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Ketamine exposure can model cognitive deficits associated with schizophrenia. Progesterone (PROG) and its active metabolite allopregnanolone (ALLO) have neuroprotective effects and the pathway involving progesterone receptor membrane component 1 (PGRMC1), epidermal growth factor receptor (EGFR), glucagon-like peptide-1 receptor (GLP-1R), phosphatidylinositol 3 kinase (PI3K), and protein kinase B (Akt) appears to play a key role in their neuroprotection. The present study aimed to investigate the effects of PROG (8,16 mg kg−1) and ALLO (8,16 mg kg−1) on the reversal of cognitive deficits induced by ketamine (30 mg kg−1) via the PGRMC1 pathway in rat brains, including hippocampus and prefrontal cortex (PFC). Cognitive performance was evaluated by Morris water maze (MWM) test. Western blot and real-time quantitative polymerase chain reaction were utilized to assess the expression changes of protein and mRNA. Additionally, concentrations of PROG and ALLO in plasma, hippocampus and PFC were measured by a liquid chromatography-tandem mass spectrometry method. We demonstrated that PROG or ALLO could reverse the impaired spatial learning and memory abilities induced by ketamine, accompanied with the upregulation of PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway. Additionally, the coadministration of AG205 abolished their neuroprotective effects and induced cognitive deficits similar with ketamine. More importantly, PROG concentrations were markedly elevated in PROG-treated groups in hippocampus, PFC and plasma, so as for ALLO concentrations in ALLO-treated groups. Interestingly, ALLO (16 mg kg−1) significantly increased the levels of PROG. These findings suggest that PROG can exert its neuroprotective effects via activating the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the brain, whereas ALLO also restores cognitive deficits partially via increasing the level of PROG in the brain to activate the PGRMC1 pathway.
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INTRODUCTION
Cognitive deficits have been recognized as a core feature of first-episode and drug-naive schizophrenia patients (Aas et al., 2014; Chu et al., 2019). Evidence indicates that cognitive symptoms in schizophrenia involve alterations of the function of hippocampus (Driesen et al., 2008) and prefrontal cortex (PFC) (Blot et al., 2015), particularly during working memory tasks (Song et al., 2018). Cognitive deficits can strongly predict long-term functional disability in schizophrenia patients, but current antipsychotic treatments lack efficacy for improving cognition in patients (Hill et al., 2010). New adjunctive procognitive drugs are urgently needed and are pivotal for achieving robust cognitive and functional improvement in schizophrenia. Evidence supports that antagonists of NMDA receptors such as PCP, ketamine or MK801 can produce cognitive deficits manifested as relevant to schizophrenia along with certain pathological disturbances seen in the illness (Neill et al., 2010).
Increasing evidence suggests that neurosteroids have neuroprotective properties on the central nervous system (Rajagopal et al., 2018). Previous studies have shown that lack of steroid hormones has an important role in the development of neurological diseases including schizophrenia (Moore et al., 2013), Parkinson’s disease (Nezhadi et al., 2016). It has been demonstrated that the neurosteroids progesterone (PROG) and allopregnanolone (ALLO) exert several functional effects in the brain, such as neuroprotection against some nervous system diseases, including traumatic brain injury (TBI) (Si et al., 2013) and spinal cord injury (Cooke et al., 2013) and schizophrenia-related cognitive dysfunction (Cai et al., 2018a). The underlying mechanisms and the targets of their neuroprotective effects have not been elucidated. As the major active metabolite of PROG, ALLO has been shown to have neuroprotective properties both in vitro (Frank and Sagratella, 2000) and in vivo (Morali et al., 2011). The prevailing view holds that PROG exerts its neuroprotective effects through multiple receptors: classical progesterone receptors (Pgr), PGRMC1, membrane progesterone receptors (mPR), and GABAA receptors after conversion to ALLO (Cooke et al., 2013; Guennoun et al., 2015).
Progesterone receptor membrane component 1 (PGRMC1), also called 25-Dx, is a multiprotein complex highly expressed in the brain, especially in the hippocampus (Rohe et al., 2009). One of the appealing features of PGRMC1 is its high affinity for PROG and other steroids, which can promote cell survival and damage resistance (Losel et al., 2008). Accumulating evidence supports that PGRMC1 has unique effects in mediating the effects of PROG in preventing apoptosis and promoting cell proliferation and survival (Liu et al., 2009; Peluso et al., 2009). Specifically, it has been demonstrated that increased proliferation induced by PROG in neuroprogenitor cells from the adult rat hippocampus is mediated through PGRMC1 since these cells lack Pgr and that proliferation is inhibited after treatment with PGRMC1 siRNA (Liu et al., 2009). Likewise, treatment with PROG after spinal cord injury can upregulate PGRMC1 without affecting Pgr expression, and this neuroprotective role of PROG through PGRMC1 can also occur in the brain following TBI (Guennoun et al., 2008).
The PI3K/Akt signaling pathway is known to be pivotal for cell survival and the maintenance of several neuronal functions, such as memory formation and potentiation (Zhou et al., 2014). Under certain conditions, the PI3K/Akt pathway can be activated to exert its neuroprotective function by phosphorylating a battery of protein substrates, including Nuclear factor erythroid-2-related factor 2 (Nrf2), caspase-3/9, cAMP response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF). It is notable that PGRMC1 is able to activate intracellular Akt signaling in cancer (Hand and Craven, 2003) through the epidermal growth factor receptor (EGFR) tyrosine kinase (Aizen and Thomas, 2015), the typical trafficking target for PGRMC1. Moreover, increased PGRMC1-to-Akt activation could increase survival signaling in ER (Estrogen receptor)-negative tumors (Craven, 2008). A recent study reported that the knockdown of PGRMC1 and AG205 treatment both potentiated insulin-mediated phosphorylation of the IR signaling mediator Akt (Hampton et al., 2018).
Cogent evidence has revealed that the PI3K/Akt pathway is a putative downstream signaling pathway regulated by EGFR (MacDonald et al., 2003) and GLP-1R to elicit multiple biological responses, especially cognitive function (Zhu et al., 2016; Xie et al., 2018). Intriguingly, PGRMC1 co-precipitates and co-localizes with EGFR in cytoplasmic vesicles in cells (Ahmed et al., 2010) and also serves as a novel component of the liganded GLP-1R complex (Zhang et al., 2014). Therefore, it was likely that PGRMC1 dually regulates the PI3K/Akt signaling pathway by combining with GLP-1R and EGFR.
Taken together, the present study aimed to figure out 1) whether the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway underlies the mechanism of the neuroprotective effect of PROG against ketamine-induced cognitive dysfunction and 2) how ALLO exerts its neuroprotective function in the ketamine-induced model. The mechanisms of the potential effects were validated via AG205, a specific inhibitor of PGRMC1.
MATERIALS AND METHODS
Animals
To avoid possible influence of cyclic, systemic PROG fluctuation caused by estrous cycle (Grassi et al., 2011; Di Mauro et al., 2015), only male Sprague–Dawley rats were used in our study. Rats weighting between 150 and 200 g (approximately 5 weeks old) were purchased from Hunan Slack Jingda Experimental Animal Co., Ltd. (Changsha, Hunan). In experiment 1 and 2, 18 rats (n = 3/group) were used to assess the effect of PROG and ALLO on PGRMC1 expression in basal conditions. In experiment 3, 12 rats (n = 6/group) were used for the validation of the inhibitory effects of AG205 on PGRMC1. In experiment 4, a total of 49 rats were used for exploring the potential mechanism underneath the therapeutic effects of PROG and ALLO against ketamine-induced cognitive deficits.
All rats were housed with free access to food and water, under the conditions of a light-dark cycle (12 h/12 h), humidity at 45–50%, and room temperature (24–25°C). The animal housing conditions were set as follows: home cage size at 470 mm × 312 mm × 260 mm (length×width×height), three rats per cage, poplar sawdust bedding. The water bottle was fulfilled with purified water daily. The beddings were changed and cages were cleaned and disinfected every 2 days. All rats were acclimatized for 1 week before experimentation. The animal research protocol was approved by the local Ethics Committee of the Second Xiangya Hospital of Central South University (Approval No. 2020008). All efforts were made to reduce animal suffering and the number of animals used.
Chemicals and Reagents
2-Hydroxypropyl β–cyclodextrin was purchased from Sigma-Aldrich Inc. (St. Louis, MO, United States). HPLC grade acetonitrile (ACN), methanol and methyl tert-butyl ether (MTBE) were supplied by Merck KGaA (Darmstadt, Germany), and 2-propanol (IPA) was provided by Anaqua Chemical Supply Inc. (Wilmington, DE, United States). PROG and ALLO standards were purchased from Sigma-Aldrich (Shanghai, China) and Steraloids Inc. (Wilton, NH, United States), respectively. AG205 (purity ≥ 97.5%) was synthesized by Jining Drug Research and Development Center. PROG (purity ≥ 99.5%) and ALLO (purity ≥ 99.0%) were obtained from Wuhan Chemduro Pharm Co., Ltd. Injectable ketamine was acquired from the Second Xiangya Hospital of Central South University. Based on most preclinical studies (Kumon et al., 2000; Wali et al., 2014; Andrabi et al., 2017), PROG or ALLO at 8 mg kg−1 or 16 mg kg−1 was mostly adopted and further proved to exert neuroprotective effects in rats with brain injury. The dose used for the PROG and ALLO treatments was based on previous results suggesting that 8 and 16 mg kg−1 of PROG and ALLO were optimal for facilitating recovery of cognitive outcome in CNS impairment (Goss et al., 2003; Djebaili et al., 2004; Morali et al., 2011). Moreover, we chose five-day regime with one injection per day based on the two considerations: 1) good cognitive and sensory recovery could be obtained when 5 days of post-injury neurosteroid injections are provided (Goss et al., 2003; Djebaili et al., 2004) and 2) five-day administration was employed in building the animal model of ketamine-induced cognitive deficits and the treatment with neurosteroids should be conducted accordingly.
Enzyme activity assay kits for superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) were purchased from Nanjing Jiancheng Bioengineering Institute. The Pentobarbital sodium solutions used for surgical procedures were purchased as commercial preparations for veterinary use.
