a control mouse (Left), an Aβ mouse (Middle), and an Aβ/KXS mouse (Right) during the test phase. (D) Statistical comparison of the time taken to find the platform on day 5. (E) Number of mice crossing the target site; n = 10 per group. Each column with a bar represents the mean ± SD. *p < 0.05, compared with the control group; #p < 0.05 compared with the Aβ group. Aβ, amyloid-β; KXS, Kaixin-San.
3.2 Kaixin-San reversing Aβ-induced long-term potentiation inhibition by upregulating the expression of postsynaptic GluR1 and GluR2
We first tested the basal synaptic transmission by recording the I–O curve. The slope of the fEPSP was increased with a progressive increase of the electrical stimulation intensity, whereas there were no significant differences between these three groups (Figure 2). This indicated that the basal synaptic transmission of the mice in the experimental groups did not change.
[image: Figure 2]FIGURE 2 | I–O curve recording in the experimental groups. There were no significant differences among these three groups. The waveforms of fEPSPs at different stimulation intensities are shown at the top left upper corner. Each value represents the mean ± SE.
The results of LTP recording are shown in Figures 3A–C; 80 min following HFS, the average population spike amplitude of the fEPSP (121.08% ± 12.02%; n = 6) was significantly weakened in the Aβ group as compared to that in the control group (237.30% ± 21.49%; n = 20; p < 0.05), and it was significantly enhanced in the Aβ/KXS group (193.93% ± 28.01%; n = 7; p < 0.05) compared to that in the Aβ group, suggesting that KXS improved Aβ-induced LTP inhibition. These results indicate that KXS can improve Aβ-induced memory impairment by reversing Aβ-induced LTP inhibition. Therefore, to elucidate the underlying mechanism, we assessed the expression of postsynaptic GluR1, GluR2, and GluR2/3.
[image: Figure 3]FIGURE 3 | Effect of KXS on LTP and AMPAR expression. (A) fEPSP waveforms in each group at different stages. (B) Alterations in the fEPSP PS amplitude in each group at different time points. At 80 min post HFS, the PS amplitude in the Aβ/KXS group significantly increased compared with that in the Aβ group. Each value represents the mean ± SE. (C) Statistical differences of mice in three groups at different time points. (D–F) Statistical analysis of the GluR1, GluR2, and GluR2/3 expression performed following Western blotting. The pictures below the graph indicate the protein exposure; n = 6 per group. Each column with a bar represents the mean ± SD. *p < 0.05 versus the control group; #p < 0.05 versus the Aβ group.
As shown in Figures 3D–F, the expression of GluR1 and GluR2 in the Aβ group decreased compared with that in the control group (p < 0.05). However, a significantly increased expression of GluR1 and GluR2 was observed in the Aβ/KXS group (p < 0.05). KXS slightly increased the GluR2/3 expression in the Aβ/KXS group compared with that in the Aβ group, although not significantly, whereas Aβ decreased the expression of GluR2/3 in the Aβ group compared with that in the control group (p < 0.05). This suggests that KXS ameliorated Aβ-induced LTP inhibition by increasing the expression of GluR1 and GluR2. Further investigations are warranted to elucidate the underlying mechanism.
3.3 Kaixin-San increasing the expression of postsynaptic ABP, GRIP1, NSF, and pGluR1–Ser845 and decreasing that of pGluR2–Ser880 and PKC δ
To explore the reason for the change of AMPAR expression, we detected the expression of proteins, including ABP, GRIP, NSF, pGluR1–Ser845, PKA, pGluR2–Ser880, and PKC, which were closely related to the anchoring, externalization, and endocytosis of AMPARs.
Aβ reduced the expression of ABP and NSF, while KXS increased the expression of ABP and NSF (Figures 4A,C), suggesting that KXS can restore the expression of ABP and NSF inhibited by Aβ. Figure 4B shows that KXS increased the expression of GRIP1, while no significant difference in the GRIP1 expression between the Aβ and control groups was observed. These results suggest that KXS reversed the inhibition of Aβ on the ABP and NSF expression and upregulated the GRIP1 expression, thereby increasing postsynaptic AMPAR levels.
[image: Figure 4]FIGURE 4 | Effect of KXS on the levels of AMPAR subunits related to the protein expression. The statistical analysis of ABP (A), GRIP1 (B), NSF (C), pGluR1–Ser845 (D), pGluR1–Ser845/GluR1 (E), PKA (α+β) (F), pGluR2–Ser880 (G), pGluR2–Ser880/GluR2 (H), and PKC δ (I) expression was determined using Western blotting. The pictures below the graph indicate the protein exposure; n = 6 per group. Each column with a bar represents the mean ± SD. *p < 0.05 versus the control group; #p < 0.05 versus the Aβ group. During the experiment, GluR1 and pGluR1–Ser845, as well as GluR2 and pGluR2–Ser880, were run simultaneously on the same electrophoretic gel; hence, the same loading control is used in Figures 3D and 4D and in Figures 3E and 4G. The molecular weights of PKA (α + β) and PKC δ are 40 kD and 77 kD, respectively; therefore, they may be separated on one gel and transferred to the same PVDF membrane. The same loading control is used in Figures 4F,I.