Preparation of Drug Solution
Five ampoules of ketamine injection (0.1 g/2 ml) were diluted with an additional volume of 100 ml of 0.9% saline water to achieve a final concentration of 4.5 mg ml−1. PROG (8 mg ml−1), ALLO (8 mg ml−1) and AG205 (7.3 mg ml−1) were initially dissolved in 5% (v/v) ethanol and then further diluted in 0.9% saline water containing 22.5% 2-hydroxypropyl β–cyclodextrin to obtain the final concentration. All the solutions were injected intraperitoneally. Due to lack of evidence in application of AG205 in animal models, we calculated the AG205 dose converted from PROG according to their molecular docking score binding to PGRMC1 (Detailed information of the calculation process is illustrated in Supplementary Tables S1–S3).
Experimental Schedule
In experiment 1 (Supplementary Figure S1i) and 2 (Supplementary Figure S1ii), rats were randomly assigned to vehicle- and PROG- or ALLO-treated groups. The vehicle-treated animals received 0.9% saline water containing 22.5% 2-hydroxypropyl β–cyclodextrin and the PROG- or ALLO-treated groups received PROG (8 or 16 mg kg−1) or ALLO (8 or 16 mg kg−1) daily for five consecutive days. In experiment 3 (Supplementary Figure S1iii), animals were randomly assigned to vehicle and AG205-treated groups. Intraperitoneal injection of AG205 (7.3 mg kg−1) was conducted daily for five consecutive days. Before sacrificing, a five-day MWM task was carried out to evaluate the learning ability and spatial memory of rats, including a four-day hidden platform trial and probe trial on the fifth day. In experiment 4 (Figure 1A), the whole cohort was divided in two main groups, referred to normal control (NC) group (n = 7) and ketamine-exposed rats (Ket, n = 42). Firstly, in order to mimic schizophrenia-like cognitive deficits in rats, ketamine was given intraperitoneally daily at a dose of 30 mg kg−1 for five consecutive days (Day 1–Day 5). Subsequently, MWM task (Day 5–Day 11) was utilized to test spatial memory and learning ability to further evaluated the effects of ketamine on cognitive function. Ketamine-exposed rats were randomly assigned to six groups (n = 7, each group) with different treatments: 1) vehicle; 2) PROG (8 mg kg−1); 3) PROG (16 mg kg−1); 4) ALLO (8 mg kg−1); 5) ALLO (16 mg kg−1); and 6) PROG (8 mg kg−1)+AG205. They were administered intraperitoneal injection of vehicle (0.9% saline containing 22.5% 2-hydroxypropyl β–cyclodextrin), PROG (8 mg kg−1), PROG (16 mg kg−1), ALLO (8 mg kg−1 per day), ALLO (16 mg kg−1), PROG (8 mg kg−1)+AG205 (7.3 mg kg−1) daily for five consecutive days (Day 11–Day 16). Before sacrificing, the MWM task were carried out from day 16 to day 20. All rats were fasted for 12 h before sacrifice. The rats were anesthetized with 2% pentobarbital sodium solution (0.2 ml/100 g), and tissue samples from the PFC and hippocampus were collected and frozen immediately in liquid nitrogen. Blood was collected from the truncal vessel in EDTA anticoagulation vacuum tubes. The plasma was centrifuged at 4°C, 3,000 rpm for 15 min stored at −80°C before analysis.
[image: Figure 1]FIGURE 1 | Cognitive performance in the hidden platform trials of MWM test after ketamine exposure. (A) A diagram of the time course illustrating when the procedures took place. (B) Learning ability manifested as escape latency and path length of ketamine-exposed rats (n = 42) vs. NC (n = 7). (C) The swimming traces of the rats are illustrated (NC vs. Ket). ^p < 0.05, ^^p < 0.01, and ^^^p < 0.001 for Ket vs. NC.
Morris Water Maze
In order to evaluate the cognitive performance including learning and spatial memory, we performed the MWM task experiments. The water maze (Gene&I instruments, Beijing, China, model number: CSI-MZ-WM-H) consisted of a circular pool, 1.8 m in diameter, 60 cm in height, and 4.7 mm in thickness surrounded by curtains. There were four different geometric shapes positioned on the four walls as spatial cues. The pool was filled with tap water at a depth of approximately 50 cm, and the water temperature was maintained at 24–25°C. Meanwhile, a sufficient amount of edible black pigment was added to obscure the water. An escape platform was fixed in the center of the target quadrant 1.0 cm underneath the surface of the water. Each rat was released along the wall into the center of one of three randomly chosen quadrants of the maze. Trials were recorded and captured using a video tracking system (Topscan system 3.0, CleverSys Inc.) connected to a computer.
As described in previous studies (Moosavi et al., 2007; Moosavi et al., 2012; Wang et al., 2014), in the hidden platform trial, the rats were allowed to swim in the maze for no more than 90 s until it located the hidden platform. If a rat did not reach the platform within 90 s, the experimenter would guide it to the platform, where it was kept for 20 s. There was a 30-s interval before the next trial. A total of three training trials were carried out in one day. In the probe trial phase, the platform was removed from the pool. Each rat was placed in the center of the farthest quadrant from the target quadrant, and each rat performed only one trial. The tracking system recorded the swimming path of each rat within 120 s. After the training trials were finished, the rats were dried with towels before being returned to their cages.
Western Blot
Proteins were extracted from the collected hippocampus and PFC tissues and concentrations were measured as described previously (Cai et al., 2015). Approximately 20 μg of protein was loaded onto a 10% or 12% sodium dodecyl sulfate-polyacrylamide gel, transblotted onto PVDF membranes, blocked with 5% nonfat milk in TBST (0.1 M Tris–HCl, pH 8.5, 1.5 M NaCl, 0.5% Tween-20) or 5% BSA at room temperature for an hour and incubated overnight at 4°C with a primary antibody diluted to the appropriate concentration. Primary antibodies, including rabbit anti-PGRMC1 polyclonal antibody (12990-1-AP; 1:1,000), rabbit anti-EGFR polyclonal antibody (18986-1-AP; 1:1,000), rabbit anti-GLP-1R polyclonal antibody (26196-1-AP; 1:1,000), mouse anti-PI3K monoclonal antibody (60225-1-lg; 1:5,000), rabbit anti-Akt polyclonal antibody (10176-2-AP; 1:2,000), rabbit anti-CREB polyclonal antibody (12208-1-AP; 1:1,000), mouse anti-Caspase 9 monoclonal antibody (66169-1-Ig; 1:500) were purchased from Proteintech Group (Wuhan, China). Mouse anti-p-EGFR monoclonal antibody (#2236; 1:1,000), rabbit anti-p-PI3K monoclonal antibody (#4228S; 1:1,000), rabbit anti-p-Akt monoclonal antibody (#4060; 1:1,000) and rabbit anti-Caspase 3 monoclonal antibody (#9662; 1:1,000) were purchased from Cell Signaling Technology, Inc. (Boston, United States). Rabbit anti-BDNF monoclonal antibody (ab108319; 1:1,000) was ordered from Abcam (United Kingdom). After washing with TBST, the membranes were incubated with horseradish peroxidase–conjugated goat anti-rabbit IgG (BA1054; 1:5,000; Boster, Wuhan, China) or goat anti-mouse IgG (BA1050; 1:5,000; Boster, Wuhan, China) for 1 h at room temperature. The film signal was digitally scanned and then quantified using ImageJ software (National Institutes of Health, Bethesda, MD, United States). The ratio to β-actin was calculated, and the mean value of the NC group was set at 1.
Real-Time qPCR and Biochemical Assays
Total RNA from the hippocampus and PFC was isolated with Trizol reagent and then converted to cDNA via the cDNA Synthesis Kit (Life Technologies) according to the manufacturer’s protocol. After the quantification of mRNAs, amplification was performed with the following gene-specific primers: Nfr2, forward: 5′-AGT​GCA​AGG​CGG​AGG​TGA-3′ and reverse: 5′-AGC​CCG​TTG​GTG​AAC​ATA​G-3’; β-actin, forward: 5′- CAT​CCT​GCG​TCT​GGA​CCT​GG-3′ and reverse: 5′-TAA​TGT​CAC​GCA​CGA​TTT​CC-3’. The amplification reaction consisted of an initial activation at 95°C for 15 min and 40 cycles of denaturation at 95°C followed by a 30-s extension at 60°C. The results are presented as the ratio to β-actin and were normalized to the NC group.
The activity of antioxidant enzymes (CAT, SOD, GSH-Px) was measured using commercial enzyme activity assay kits according to the attached protocols.
Determination of Concentrations of PROG and ALLO
Aliquots of 0.1 g of PFC/hippocampal tissue were homogenized with 1 ml of prechilled methanol using a Bioprep-24 Homogenizer System (speed: 3,500 rpm, time: 30 s, cycles: 3, interval: 30 s). Then, an aliquot of 300 μl of the tissue homogenate or plasma was transferred and mixed with 1,500 μl of methyl tert-butyl ether/methanol (1:1, v/v) extraction solvent, vortexed for 3 min and centrifuged at 20627 g for 10 min at 4°C. A volume of 1,500 μl of the resulting supernatant was evaporated to dryness using a centrifugal vacuum concentrator at 4°C. The residue was further resuspended with 100 μl of 2-propanol/acetonitrile/water (21:9:70, v/v/v) solvent mixture. Finally, the concentrations of PROG and ALLO in the tissues and plasma were determined by an LC–MS/MS method as reported elsewhere (Cai et al., 2019). Both lower limit of quantifications (LLOQs) of PROG and ALLO were 0.05 ng/ml for plasma, and were 0.15 ng/g for brain tissue, respectively. For intra-assay, the coefficient of variance (CV) in PROG ranged from 2.4 to 9.6%, whereas CV in ALLO ranged from 3.9 to 5.7%. For inter-assay, the CV in PROG varied between 3.9 and 7.1%, whereas CV in ALLO varied between 4.5 and 8.3%.
Statistical Analysis
The data are presented as the mean ± SD and were analyzed using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, United States). After ketamine exposure, performance in the hidden platform trials in the MWM was analyzed using repeated measures analysis of variance (RM-ANOVA), with treatment and time as two independent variables, followed by Dunnett’s t-test for post hoc test. For parameters in the first probe trial, Mann-Whitney U test was used to evaluate ketamine induced behavioral changes when building the animal model of cognitive deficits. Differences in the behavioral tests, mRNA expression, protein expression and the enzyme activities in hippocampus across groups were determined using Kruskal-Wallis one-way analysis of variance followed by post hoc Dunn’s multiple comparisons test. Statistical significance was considered at p < 0.05.
RESULTS
The Effects of PROG, ALLO and AG205 on PGRMC1 Expression in Basal Conditions
As illustrated in Supplementary Figure S1, compared with NC group, sub-chronic PROG (16 mg kg−1) treatment markedly downregulated the PGRMC1 expression both in hippocampus (H = 5.956, p = 0.0250; post hoc p = 0.0341) and PFC (H = 6.252, p = 0.0143; post hoc p = 0.0270). However, the inhibitory effects of PROG (8 mg kg−1) and ALLO on PGRMC1 did not approach significance (all p > 0.05). As depicted in Supplementary Figure S1D, compared with NC group, AG205-treated rats exhibited significantly longer escape latency on the 2nd, third, fourth and fifth day respectively. For escape latency, an effect of treatment [F (1, 25) = 92.76, p < 0.0001] and an effect of time [F (4, 25) = 297.4, p < 0.0001], but no interaction [F (4, 25) = 0.9234, p = 0.2632]. while in the probe trial, AG205 treatment reduced the number of target crossings (U = 0, p = 0.0022), the permanence time (PT) (U = 0, p = 0.0022) and PT% in the target quadrant [U = 0, p = 0.0022]. Western blot experiment was utilized to measure the level of PGRMC1 in rat brain including hippocampus and PFC. As shown in Supplementary Figure S1C, AG205 markedly downregulated the expression of PGRMC1 in hippocampus (U = 0, p = 0.0022) and PFC (U = 0, p = 0.0022) compared with normal rats, which provided support for the role of AG205 in co-administration with PROG.
Ketamine Exposure Impaired Memory Performance in the MWM Test
First, we explored whether rats exposed to 30 mg kg−1 ketamine sub-chronically for 5 days show memory impairment in the MWM test. In the hidden platform phase, compared with NC group, ketamine-exposed rats exhibited significantly prolonged escape latency and path lengths on the third, fourth and fifth day respectively (Figure 1B). For escape latency, an effect of treatment [F (1, 250) = 14.40, p = 0.0002] and an effect of time [F (4, 250) = 15.22, p < 0.0001] were observed without interaction [F (4, 250) = 0.9594, p = 0.4304]. Similarly, for path lengths there were an effect of treatment [F (1, 770) = 16.00, p < 0.0001] and an effect of time [F (4, 770) = 41.40, p < 0.0001], but no interaction [F (4, 770) = 0.9234, p = 0.4497] existed. However, in the probe trial, the ketamine-exposed rats showed significantly less target quadrant crosses (U = 9.00, p < 0.0001, Cohen’s d = 1.363) and PT in the target area (U = 61.50, p = 0.0080, Cohen’s d = 0.745) and a reduced PT% in the target area (U = 67.50, p = 0.0136, Cohen’s d = 0.686) (Table 1).
TABLE 1 | Parameters of the probe trial in MWM test (mean ± SD).
[image: Table 1]In order to avoid the influences of the performance during the first MWM learning in ketamine-treated animals on the results of the second MWM. As shown in Table 2, it indicated that there are no differences in escape latency (H = 0.6189, p = 0.9871, Cohen’s d = 0.744) and path length (H = 0.8866, p = 0.9712, Cohen’s d = 0.718) on the third day among the groups randomly distributed with the animals during first MWM test.
TABLE 2 | Performance of ketamine-treated rats randomly assigned to each group before add-on treatments (mean ± SD).
[image: Table 2]Neuroprotective Effects of PROG and ALLO on MWM Performance
Cognitive performance was evaluated by MWM task after add-on PROG and ALLO treatments. In the hidden platform trial, path length and escape latency were robustly shortened after PROG and ALLO treatments (Figures 2A,B). For path length, an effect of treatment [F (6, 420) = 169.7, p < 0.0001], an effect of time [F (2, 420) = 664.3, p < 0.0001], and an interaction between factors [F (12, 420) = 30.07, p < 0.0001]. For escape latency, an effect of treatment [F (6, 420) = 343.2, p = 0.0002], an effect of time [F (2, 420) = 857.7, p < 0.0001] and an interaction between factors [F (12, 420) = 50.30, p < 0.0001]. Not all parameters related to cognitive function were significantly affected in a dose-dependent manner. In the probe trial, as compared with ketamine group, treatments with PROG (8 mg kg−1) or ALLO (8/16 mg kg−1) led to a significant increase in the number of target crossings (H = 29.62, p < 0.0001, Cohen’s d = 2.267), less PT in the target area (H = 22.79, p = 0.0009, Cohen’s d = 1.632) and a reduced PT% in the target area (H = 28.85, p < 0.0001, Cohen’s d = 2.185) (Table 1). In order to reflect the variances between ketamine and NC groups more directly, Figures 2C,D indicated that escape latency on the third day (H = 42.49, p < 0.0001, Cohen’s d = 5.147) and path lengths on the third day (H = 45.40, p < 0.0001, Cohen’s d = 7.786) were shortened by treatments of PROG or ALLO in comparison with ketamine treatment.
[image: Figure 2]FIGURE 2 | Cognitive performance in the hidden platform trials of MWM test after add-on PROG and ALLO treatments. (A) Escape latency (B) Path length (C) Escape latency on the third day and (D) path lengths on the third day were shortened by PROG (all p < 0.01) or ALLO treatment (all p < 0.0001) in comparison with ketamine treatment. Data are expressed as mean ± SD, n = 7 for each experimental group. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. #p < 0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs. PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1).
Suppression of the PGRMC1 Signaling Pathway by Ketamine and the Reversal Effects of PROG and ALLO
To explore the potential modulatory effects of ketamine, PROG and ALLO add-on treatments on the PGRMC1/EGFR/GLP-1R/PI3K/Akt signaling pathway, the protein expression of the five key factors (PGRMC1, EGFR, GLP-1R, PI3K, Akt) and their phosphorylated forms (p-EGFR, p-PI3K, p-Akt) in the hippocampus and PFC was compared among groups.
In the hippocampus, sub-chronic ketamine treatment significantly downregulated the protein expression of the five key factors (PGRMC1: H = 38.01, p = 0.0002; post hoc p = 0.0001; GLP-1R: H = 31.91, p = 0.0002; post hoc p = 0.0003; EGFR: H = 26.80, p = 0.0002; post hoc p = 0.0014; PI3K: H = 30.78, p < 0.0001; post hoc p = 0.0005; p-EGFR: H = 32.44, p < 0.0001; post hoc p = 0.0014; p-PI3K: H = 33.76, p < 0.0001, post hoc p < 0.0001; p-Akt: H = 39.09, p < 0.0001; post hoc p < 0.0001) without affecting Akt (p > 0.9999) compared to NC group (Figure 3). Intriguingly, PROG administration did not activate the PGRMC1 signaling pathway in a dose-dependent manner. Only low dose of PROG significantly upregulated the protein expression of PGRMC1 pathway (PGRMC1, p = 0.0004; GLP-1R, p = 0.0214; EGFR, p = 0.0046; PI3K, p = 0.0298; p-EGFR, p = 0.0399; p-PI3K, p = 0.0159; p-Akt, p = 0.0373) without affecting Akt (p > 0.9999) compared to Ket group (Figure 3). In contrast, both doses of ALLO administration increased the protein expression of PGRMC1 (p = 0.0130, p = 0.0030), GLP-1R (p = 0.0169, p = 0.0039), PI3K (p = 0.0329, p = 0.0237), p-Akt (p = 0.0015, p = 0.0005). There was a significant difference in PGRMC1 expression between the low dose and high dose of PROG (PGRMC1, p = 0.0144), so as the case for ALLO (PGRMC1, p = 0.0176) (Figure 3A). Similar with the hippocampus, the synchronous expression of proteins involved in the PGRMC1 signaling pathway also occurred in the PFC, and the results are shown in Supplementary Figure S2.
[image: Figure 3]FIGURE 3 | Basal protein expression profile of the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the hippocampus. (A) PGRMC1, (B) EGFR, (C)p-EGFR, (D) GLP-1R, (E) PI3K, (F) p-PI3K, (G) Akt, (H) p-Akt. Data are expressed as mean ± SD, n = 7 for each experimental group. ^p < 0.05, ^^p < 0.01, and ^^^p < 0.001 for Ket vs. NC. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. #p < 0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs. PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1). The relative expression data are presented as the ratio to the β-actin protein level. Note: In our study, the prototype protein and its phosphorylated form were separated in one gel simultaneously. Therefore, the loading control images of β-actin are re-used for illustrative purposes in B and C, E and F, G and H.
Add-on PROG and ALLO Treatments Alleviated the Modulatory Effects of Ketamine on Downstream Molecules.
To gain insights into the PGRMC1-regulated signaling pathway, the protein expression of downstream cognitive function-related molecules regulated by the PGRMC1 signaling pathway (including CREB, caspase-3/9, their cleaved forms, and BDNF) were assessed by Western blot experiments in the rat hippocampus and PFC after add-on treatments. As shown in Figures 4A–F, the hippocampal protein expression of CREB (H = 39.75, p < 0.0001; post hoc p = 0.0008) and truncated BDNF (H = 44.92, p < 0.0001; post hoc p < 0.0001) was significantly reduced and the protein levels of mature BDNF (H = 42.13, p < 0.0001; post hoc p = 0.0001) and the ratio of cleaved caspase-3/9 (including cleaved caspase-3 (17 kDa)/caspase-3 [H = 44.76, p < 0.0001; post hoc p < 0.0001], cleaved caspase-3 (19 kDa)/caspase-3 (H = 44.80, p < 0.0001; post hoc p < 0.0001), and cleaved caspase-9/caspase-9 (H = 45.91, p < 0.0001; post hoc p < 0.0001) were upregulated by ketamine exposure.
[image: Figure 4]FIGURE 4 | Basal CREB/BDNF/caspase-3/9 protein expression in the hippocampus. (A) CREB, (B) truncated BDNF, (C) mature BDNF, (D) cleaved caspase-3 (17 kDa)/caspase-3, (E) cleaved caspase-3 (19 kDa)/caspase-3, (F) cleaved caspase-9/caspase-9. A representative blot is shown in (G). Data are expressed as mean ± SD, n = 7 for each experimental group. ^p < 0.05, ^^p < 0.01, and ^^^p < 0.001 for Ket vs. NC. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. #p < 0.05, ##p < 0.01 and ###p < 0.001 for PROG (8 mg kg−1)+AG205 vs. PROG (8 mg kg−1). +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs. PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1). The relative expression data are presented as the ratio to the β-actin protein level.