Figure 4D shows that the level of phosphorylation of GluR1 at Ser845 (pGluR1–Ser845) was decreased in the Aβ group (p < 0.05) but increased in the Aβ/KXS group (p < 0.05). Additionally, the relative ratio of pGluR1–Ser845 to the total GluR1 was calculated. Figure 4E shows that the pGluR1–Ser845/GluR1 ratio was increased in the Aβ/KXS group (p < 0.05) but decreased in the Aβ group when compared with that in the control group (p < 0.05). These results demonstrate that the level of pGluR1–Ser845 was increased in the Aβ/KXS group but decreased in the Aβ group. In an attempt to explain the increase in phosphorylation levels of GluR1 at the Ser845 site, we assessed the level of PKA. Our results showed no statistical difference among the groups in terms of PKA (α + β) expression (Figure 4F). This suggests that KXS might have increased AMPAR expression through the increased pGluR1–Ser845 expression, which was not achieved via PKA.
No significant change in the level of phosphorylation of GluR2 at Ser880 (pGluR2–Ser880) was observed in the Aβ group, while it was increased in the Aβ/KXS group (p < 0.05; Figure 4G). Furthermore, the Aβ group showed a higher ratio of pGluR2–Ser880 to GluR2 than the control group, while a lower ratio was shown in the Aβ/KXS group than the Aβ group (p < 0.05; Figure 4H), indicating that KXS decreased the level of pGluR2–Ser880, which was increased by Aβ. These results suggest that the increase in the GluR2 expression by KXS was correlated with the decrease in the pGluR2–Ser880 expression. To confirm the mechanism underlying the change in the GluR2–Ser880 phosphorylation expression, the level of PKC δ was examined. Figure 4I shows that the PKC δ expression was increased in the Aβ group but decreased in the Aβ/KXS group, suggesting that KXS can increase AMPAR expression levels by reducing the PKC δ expression and decreasing the levels of GluR2 phosphorylation at the Ser880 site.
4 DISCUSSION
Aβ exhibits neurotoxic properties and impairs memory and cognitive function (Reiss et al., 2018). KXS is a TCM used to “cure forgetfulness” (Chen et al., 2016). To explore the effect of KXS on memory impairment induced by Aβ, an animal model was established via an Aβ intracerebral injection. Behavioral tests confirmed that KXS can improve Aβ-induced memory impairment, which is consistent with our previous findings (Zhang et al., 2019).
Previous studies have demonstrated that KXS can improve the memory of animal models of memory dysfunction through multiple pathways (Fu et al., 2019; Luo et al., 2020). It was reported that KXS enhanced the hippocampal LTP in normal rats (Smriga et al., 1995). However, data on the effect of KXS on synaptic plasticity, which is the electrophysiological basis for learning and memory, remain limited (Zhang et al., 1994; Smriga et al., 1995). Our previous findings confirmed that KXS improves synaptic plasticity in animal models and the involvement of postsynaptic GluR2 using immunohistochemistry (Zhang et al., 2019). This provides the basic idea for the present study, which is anchored to the related mechanism of the postsynaptic membrane. Since the postsynaptic AMPAR is the key to the induction and maintenance of LTP, we focused on the subunits of AMPARs and their accessory proteins. The increased GluR1 expression contributes to increased postsynaptic AMPAR sensitivity, thereby maintaining LTP (Andrásfalvy et al., 2003; Diering and Huganir, 2018; Jiang et al., 2021), while GluR2 and GluR2/3 are involved in the formation of LTP (Diering and Huganir, 2018). As the postsynaptic AMPAR is the key to the LTP formation (Biou et al., 2008; Díaz-Alonso and Nicoll, 2021), we assessed the expression of GluR1, GluR2, and GluR2/3 in this study and found that Aβ inhibited their expression, which is consistent with the results of previous studies (Miñano-Molina et al., 2011; Du et al., 2020). Moreover, KXS upregulated the expression of GluR1 and GluR2, but it had no effect on the expression of GluR2/3. Although GluR2 can block the calcium influx, our results showed that KXS increased the expression of GluR2, possibly due to LTP, which is influenced by various factors (Baltaci et al., 2019). Further investigations are warranted to elucidate the underlying mechanism.
Alternation in postsynaptic AMPAR expression is regulated by anchoring, externalization, and endocytosis proteins. Anchoring proteins facilitate the postsynaptic membrane surface AMPAR aggregation and maintenance of quantity (Dong et al., 1997), which is necessary for memory formation (Tan et al., 2020). Our results showed that KXS increased the expression of major anchoring proteins involved in postsynaptic AMPAR expression, including ABP, GRIP1, and NSF.