PROG and ALLO may regulate hippocampal protein expression in a dose-dependent manner but in a contradictory way. Add-on treatment with PROG at 8 mg kg−1 or ALLO at 16 mg kg−1 markedly mitigated the increased level of mature BDNF (PROG, p = 0.0171; ALLO, p = 0.0216) and the ratios of cleaved caspase-3 (PROG, p = 0.0008; ALLO, p = 0.0310) and cleaved caspase-9 (PROG, p = 0.0255; ALLO, p < 0.0001) induced by ketamine. Meanwhile, PROG (8 mg kg−1) or ALLO (16 mg kg−1) also ameliorated the decreases in CREB (p = 0.0176; p = 0.0003) and truncated BDNF (p = 0.0001; p = 0.0144).
Furthermore, we examined the mRNA expression of Nrf2 and the activity of antioxidant enzymes in the hippocampus and PFC. The quantification of antioxidant enzymes acts as an indirect measure of oxidative stress. As illustrated in Figures 5A–D, compared with NC group, ketamine markedly reduced the mRNA expression of Nrf2 (H = 29.06, p < 0.0001; post hoc p = 0.0238), the activity of CAT (H = 42.91, p < 0.0001; post hoc p < 0.0001), GSH-Px (H = 41.75, p < 0.0001; post hoc p = 0.0060) and SOD (H = 38.71, p < 0.0001; post hoc p = 0.0425) in the hippocampus. Only PROG at 8 mg kg−1 ameliorated ketamine-induced decreases in Nrf2 mRNA expression (p = 0.0453) and CAT (p < 0.0001), GSH-Px (p < 0.0001), SOD (p = 0.0006) activity. Synchronous changes in the PGRMC1 signaling pathway also occurred in the PFC, and the results are shown in Supplementary Figure S3.
[image: Figure 5]FIGURE 5 | Hippocampal Nrf2 mRNA expression and the enzyme activity of CAT, SOD, GSH-Px and the concentrations of PROG and ALLO in hippocampus, PFC and plasma. (A) Nrf2, (B) CAT, (C) GSH-Px, (D) SOD, (E) PROG concentrations, (F) ALLO concentrations. *p < 0.05, **p < 0.01 and ***p < 0.001 for add-on of PROG and ALLO vs. Ket. +p < 0.05, ++p < 0.01 and +++p < 0.001 for PROG (16 mg kg−1) vs PROG (8 mg kg−1) and ALLO (16 mg kg−1) vs. ALLO (8 mg kg−1).
Involvement of PGRMC1 in the Reversal Effects of PROG on Ketamine-Induced Cognitive Impairment
To confirm the regulation of PROG-mediated neuroprotection by PGRMC1, PROG-treated rats were co-administrated with AG205, which significantly weakened the protective effects of PROG against ketamine-induced cognitive impairment. On one hand, rats treated with the coadministration of AG205 and PROG (8 mg kg−1) exhibited poorer cognitive performance manifested as prolonged escape latencies (an effect of treatment [F (6, 420) = 343.2, p = 0.0002], an effect of time [F (2, 420) = 857.7, p < 0.0001] and an interaction between factors [F (12, 420) = 50.30, p < 0.0001] in the MWM test compared with those of the PROG monotherapy group (Figure 2). On the other hand, the addition of AG205 abolished the neuroprotective effect of 8 mg kg−1 PROG against the ketamine-induced downregulated expression of the PGRMC1 signaling pathway as well as the changes in downstream molecules [AG205+PROG (8 mg kg−1) vs PROG (8 mg kg−1), all p < 0.05, Figures 3–5].
Concentrations of PROG and ALLO in the Plasma, Hippocampus and PFC after Different Treatments
To investigate the relationship between the doses and therapeutic effects of PROG and ALLO, we analyzed the concentrations of PROG and ALLO in these tissues as depicted in Figure 5. Compared with NC group, ketamine-treated rats did not exhibit higher concentrations of PROG and ALLO in hippocampus, PFC and plasma. When compared to ketamine group, add-on treatments of PROG at 8 and16 mg kg−1 significantly increased the levels of PROG without affecting the levels of ALLO in hippocampus [H = 41.34, p < 0.0001; post hoc p = 0.0310 (PROG at 8 mg kg−1), p = 0.0007 (PROG at 16 mg kg−1)], PFC [H = 43.18, p < 0.0001; post hoc p = 0.0482 (PROG at 8 mg kg−1), p = 0.0017 (PROG at 16 mg kg−1)] and plasma [H = 39.53, p < 0.0001; post hoc p = 0.0375 (PROG at 8 mg kg−1), p = 0.0023 (PROG at 16 mg kg−1)]. As expected, ALLO concentrations in these tissues were markedly elevated in both ALLO treated groups at 8 mg kg−1 (all p < 0.001) and 16 mg kg−1 (all p < 0.001) vs. ketamine group. Interestingly, ALLO treatment at 16 mg kg−1 also significantly increased the levels of PROG in hippocampus (p = 0.0100), PFC (p = 0.0113) and plasma (p = 0.0453) as compared with ketamine group.
DISCUSSION
Several key findings emerged in the present study. First, in basal conditions, both PROG and AG205 administration showed inhibitory effect on PGRMC1 expression in hippocampus and PFC as well as impaired MWM performance in AG205-treated rats. Second, ketamine significantly impaired hippocampal-dependent memory performance of the rats in the MWM test and downregulated the PGRMC1 pathway. Third, the cognitive impairment induced by ketamine was reversed by PROG and ALLO add-on treatments, and the PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway was upregulated. Fourth, the coadministration of AG205 abolished the efficacy of PROG in the MWM test and offset the regulatory effect of PROG on the abovementioned PGRMC1 signaling pathway. Finally, high dose of ALLO administration led to increased concentrations of PROG in the plasma and brain, and this may be able to explain some of its neuroprotective efficacy.
Effects of PROG, ALLO and AG205 on PGRMC1 Expression in Basal Conditions
In healthy status, overload of exogenous PROG/ALLO administration does appear to impair non-social learning and memory tasks in normal rodents (Johansson et al., 2002; Bychowski and Auger, 2012), which is in accordance with the previous observation that administration of PROG represses PGRMC1 transcription in rats in vivo. (Losel et al., 2008; Zhang et al., 2014). However, when ketamine-induced neurotoxicity and resulting suppression of PGRMC1 happen, add-on PROG may switch its role and exert the neuroprotective function via upregulation of PGRMC1 at an appropriate dose. So far, the therapeutic effect of RPOG has not been reported in ketamine-induced neurotoxicity, apart from the combination of estrogen and PROG in ketamine-induced disrupted PPI in rats (Van den Buuse et al., 2015). The discrepancy of PROG actions was possibly due to different basal conditions (healthy vs. injured) before PROG treatment, which warrants further exploration in future studies. More interest has been aroused to explore whether the neuroprotective effect of PROG can be observed when an injury or deficiency is present, as in the case of sub-chronic ketamine administration.
Effects of PROG and ALLO on Cognitive Deficits Induced by Ketamine
Ketamine impairs cognition in both humans and animals (Moosavi et al., 2012; Parwani et al., 2005), which can model cognitive deficits associated with schizophrenia. It has been reported that cognitive impairment induced by sub-chronic ketamine exposure (30 mg kg−1 per day for five consecutive days) remains stable for 21 days (Rushforth et al., 2011). The MWM task was selected based on the extensive literatures (Zheng et al., 2015; Sun et al., 2016) indicating that NMDA receptor antagonists produce impairments in the MWM test.
Consistent with the emerging evidence, the data in our study showed that rats exposed to sub-chronic ketamine for five consecutive days exhibited impaired cognitive performance. It has been previously reported that PROG exerts neuroprotective effects in glutamate toxicity models (Van den Buuse et al., 2015) and improves spatial learning performance in the MWM test after traumatic brain injury (Djebaili et al., 2004; Jones et al., 2005). In the present experiment, we observed that PROG and ALLO were both able to attenuate ketamine-induced cognitive impairment in the MWM test.
PROG and ALLO Reversed the Inhibitory Effects of Ketamine on the PI3K/Akt Pathway and Its Downstream Molecules
It has been reported that decreased activity of the PI3K/Akt pathway can, at least in part, explain the cognitive deficits in schizophrenia (Zheng et al., 2012; Zuo et al., 2016). Based on the fact that the level of Akt is significantly decreased in schizophrenia (Zheng et al., 2012), our present study also revealed the downregulation of the PI3K/Akt pathway in sub-chronic ketamine-exposed rats with cognitive impairment. Preclinical evidence has also revealed that the phosphorylation of Akt, which is crucial for PI3K-mediated memory enhancement via boosting cell survival and protein synthesis, can be elicited by PROG (Singh, 2001; Labombarda et al., 2003). Therefore, it is inferred that an increase in PI3K/Akt may be a contributing mechanism to improvements in spatial learning by PROG. Interestingly, our data showed that both PROG and its active metabolite ALLO increased the expression of the PI3K/Akt signaling pathway.
CREB, as a key transcriptional regulator, participates in multiple critical functions of the brain, including learning and cell survival (Peltier et al., 2007). Akt is capable of activating CREB, which then improves the expression of BDNF in pro-survival signaling (Aguiar et al., 2011). BDNF is thought to be a key regulator of learning and memory, which is involved in the pathogenesis of schizophrenia and is especially related to cognitive deficits (Nieto et al., 2013). Previous studies have suggested that ketamine impairs the learning and memory ability of rats and simultaneously markedly reduces the protein expression of p-Akt, p-CREB and BDNF (28 kDa, also called truncated BDNF) (Zuo et al., 2016). In addition, activated CREB and BDNF can further modulate the transcription process in the cell survival mechanism to ameliorate the neurotoxicity induced by ketamine (Zuo et al., 2016). In accordance with our study, cogent evidence has revealed that PROG (Singh and Su, 2013) and its active metabolite ALLO (Nin et al., 2011) can strengthen cognitive function by upregulating the expression of BDNF. Unlike truncated BDNF, another form of BDNF (14 kDa, called mature BDNF) was markedly downregulated by PROG and ALLO and upregulated by ketamine. Consistently, data (Carlino et al., 2011) has revealed an increase in the level of mature BDNF and a reduction in truncated BDNF in patients with schizophrenia with cognitive deficits. Evidence has suggested (Carlino et al., 2011) that truncated BDNF has similar properties as those of pro-BDNF (the precursor of BDNF) and can serve as an alternative of the inactive form of pro-BDNF, leading to an increase in pro-BDNF. Furthermore, cognitive impairment can mostly induce a compensatory increase in the processing of pro-BDNF to generate mature BDNF. This may provide an explanation for the reduction in truncated BDNF and the upregulation of mature BDNF in the ketamine group.
Caspase-3 and -9 belong to a family of cysteinyl-aspartate-specific proteases involved in apoptotic cell death. Previous studies have shown that prolonged ketamine exposure significantly increases cleaved caspase-3 and -9 levels, hence providing direct evidence for the activation of the intrinsic apoptotic pathway (Zou et al., 2009; Liu et al., 2013). In addition, another study (Djebaili et al., 2004) showed that, compared with vehicle alone, ALLO (16 mg kg−1) and PROG (8 mg kg−1) are able to decrease cleaved caspase-3 compared in injured rats.
Nrf2, a crucial regulator of oxidative stress, is activated by PI3K/Akt signaling (Lee et al., 2014). Reduced activity of Nrf2 and related antioxidant enzymes, including SOD, CAT and GSH-Px, have been observed in ketamine-exposed rats (Zugno et al., 2014). PROG reportedly protects neuronal cells from oxidative stress by upregulating antioxidative enzymes (Sharma et al., 2011).
Consistent with the evidence above, we confirmed that ketamine produced a significant increase in cleaved caspase-3 and caspase-9 and a decrease in CREB, BDNF and Nfr2, whereas coadministration with PROG or ALLO ameliorated these changes (Figure 3). Therefore, it is suggested that the therapeutic effects of PROG and ALLO are associated with their ability to influence CREB, BDNF, caspase-3/9 and Nrf2 expression to protect against ketamine-induced neurotoxicity.
Add-On PROG and ALLO Treatments Reversed the Suppression of EGFR and GLP-1R Induced by Ketamine
EGFR and GLP-1R are both positive regulators of the PI3K/Akt pathway. Studies have shown that exendin-4 (an agonist of GLP-1R) inhibits neuronal apoptosis by upregulating the GLP-1R/PI3K/Akt signaling pathway (Xie et al., 2018). Preclinical evidence has also suggested that GLP-1R in the brain represents a promising new target for both cognitive-enhancing and neuroprotective agents (During et al., 2003). Similarly, it has also been reported that an adenosine A1 receptor agonist can activate the EGFR/PI3K/Akt pathway to mediate neuroprotection in cortical neurons (Xie et al., 2009). It is also known that EGFR can mediate Nrf2 signaling activation by several other stimuli in the process of neuroprotection (Gu et al., 2015). Although few studies have investigated the effect of ketamine on EGFR and GLP-1R, it has been demonstrated that neuroprotection mediated by EGFR and GLP-1R can be abolished by using selective kinase inhibitors (Xie et al., 2009). In support of the evidence above, our data also provides evidence that PROG and ALLO exert their neuroprotective effects against ketamine by upregulating EGFR and GLP-1R signaling and downstream molecules.
Role of PGRMC1 in the PROG-Mediated Therapeutic Effects
As illustrated in Figure 6, PGRMC1 has the ability to interact with EGFR and GLP-1R (Zhang et al., 2014). In the present study, the PRGMC1-specific inhibitor AG205 significantly antagonized the therapeutic effects of PROG in the MWM task and downregulated the PGRMC1/EGFR/GLP-1R pathway, which supports a role for PGRMC1 in the functional regulation of EGFR and GLP-1R (Zhang et al., 2014).
[image: Figure 6]FIGURE 6 | Illustrative model of the mechanism underlying the neuroprotective effects of PROG and ALLO against ketamine-induced cognitive deficits. Under certain conditions, the PI3K/Akt pathway can be activated to exert its neuroprotective function by phosphorylating a battery of protein substrates, including Nuclear factor erythroid-2-related factor 2 (Nrf2), caspase-3/9, cAMP response element-binding protein (CREB) and brain-derived neurotrophic factor (BDNF). Furthermore, the PI3K/Akt pathway is a putative downstream signaling pathway regulated by EGFR and GLP-1R to elicit multiple biological responses, especially cognitive function. Intriguingly, PGRMC1 co-precipitates and co-localizes with EGFR in cytoplasmic vesicles in cells and also serves as a novel component of the liganded GLP-1R complex. In the present study, the therapeutic effect of PROG or ALLO at least in part rely on the activation of PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the brain. Moreover, the PRGMC1-specific inhibitor AG205 significantly antagonized the therapeutic effects of PROG in the MWM task and downregulated the PGRMC1/EGFR/GLP-1R pathway, which supports a role for PGRMC1 in the functional regulation of EGFR and GLP-1R, as well as their relation to neuroprotective effects.
Consistent with our results, previous findings have also revealed that PGRMC1 protein levels are upregulated by PROG in the brain after TBI (Meffre et al., 2005). Although classic Pgr has multiple physiological functions, there is a lack of evidence suggesting that the neuroprotection of PROG is mediated by classic Pgr. Interestingly, our data demonstrate that cotreatment with AG205, a specific inhibitor of PGRMC1, reversed the neuroprotective effect of PROG. Given that PROG possesses a high affinity for PGRMC1, the data suggest that the neuroprotective effects of PROG against ketamine’s neurotoxicity are mediated by PGRMC1. Studies on the potential role of PGRMC1 as a participant in the antiapoptotic process of PROG in rats have been performed (Qin et al., 2015). Additionally, data (Su et al., 2012) have revealed that PROG can elicit the release of BDNF in glia via a PGRMC1-mediated signaling mechanism. Taken together, the evidence above suggests that the upregulation of PGRMC1 expression after an increase in brain PROG levels is associated with its neuroprotective mechanism.
Neuroprotective Role of PGRMC1 Depends on the Conversion between PROG and ALLO
On one hand, ALLO is biosynthesized from PROG in the brain through 5α-reductase- and 3α-hydroxysteroid dehydrogenase-mediated reactions, which are irreversible and rate-limited by the 5α-reductase step (Dong et al., 2001). Due to its lipophilicity, peripheral ALLO can readily cross into brain (Paul and Purdy, 1992). In ALLO-treated groups, the concentrations of PROG are both endogenous and at the same baseline level before add-on ALLO treatments. Exogenous-administration of ALLO can interfere the normal conversion process from PROG to ALLO. In our study, high dose of ALLO provided higher exogenous concentration of ALLO, which could exert a much stronger interfering effect in the conversion process than the ALLO (8 mg kg−1) group, finally resulting in significantly elevated PROG levels in the ALLO (16 mg kg−1) group. This fully explains the higher level of PROG observed in the ALLO (16 mg kg−1) group than in the ALLO (8 mg kg−1) group (Figure 5).
Consistently, ALLO (16 mg kg−1) also exhibited a stronger therapeutic effect in regulating the PGRMC1 pathway. On the other hand, ALLO does not bind to classical intracellular PROG receptors and exerts its neuroprotective actions via the modulation of membrane-associated GABAA receptor sites (Ishihara et al., 2013). Additionally, a clinical finding (Cai et al., 2018b) suggested that low levels of ALLO may lead to weaker neuroprotection or that excessive levels of ALLO are involved in neuroprotection against excitotoxic damage in patients with schizophrenia. This evidence suggests the possibility of a dual action of ALLO in the present study, i.e. directly via GABAA receptors at a lower ALLO and via attenuating the conversion process simultaneously at high level of ALLO resulting in an increased level of PROG in the brain to directly activate PGRMC1. Intriguingly, a low dose of PROG did not alter ALLO levels in these tissues and exhibited stronger therapeutic effects than a low dose of ALLO, which suggests that the neuroprotective effect of PROG is mostly mediated by PROG itself, not via its metabolite ALLO.
Reports (Goss et al., 2003) have indicated that low and moderate doses of PROG (8, 16 mg kg−1) are beneficial for facilitating behavioral recovery, while a high dose (32 mg kg−1) is either ineffective or potentially harmful in the MWM test in rats. In accordance with this finding, our data also support that either 8 or 16 mg kg−1 PROG possesses therapeutic effects. However, the fact that 8 mg kg−1 PROG displayed better therapeutic efficiency than 16 mg kg−1 PROG cannot be ignored and greatly aroused our interest. First, previous studies on PROG dose-response were conducted in a model of TBI, while our study mimicked the ketamine-induced schizophrenia; this difference probably led to complexities and differences in PROG dose-response. Second, the accumulation of PROG was reported to possibly mediate its suppressive effect on PGRMC1 expression (Losel et al., 2008), which may result in reduced neuroprotection and even further lead to neurotoxicity under some circumstances. In agreement with our hypothesis, previous studies have reported that subcutaneous injection of PROG at a lower dose acutely or sub-chronically impairs social recognition memory of normal rats both in a social discrimination task and in a spatial task (Sun et al., 2010; Bychowski and Auger, 2012). Nevertheless, the therapeutic differences in the doses of PROG remain unclear at this stage and require further elucidation.
Limitation
Although prepulse inhibition (PPI) is used to analyze early attentional gating mechanisms in animal models of schizophrenia, the reasons why our study selected MWM test are as follows:
PPI deficits have been observed not only in schizophrenia but also in other neuropsychiatric disorders, in which an increased dopamine functioning is involved not in NMDA system (Geyer, 2006; Schellekens et al., 2010).
Animal models (Vargas et al., 2016) and clinical data (Dawson et al., 2000) both indicated that PPI deficits not only correlate with cognitive impairment such as working memory or alternation behavior, locomotion activity, but also some negative symptoms described in schizophrenia.
In view of lacking specificity, the PPI deficits is not suitable for evaluating the cognitive impairment modeled by ketamine. Nowadays, there is still controversy about the use of ketamine and other NMDAR inhibitors in well-establishment of schizophrenia models in animals. However, it is well-recognized that sub-chronic ketamine administration induced neurotoxicity in rodents manifested as cognitive impairments in the MWM test, as well as its relevance to schizophrenia-like cognitive deficits (Moosavi et al., 2012; Sabbagh et al., 2012). So far, a larger amount of preclinical researches (Sun et al., 2016; Lu et al., 2017; Li et al., 2019) have supported the application of MWM maze for the evaluation of cognitive deficits induced by ketamine. Take these factors into consideration, the MWM maze test is an appropriate choice for our experiment.
Future Remarks
Evidence (Roof and Hall, 2000) suggests that the greater neuroprotection afforded to females is likely due to the effects of circulating estrogens and progestins. The neuroprotection provided by exogenous administration of these hormones extends to males as well. However, it is evident (Chen et al., 2018) that the efficacy of neurosteorids for cognitive function may differ between the genders. Moreover, neurosteroids may be involved in the gender differences found in the susceptibility to schizophrenia (Huang et al., 2017). In future clinical practice, it is recommended to measure the concentrations of PROG to optimize the therapeutic regimen based on gender differences.