AMPAR subunit phosphorylation is an important step in AMPAR externalization to the postsynaptic membrane. Phosphorylation levels of GluR1 at Ser845 facilitate AMPAR externalization and enhance LTP (Esteban et al., 2003; Makino et al., 2011). KXS could increase pGluR1–Ser845 levels, which are regulated by PKA (Esteban et al., 2003); however, we observed no significant changes in PKA expression, which suggests other regulatory mechanisms for pGluR1–Ser845 (Catalano et al., 2008). During the induction of the hippocampal LTP, the Ca2+ influx activates calcium/calmodulin-dependent protein kinase II (CaMKII), which directly phosphorylates GluR1 at Ser831, increases the GluR1 channel conductance, and promotes GluR1 targeting PSD and the induction of hippocampal LTP (Barria et al., 1997). However, it was reported that the phosphorylation of GluR1 at the Ser831 site by CaMKII is not required for receptor binding or LTP (Esteban et al., 2003). It is complicated to explain the underlying mechanisms, which needs further investigation.
Furthermore, KXS reduced the phosphorylation level of GluR2 at the Ser880 site, which blocked the binding of the receptors to the anchoring protein (Osten et al., 2000; Park et al., 2009) and promoted GluR2 endocytosis. The phosphorylation of GluR2 at Ser880 is PKC dependent (Chung et al., 2000); our findings showed that KXS reduced the expression of PKC δ, which was increased in the Aβ group, consistent with previous findings that increased the PKC δ level involved in memory impairment (Mai et al., 2018). In this study, we found that KXS increased the expression of ABP, GRIP1, NSF, and pGluR1–Ser845, suggesting an increase in the AMPAR moving out to the surface of the postsynaptic membrane. Simultaneously, the expression of PKC δ and pGluR2–Ser880 was reduced, suggesting a decrease in the endocytosis of AMPARs. These results suggest that KXS increased the number of postsynaptic GluR1 and GluR2 by regulating the expression of AMPAR-related anchoring, externalization, and endocytosis proteins, thereby enhancing the sensitivity of the AMPAR to neurotransmitters released from the presynaptic membrane. Therefore, the Aβ-induced memory impairment in mice was attenuated by KXS (Figure 5).
[image: Figure 5]FIGURE 5 | Illustration of the mechanism underlying KXS attenuation of memory impairment induced by Aβ.
Calcium is involved in many biochemical and physiological processes in mammals, and it is also an important factor in the induction and maintenance of LTP. HFS that induces LTP depolarizes the postsynaptic membrane, leading to an increase in the postsynaptic Ca2+ concentration, subsequently activating downstream biochemical processes (Malenka, 1991), including CaMKII (Herring and Nicoll, 2016) and PKC. The activity of these proteins promotes more AMPARs incorporated into the postsynaptic membrane during the maintenance of LTP (Sheng and Kim, 2002). However, calcium is also involved in the initiation of AMPAR endocytosis (Beattie et al., 2000). In the present study, whether KXS regulates postsynaptic receptor accessory proteins through calcium signaling is unclear, which needs to be elucidated by more studies in the future.
In addition, Aβ mice present short-term but not long-term synaptic plasticity. HFS can cause a large number of Ca2+ to enter presynaptic terminals. Temporary and high levels of accumulation of free Ca2+ activated calcium-sensitive enzymes, such as CaMKII, thereby promoting the mobilization of synaptic vesicles, resulting in massive release of neurotransmitters, and leading to the potentiation of synaptic transmission. However, the amplitude of the fEPSP progressively decreased with prolonged time in Aβ mice, and the maintenance of LTP was inhibited. This may be related to the decrease of ABP, NSF, and pGluR1–Ser845, and the increase of pGluR2–Ser880 and PKC δ, resulting in the decrease of the GluR1, GluR2, and GluR2/3 expression in the postsynaptic membrane.
TCM prescriptions often involve multiple pathways and multiple targets; hence, KXS may act on presynaptic and postsynaptic membranes, in conjunction with other mechanisms. The production and trafficking of AMPARs during LTP involved complex dynamic processes such as the modification of AMPAR subunits and the effects of AMPAR auxiliary subunits (Diering and Huganir, 2018; Park, 2018). Moreover, the role of synaptic adhesion molecules in AMPAR anchoring has gained considerable attention (Bhouri et al., 2018). Herein, we focused on the possible regulatory mechanisms of the postsynaptic AMPAR; the effect of KXS on presynaptic membranes and other mechanisms remains to be investigated. Interestingly, the hippocampal LTP could be enhanced by KXS in normal rats (Smriga et al., 1995). This suggests that KXS directly acts on AMPAR accessory proteins without the presence of Aβ. Considered with our present findings, this raised a new idea that KXS may be used in most of the diseases with reduced synaptic plasticity, which is highly interesting and requires further investigation.
5 CONCLUSION
By upregulating the expression of ABP, NSF, GRIP1, and pGluR1–Ser845 and decreasing the expression of pGluR2–Ser880 and PKC δ, KXS increased the level of postsynaptic AMPARs to reverse Aβ-induced LTP inhibition and, consequently, the memory dysfunction in our animal model. These results provide novel insights into the molecular mechanisms underlying the effects of KXS in improving Aβ-induced memory impairment and will help facilitate the clinical use of KXS against Aβ-associated memory loss or Aβ-induced neurotoxicity such as that in AD.
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