CONCLUSION
In conclusion, our study demonstrated that treatments with PROG or ALLO significantly ameliorate the cognitive impairment due to ketamine’s neurotoxicity. The therapeutic effects at least in part rely on the activation of PGRMC1/EGFR/GLP-1R/PI3K/Akt pathway in the brain. Co-administration with AG205, the specific inhibitor of PGRMC1, abolished the therapeutic effect of PROG on ketamine-induced neurotoxicity, verifying the key role of PGRMC1. Therefore, PROG or ALLO supplementation might be a potential therapeutic strategy to restore cognitive function in clinical practice. Specifically, the present study may shed light on future possibilities for neurosteroid treatments to enhance cognitive performance in neuropsychiatric diseases and for the development of pharmacological solutions to improve cognitive function by targeting on PGRMC1 signaling.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the local Ethics Committee of the Second Xiangya Hospital of Central South University.
AUTHOR CONTRIBUTIONS
All authors contributed to and have approved the final manuscript. HC: Conceptualization, Methodology, Writing- Reviewing and Editing; TC: Data curation, Writing- Original draft preparation; MT: Methodology, Validation, Software; PJ: Writing- Reviewing and Editing; NL, QC, CZ, SZ, BZ, and XW: Visualization, Investigation, Validation.
FUNDING
This work was supported in part by the grants from the Nature Science Foundation of China (NSFC81401113 (HC)), Hunan Provincial Natural Science Foundation of China (2017JJ3444 (HC)) Hunan Provincial Health Commission Research Project (202113010595 (HC)) Wu Jieping Medical Foundation Funded Special Clinical Research Project (320.6750.2020-04-2 (HC)), Changsha Municipal Natural Science Foundation (kq2007045 (HC)) and the Fundamental Research Funds for the Central Universities of Central South University (2019zzts1049 (TC), 2020zzts884 (NL)).
ACKNOWLEDGMENTS
We are deeply grateful for the support by Mental Health Research Center of the Second Xiangya Hospital, Central South University. We thank Mimi Tang (Central South University) for her superb technical assistance.
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.612083/full#supplementary-material.
REFERENCES
 Aas, M., Dazzan, P., Mondelli, V., Melle, I., Murray, R. M., and Pariante, C. M. (2014). A systematic review of cognitive function in first-episode psychosis, including a discussion on childhood trauma, stress, and inflammation. Front. Psychiatry 4, 182. doi:10.3389/fpsyt.2013.00182
 Aguiar, A. S., Castro, A. A., Moreira, E. L., Glaser, V., Santos, A. R. S., Tasca, C. I., et al. (2011). Short bouts of mild-intensity physical exercise improve spatial learning and memory in aging rats: involvement of hippocampal plasticity via AKT, CREB and BDNF signaling. Mech. Ageing Dev. 132 (11–12), 560–567. doi:10.1016/j.mad.2011.09.005
 Ahmed, I. S., Rohe, H. J., Twist, K. E., and Craven, R. J. (2010). Pgrmc1 (progesterone receptor membrane component 1) associates with epidermal growth factor receptor and regulates erlotinib sensitivity. J. Biol. Chem. 285 (32), 24775–24782. doi:10.1074/jbc.M110.134585
 Aizen, J., and Thomas, P. (2015). Role of Pgrmc1 in estrogen maintenance of meiotic arrest in zebrafish oocytes through Gper/Egfr. J. Endocrinol. 225 (1), 59–68. doi:10.1530/joe-14-0576
 Andrabi, S. S., Parvez, S., and Tabassum, H. (2017). Progesterone induces neuroprotection following reperfusion-promoted mitochondrial dysfunction after focal cerebral ischemia in rats. Dis. Model. Mech. 10 (6), 787–796. doi:10.1242/dmm.025692
 Blot, K., Kimura, S., Bai, J., Kemp, A., Manahan-Vaughan, D., Giros, B., et al. (2015). Modulation of hippocampus-prefrontal cortex synaptic transmission and disruption of executive cognitive functions by MK-801, Cereb. Cortex 25 (5), 1348–1361. doi:10.1093/cercor/bht329
 Bychowski, M. E., and Auger, C. J. (2012). Progesterone impairs social recognition in male rats. Horm. Behav. 61 (4), 598–604. doi:10.1016/j.yhbeh.2012.02.009
 Cai, H. L., Cao, T., Li, N., Fang, P., Xu, P., Wu, X., et al. (2019). Quantitative monitoring of a panel of stress-induced biomarkers in human plasma by liquid chromatography-tandem mass spectrometry: an application in a comparative study between depressive patients and healthy subjects. Anal. Bioanal. Chem. 411 (22), 5765–5777. doi:10.1007/s00216-019-01956-2
 Cai, H. L., Cao, T., Zhou, X., and Yao, J. K. (2018a). Neurosteroids in schizophrenia: pathogenic and therapeutic implications. Front. Psychiatry 9, 73. doi:10.3389/fpsyt.2018.00073
 Cai, H. L., Tan, Q. Y., Jiang, P., Dang, R. L., Xue, Y., Tang, M. M., et al. (2015). A potential mechanism underlying atypical antipsychotics-induced lipid disturbances. Transl. Psychiatry 5, e661. doi:10.1038/tp.2015.161
 Cai, H. L., Zhou, X., Dougherty, G. G., Reddy, R. D., Haas, G. L., Montrose, D. M., et al. (2018b). Pregnenolone-progesterone-allopregnanolone pathway as a potential therapeutic target in first-episode antipsychotic-naive patients with schizophrenia. Psychoneuroendocrino 90, 43–51. doi:10.1016/j.psyneuen.2018.02.004
 Carlino, D., Leone, E., Di Cola, F., Baj, G., Marin, R., Dinelli, G., et al. (2011). Low serum truncated-BDNF isoform correlates with higher cognitive impairment in schizophrenia. J. Psychiatr. Res. 45 (2), 273–279. doi:10.1016/j.jpsychires.2010.06.012
 Chen, C. Y., Wu, C. C., Huang, Y. C., Hung, C. F., and Wang, L. J. (2018). Gender differences in the relationships among neurosteroid serum levels, cognitive function, and quality of life. Neuropsychiatr. Dis. Treat. 14, 2389–2399. doi:10.2147/ndt.s176047
 Chu, A. O. K., Chang, W. C., Chan, S. K. W., Lee, E. H. M., Hui, C. L. M., and Chen, E. Y. H. (2019). Comparison of cognitive functions between first-episode schizophrenia patients, their unaffected siblings and individuals at clinical high-risk for psychosis. Psychol. Med. 49, 1929–1936. doi:10.1017/s0033291718002726
 Cooke, P. S., Nanjappa, M. K., Yang, Z., and Wang, K. K. (2013). Therapeutic effects of progesterone and its metabolites in traumatic brain injury may involve non-classical signaling mechanisms. Front. Neurosci. 7, 108. doi:10.3389/fnins.2013.00108
 Craven, R. J. (2008). PGRMC1: a new biomarker for the estrogen receptor in breast cancer. Breast Cancer Res. 10 (6), 113. doi:10.1186/bcr2191
 Dawson, M. E., Schell, A. M., Hazlett, E. A., Nuechterlein, K. H., and Filion, D. L. (2000). On the clinical and cognitive meaning of impaired sensorimotor gating in schizophrenia. Psychiatry Res. 96 (3), 187–197. doi:10.1016/s0165-1781(00)00208-0
 Di Mauro, M., Tozzi, A., Calabresi, P., Pettorossi, V. E., and Grassi, S. (2015). Neo-synthesis of estrogenic or androgenic neurosteroids determine whether long-term potentiation or depression is induced in hippocampus of male rat. Front. Cell. Neurosci. 9, 376. doi:10.3389/fncel.2015.00376
 Djebaili, M., Hoffman, S. W., and Stein, D. G. (2004). Allopregnanolone and progesterone decrease cell death and cognitive deficits after a contusion of the rat pre-frontal cortex. Neuroscience 123 (2), 349–359. doi:10.1016/j.neuroscience.2003.09.023
 Dong, E., Matsumoto, K., Uzunova, V., Sugaya, I., Takahata, H., Nomura, H., et al. (2001). Brain 5alpha-dihydroprogesterone and allopregnanolone synthesis in a mouse model of protracted social isolation. Proc. Natl. Acad. Sci. U.S.A. 98 (5), 2849–2854. doi:10.1073/pnas.051628598
 Driesen, N. R., Leung, H. C., Calhoun, V. D., Constable, R. T., Gueorguieva, R., Hoffman, R., et al. (2008). Impairment of working memory maintenance and response in schizophrenia: functional magnetic resonance imaging evidence. Biol. Psychiatry 64 (12), 1026–1034. doi:10.1016/j.biopsych.2008.07.029
 During, M. J., Cao, L., Zuzga, D. S., Francis, J. S., Fitzsimons, H. L., Jiao, X., et al. (2003). Glucagon-like peptide-1 receptor is involved in learning and neuroprotection. Nat. Med. 9 (9), 1173–1179. doi:10.1038/nm919
 Frank, C., and Sagratella, S. (2000). Neuroprotective effects of allopregnenolone on hippocampal irreversible neurotoxicity in vitro. Prog. Neuropsychopharmacol. Biol. Psychiatry 24 (7), 1117–1126. doi:10.1016/S0278-5846(00)00124-X
 Geyer, M. A. (2006). The family of sensorimotor gating disorders: comorbidities or diagnostic overlaps?Neurotox. Res. 10 (3–4), 211–220. doi:10.1007/bf03033358
 Goss, C. W., Hoffman, S. W., and Stein, D. G. (2003). Behavioral effects and anatomic correlates after brain injury: a progesterone dose-response study. Pharmacol. Biochem. Behav. 76 (2), 231–242. doi:10.1016/j.pbb.2003.07.003
 Grassi, S., Tozzi, A., Costa, C., Tantucci, M., Colcelli, E., Scarduzio, M., et al. (2011). Neural 17β-estradiol facilitates long-term potentiation in the hippocampal CA1 region. Neuroscience 192, 67–73. doi:10.1016/j.neuroscience.2011.06.078
 Gu, D.-M., Lu, P.-H., Zhang, K., Wang, X., Sun, M., Chen, G.-Q., et al. (2015). EGFR mediates astragaloside IV-induced Nrf2 activation to protect cortical neurons against in vitro ischemia/reperfusion damages. Biochem. Biophys. Res. Commun. 457 (3), 391–397. doi:10.1016/j.bbrc.2015.01.002
 Guennoun, R., Labombarda, F., Gonzalez Deniselle, M. C., Liere, P., De Nicola, A. F., and Schumacher, M. (2015). Progesterone and allopregnanolone in the central nervous system: response to injury and implication for neuroprotection. J. Steroid Biochem. Mol. Biol. 146, 48–61. doi:10.1016/j.jsbmb.2014.09.001
 Guennoun, R., Meffre, D., Labombarda, F., Gonzalez, S. L., Gonzalez Deniselle, M. C., Stein, D. G., et al. (2008). The membrane-associated progesterone-binding protein 25-Dx: expression, cellular localization and up-regulation after brain and spinal cord injuries. Brain Res. Rev. 57 (2), 493–505. doi:10.1016/j.brainresrev.2007.05.009
 Hampton, K. K., Anderson, K., Frazier, H., Thibault, O., and Craven, R. J. (2018). Insulin receptor plasma membrane levels increased by the progesterone receptor membrane component 1. Mol. Pharmacol. 94 (1), 665–673. doi:10.1124/mol.117.110510
 Hand, R. A., and Craven, R. J. (2003). Hpr6.6 protein mediates cell death from oxidative damage in MCF-7 human breast cancer cells. J. Cell. Biochem. 90 (3), 534–547. doi:10.1002/jcb.10648
 Hill, S. K., Bishop, J. R., Palumbo, D., and Sweeney, J. A. (2010). Effect of second-generation antipsychotics on cognition: current issues and future challenges. Expert Rev. Neurother 10 (1), 43–57. doi:10.1586/ern.09.143
 Huang, Y. C., Hung, C. F., Lin, P. Y., Lee, Y., Wu, C. C., Hsu, S. T., et al. (2017). Gender differences in susceptibility to schizophrenia: potential implication of neurosteroids. Psychoneuroendocrinology 84, 87–93. doi:10.1016/j.psyneuen.2017.06.017
 Ishihara, Y., Kawami, T., Ishida, A., and Yamazaki, T. (2013). Allopregnanolone-mediated protective effects of progesterone on tributyltin-induced neuronal injury in rat hippocampal slices. J. Steroid Biochem. Mol. Biol. 135, 1–6. doi:10.1016/j.jsbmb.2012.12.013
 Johansson, I. M., Birzniece, V., Lindblad, C., Olsson, T., and Bäckström, T. (2002). Allopregnanolone inhibits learning in the Morris water maze. Brain Res. 934 (2), 125–131. doi:10.1016/s0006-8993(02)02414-9
 Jones, N. C., Constantin, D., Prior, M. J., Morris, P. G., Marsden, C. A., and Murphy, S. (2005). The neuroprotective effect of progesterone after traumatic brain injury in male mice is independent of both the inflammatory response and growth factor expression. Eur. J. Neurosci. 21 (6), 1547–1554. doi:10.1111/j.1460-9568.2005.03995.x
 Kumon, Y., Kim, S. C., Tompkins, P., Stevens, A., Sakaki, S., and Loftus, C. M. (2000). Neuroprotective effect of postischemic administration of progesterone in spontaneously hypertensive rats with focal cerebral ischemia. J. Neurosurg. 92 (5), 848–852. doi:10.3171/jns.2000.92.5.0848
 Labombarda, F., Gonzalez, S. L., Gonzalez Deniselle, M. C., Vinson, G. P., Schumacher, M., De Nicola, A. F., et al. (2003). Effects of injury and progesterone treatment on progesterone receptor and progesterone binding protein 25-Dx expression in the rat spinal cord. J. Neurochem. 87 (4), 902–913. doi:10.1046/j.1471-4159.2003.02055.x
 Lee, T.-M., Lin, S.-Z., and Chang, N.-C. (2014). Antiarrhythmic effect of lithium in rats after myocardial infarction by activation of Nrf2/HO-1 signaling. Free Radic. Biol. Med. 77, 71–81. doi:10.1016/j.freeradbiomed.2014.08.022
 Li, Q., Wu, H. R., Fan, S. J., Liu, D. X., Jiang, H., Zhang, Q., et al. (2019). The effects of sub-anesthetic ketamine plus ethanol on behaviors and apoptosis in the prefrontal cortex and hippocampus of adolescent rats. Pharmacol. Biochem. Behav. 184, 172742. doi:10.1016/j.pbb.2019.172742
 Liu, J. R., Baek, C., Han, X. H., Shoureshi, P., and Soriano, S. G. (2013). Role of glycogen synthase kinase-3β in ketamine-induced developmental neuroapoptosis in rats. Br. J. Anaesth. 110 (Suppl. 1), i3–i9. doi:10.1093/bja/aet057
 Liu, L. F., Wang, J. M., Zhao, L. Q., Nilsen, J., McClure, K., Wong, K., et al. (2009). Progesterone increases rat neural progenitor cell cycle gene expression and proliferation via extracellularly regulated kinase and progesterone receptor membrane components 1 and 2. Endocrinology 150 (7), 3186–3196. doi:10.1210/en.2008-1447
 Losel, R. M., Besong, D., Peluso, J. J., and Wehling, M. (2008). Progesterone receptor membrane component 1–many tasks for a versatile protein. Steroids 73 (9–10), 929–934. doi:10.1016/j.steroids.2007.12.017
 Lu, Y., Giri, P. K., Lei, S., Zheng, J., Li, W. S., Wang, N., et al. (2017). Pretreatment with minocycline restores neurogenesis in the subventricular zone and subgranular zone of the hippocampus after ketamine exposure in neonatal rats. Neuroscience 352, 144–154. doi:10.1016/j.neuroscience.2017.03.057
 MacDonald, P. E., Wang, X., Xia, F., El-kholy, W., Targonsky, E. D., Tsushima, R. G., et al. (2003). Antagonism of rat beta-cell voltage-dependent K+ currents by exendin 4 requires dual activation of the cAMP/protein kinase A and phosphatidylinositol 3-kinase signaling pathways. J. Biol. Chem. 278 (52), 52446–52453. doi:10.1074/jbc.M307612200
 Meffre, D., Delespierre, B., Gouezou, M., Leclerc, P., Vinson, G. P., Schumacher, M., et al. (2005). The membrane-associated progesterone-binding protein 25-Dx is expressed in brain regions involved in water homeostasis and is up-regulated after traumatic brain injury. J. Neurochem. 93 (5), 1314–1326. doi:10.1111/j.1471-4159.2005.03127.x
 Moore, L., Kyaw, M., Vercammen, A., Lenroot, R., Kulkarni, J., Curtis, J., et al. (2013). Serum testosterone levels are related to cognitive function in men with schizophrenia. Psychoneuroendocrinology 38 (9), 1717–1728. doi:10.1016/j.psyneuen.2013.02.007
 Moosavi, M., Naghdi, N., Maghsoudi, N., and Zahedi Asl, S. (2007). Insulin protects against stress-induced impairments in water maze performance. Behav. Brain Res. 176 (2), 230–236. doi:10.1016/j.bbr.2006.10.011
 Moosavi, M., Yadollahi Khales, G., Rastegar, K., and Zarifkar, A. (2012). The effect of sub-anesthetic and anesthetic ketamine on water maze memory acquisition, consolidation and retrieval. Eur. J. Pharmacol. 677 (1–3), 107–110. doi:10.1016/j.ejphar.2011.12.021
 Morali, G., Montes, P., Hernandez-Morales, L., Monfil, T., Espinosa-Garcia, C., and Cervantes, M. (2011). Neuroprotective effects of progesterone and allopregnanolone on long-term cognitive outcome after global cerebral ischemia. Restor Neurol. Neurosci. 29 (1), 1–15. doi:10.3233/rnn-2011-0571
 Neill, J. C., Barnes, S., Cook, S., Grayson, B., Idris, N. F., McLean, S. L., et al. (2010). Animal models of cognitive dysfunction and negative symptoms of schizophrenia: focus on NMDA receptor antagonism. Pharmacol. Ther. 128 (3), 419–432. doi:10.1016/j.pharmthera.2010.07.004
 Nezhadi, A., Sheibani, V., Esmaeilpour, K., Shabani, M., and Esmaeili-Mahani, S. (2016). Neurosteroid allopregnanolone attenuates cognitive dysfunctions in 6-OHDA-induced rat model of Parkinson’s disease. Behav. Brain Res. 305, 258–264. doi:10.1016/j.bbr.2016.03.019
 Nieto, R., Kukuljan, M., and Silva, H. (2013). BDNF and schizophrenia: from neurodevelopment to neuronal plasticity, learning, and memory. Front. Psychiatry 4, 45. doi:10.3389/fpsyt.2013.00045
 Nin, M. S., Martinez, L. A., Pibiri, F., Nelson, M., and Pinna, G. (2011). Neurosteroids reduce social isolation-induced behavioral deficits: a proposed link with neurosteroid-mediated upregulation of BDNF expression. Front. Endocrinol. (Lausanne) 2, 73. doi:10.3389/fendo.2011.00073
 Parwani, A., Weiler, M. A., Blaxton, T. A., Warfel, D., Hardin, M., Frey, K., et al. (2005). The effects of a subanesthetic dose of ketamine on verbal memory in normal volunteers. Psychopharmacology (Berl) 183 (3), 265–274. doi:10.1007/s00213-005-0177-2
 Paul, S. M., and Purdy, R. H. (1992). Neuroactive steroids. FASEB J. 6 (6), 2311–2322. |
 Peltier, J., O’Neill, A., and Schaffer, D. V. (2007). PI3K/Akt and CREB regulate adult neural hippocampal progenitor proliferation and differentiation. Dev. Neurobiol. 67 (10), 1348–1361. doi:10.1002/dneu.20506
 Peluso, J. J., Liu, X., Gawkowska, A., and Johnston-MacAnanny, E. (2009). Progesterone activates a progesterone receptor membrane component 1-dependent mechanism that promotes human granulosa/luteal cell survival but not progesterone secretion. J. Clin. Endocrinol. Metab. 94 (7), 2644–2649. doi:10.1210/jc.2009-0147
 Qin, Y. B., Chen, Z. S., Han, X. L., Wu, H. H., Yu, Y., Wu, J., et al. (2015). Progesterone attenuates Aβ(25-35)-induced neuronal toxicity via JNK inactivation and progesterone receptor membrane component 1-dependent inhibition of mitochondrial apoptotic pathway. J. Steroid Biochem. Mol. Biol. 154, 302–311. doi:10.1016/j.jsbmb.2015.01.002
 Rajagopal, L., Soni, D., and Meltzer, H. Y. (2018). Neurosteroid pregnenolone sulfate, alone, and as augmentation of lurasidone or tandospirone, rescues phencyclidine-induced deficits in cognitive function and social interaction. Behav. Brain Res. 350, 31–43. doi:10.1016/j.bbr.2018.05.005
 Rohe, H. J., Ahmed, I. S., Twist, K. E., and Craven, R. J. (2009). PGRMC1 (progesterone receptor membrane component 1): a targetable protein with multiple functions in steroid signaling, P450 activation and drug binding. Pharmacol. Ther. 121 (1), 14–19. doi:10.1016/j.pharmthera.2008.09.006
 Roof, R. L., and Hall, E. D. (2000). Gender differences in acute CNS trauma and stroke: neuroprotective effects of estrogen and progesterone. J. Neurotrauma 17 (5), 367–388. doi:10.1089/neu.2000.17.367
 Rushforth, S. L., Steckler, T., and Shoaib, M. (2011). Nicotine improves working memory span capacity in rats following sub-chronic ketamine exposure. Neuropsychopharmacology 36 (13), 2774–2781. doi:10.1038/npp.2011.224
 Sabbagh, J. J., Heaney, C. F., Bolton, M. M., Murtishaw, A. S., and Kinney, J. W. (2012). Examination of ketamine-induced deficits in sensorimotor gating and spatial learning. Physiol. Behav. 107 (3), 355–363. doi:10.1016/j.physbeh.2012.08.007
 Schellekens, A. F. A., Grootens, K. P., Neef, C., Movig, K. L. L., Buitelaar, J. K., Ellenbroek, B., et al. (2010). Effect of apomorphine on cognitive performance and sensorimotor gating in humans. Psychopharmacology (Berl) 207 (4), 559–569. doi:10.1007/s00213-009-1686-1
 Sharma, A. K., Bhattacharya, S. K., Khanna, N., Tripathi, A. K., Arora, T., Mehta, A. K., et al. (2011). Effect of progesterone on phosphamidon-induced impairment of memory and oxidative stress in rats. Hum. Exp. Toxicol. 30 (10), 1626–1634. doi:10.1177/0960327110396522
 Si, D., Wang, H., Wang, Q., Zhang, C., Sun, J., Wang, Z., et al. (2013). Progesterone treatment improves cognitive outcome following experimental traumatic brain injury in rats. Neurosci. Lett. 553, 18–23. doi:10.1016/j.neulet.2013.07.052
 Singh, M. (2001). Ovarian hormones elicit phosphorylation of Akt and extracellular-signal regulated kinase in explants of the cerebral cortex. Endocrine 14 (3), 407–415. doi:10.1385/endo:14:3:407
 Singh, M., and Su, C. (2013). Progesterone, brain-derived neurotrophic factor and neuroprotection. Neuroscience 239, 84–91. doi:10.1016/j.neuroscience.2012.09.056
 Song, D., Yang, Q., Lang, Y., Wen, Z., Xie, Z., Zheng, D., et al. (2018). Manipulation of hippocampal CA3 firing via luminopsins modulates spatial and episodic short-term memory, especially working memory, but not long-term memory. Neurobiol. Learn. Mem. 155, 435–445. doi:10.1016/j.nlm.2018.09.009
 Su, C., Cunningham, R. L., Rybalchenko, N., and Singh, M. (2012). Progesterone increases the release of brain-derived neurotrophic factor from glia via progesterone receptor membrane component 1 (Pgrmc1)-dependent ERK5 signaling. Endocrinology 153 (9), 4389–4400. doi:10.1210/en.2011-2177
 Sun, W. L., Luine, V. N., Zhou, L., Wu, H. B., Weierstall, K. M., Jenab, S., et al. (2010). Acute progesterone treatment impairs spatial working memory in intact male and female rats. Ethn. Dis. 20 (1 Suppl. 1), S1–S83. doi:10.1017/S0950268810000622.7
 Sun, Y. T., Hou, M., Zou, T., Liu, Y., Li, J., and Wang, Y. L. (2016). Effect of ketamine anesthesia on cognitive function and immune function in young rats. Cell. Mol. Biol. (Noisy-le-grand) 62 (4), 63–66. doi:10.14715/cmb/2016.62.4.12
 Van den Buuse, M., Mingon, R. L., and Gogos, A. (2015). Chronic estrogen and progesterone treatment inhibits ketamine-induced disruption of prepulse inhibition in rats. Neurosci. Lett. 607, 72–76. doi:10.1016/j.neulet.2015.09.019
 Vargas, J. P., Diaz, E., Portavella, M., and Lopez, J. C. (2016). Animal models of maladaptive traits: disorders in sensorimotor gating and attentional quantifiable responses as possible endophenotypes. Front. Psychol. 7, 206. doi:10.3389/fpsyg.2016.00206
 Wali, B., Ishrat, T., Won, S., Stein, D. G., and Sayeed, I. (2014). Progesterone in experimental permanent stroke: a dose-response and therapeutic time-window study. Brain 137 (Pt 2), 486–502. doi:10.1093/brain/awt319
 Wang, J., Zhou, M., Wang, X. B., Yang, X. L., Wang, M. H., Zhang, C. X., et al. (2014). Impact of ketamine on learning and memory function, neuronal apoptosis and its potential association with miR-214 and PTEN in adolescent rats. Plos One 9 (6), e99855. doi:10.1371/journal.pone.0099855
 Xie, K.-Q., Zhang, L.-M., Cao, Y., Zhu, J., and Feng, L.-Y. (2009). Adenosine A(1) receptor-mediated transactivation of the EGF receptor produces a neuroprotective effect on cortical neurons in vitro. Acta Pharmacol. Sin 30 (7), 889–898. doi:10.1038/aps.2009.80
 Xie, Z., Enkhjargal, B., Wu, L., Zhou, K., Sun, C., Hu, X., et al. (2018). Exendin-4 attenuates neuronal death via GLP-1R/PI3K/Akt pathway in early brain injury after subarachnoid hemorrhage in rats. Neuropharmacology 128, 142–151. doi:10.1016/j.neuropharm.2017.09.040
 Zhang, M., Robitaille, M., Showalter, A. D., Huang, X. Y., Liu, Y., Bhattacharjee, A., et al. (2014). Progesterone receptor membrane component 1 is a functional part of the glucagon-like peptide-1 (GLP-1) receptor complex in pancreatic β cells. Mol. Cell. Proteomics 13 (11), 3049–3062. doi:10.1074/mcp.M114.040196
 Zheng, W., Wang, H., Zeng, Z., Lin, J., Little, P. J., Srivastava, L. K., et al. (2012). The possible role of the Akt signaling pathway in schizophrenia. Brain Res. 1470, 145–158. doi:10.1016/j.brainres.2012.06.032
 Zheng, X. Z., Zhou, J. L., and Xia, Y. F. (2015). The role of TNF-α in regulating ketamine-induced hippocampal neurotoxicity. Arch. Med. Sci. 11 (6), 1296–1302. doi:10.5114/aoms.2015.56355
 Zhou, J., Ping, F. F., Lv, W. T., Feng, J. Y., and Shang, J. (2014). Interleukin-18 directly protects cortical neurons by activating PI3K/AKT/NF-κB/CREB pathways. Cytokine 69 (1), 29–38. doi:10.1016/j.cyto.2014.05.003
 Zhu, H., Zhang, Y., Shi, Z., Lu, D., Li, T., Ding, Y., et al. (2016). The neuroprotection of liraglutide against ischaemia-induced apoptosis through the activation of the PI3K/AKT and MAPK pathways. Sci. Rep. 6, 26859. doi:10.1038/srep26859
 Zou, X., Patterson, T. A., Divine, R. L., Sadovova, N., Zhang, X., Hanig, J. P., et al. (2009). Prolonged exposure to ketamine increases neurodegeneration in the developing monkey brain. Int. J. Dev. Neurosci. 27 (7), 727–731. doi:10.1016/j.ijdevneu.2009.06.010
 Zugno, A. I., Chipindo, H. L., Volpato, A. M., Budni, J., Steckert, A. V., De Oliveira, M. B., et al. (2014). Omega-3 prevents behavior response and brain oxidative damage in the ketamine model of schizophrenia. Neuroscience 259, 223–231. doi:10.1016/j.neuroscience.2013.11.049
 Zuo, D., Lin, L., Liu, Y., Wang, C., Xu, J., Sun, F., et al. (2016). Baicalin attenuates ketamine-induced neurotoxicity in the developing rats: involvement of PI3K/Akt and CREB/BDNF/Bcl-2 pathways. Neurotox. Res. 30 (2), 159–172. doi:10.1007/s12640-016-9611-y
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 Cao, Tang, Jiang, Zhang, Wu, Chen, Zeng, Li, Zhang and Cai. 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.
OPS/images/fphar-12-612083-g005.gif





OPS/images/fphar-12-612083-g006.gif





OPS/images/fphar-12-612083-g003.gif





OPS/images/fphar-12-612083-g004.gif





OPS/images/fphar-12-612083-t001.jpg
Experiments Groups Parameters

Number of the PTin the Percentage (%) of
target crossings® target quadrant (sec)® PT in the
target quadrant®

*Ketamine exposure NG (0 857 3.1 24214502 35,68 + 11.23
Ket (n = 42) 2224155 16.83 + 6.50 24.85 + 843

BAdd-on treatments (n = 7/group) NG 514 £1.57 41.70 £ 5.09 35.74+ 673
Ket 1.71£095 2246+ 7.47 21,02+ 381
PROG (8 mg kg ) 443+079" 36.51 + 857 3524+ 477
PROG (16 mg kg ) 229095 26.70 + 6.07 27.78 + 417
ALLO @ mg kg ™) 400 +0.82* 37.13+ 871 39.79 + 8.59*
ALLO (18 mgkg™) 371+ 111" 3317 £ 971" 34.00 + 9.41°
PROG (8 mg kg') +AG205 2557 +097" 22,63 + 8.38" 17.71 + 8.43"

A Before ad-on treatments, ketamine strongly decreased the number of target crossings [U = 9.00, p < 0.0001, Cohen’s d = 1.363] along with permanence time [U = 61.50, p = 0.0080,
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