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Aim: This study aimed to explore the effect of enriched rehabilitation (ER) on cognitive function and serum glutamate levels in patients with stroke.

Methods: Forty patients diagnosed with post-stroke cognitive impairment (PSCI), according to the inclusion criteria, and undergoing inpatient rehabilitation were enrolled in the study. Patients were randomly assigned to receive 8 weeks of ER treatment (ER group; n = 20) or conventional medical treatment (CM group; n = 20). In addition, 20 age-matched healthy subjects who were outpatients in our hospital during the same period formed the healthy control (HC) group. In- and between-group differences in cognitive function were assessed during pre-intervention and post-intervention based on the Montreal Cognitive Assessment (MoCA), the Symbol Digit Modalities Test (SDMT), and the Trail Making Test (TMT). The serum levels of glutamate, tumor necrosis factor (TNF), and malondialdehyde (MDA) levels were also detected pre-intervention and post-intervention.

Results: Pre-intervention cognitive function and the levels of all the serum parameters assessed significant difference between the HC group and the PSCI group (both ER and CM groups) (p < 0.05), but not between the two groups of patients with PSCI (p > 0.05). Significant improvements were observed in cognitive function in both the ER and the CM groups post-intervention compared with pre-intervention, as evidenced by the measured improvement in MoCA, SDMT, and TMT scores. Similar improvements were seen for serum glutamate, the degree of oxidative damage, and the level of inflammation in both the treatment groups (p < 0.05). More enhancements in cognitive function, including MoCA, SDMT, TMT scores, and the serum levels of glutamate, the degree of oxidative damage, and the level of inflammation were shown in the ER group compared with the CM group post-intervention (p < 0.05).

Conclusions: ER can improve cognitive function in patients with PSCI. The associated mechanism may be related to the negative regulatory effect of ER on serum glutamate, TNF, and MDA levels, which is likely to enhance synaptic plasticity and alleviate oxidative stress- and inflammation-related damage, at least to some extent.
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INTRODUCTION

Post-stroke cognitive impairment (PSCI) is one of the most common sequelae of stroke. Over 70% of survivors have cognitive impairment in the first week post-stroke while 37% still display cognitive deficits after 6 months (1). PSCI is strongly associated with reduced quality of life and long-term survival (2–4). Pharmacological therapeutic strategies, such as the use of cholinesterase inhibitors, have shown only limited efficacy against PSCI and many side effects, highlighting the need to explore and identify non-pharmacological strategies for the treatment of this condition (4).

Enriched rehabilitation (ER), a comprehensive strategy that combines environmental enrichment and task-oriented exercises, has shown the potential to improve cognitive function in animal models of central nervous system diseases, including stroke and Parkinson's disease (5, 6). Several recent clinical studies have also demonstrated that early ER intervention in the stroke unit can effectively improve motor function after stroke (7–9). However, little is known about the effects of ER on cognitive function in PSCI or about the underlying mechanisms.

Neurotransmitters are critical in cognitive function. Glutamate is an excitatory neurotransmitter that has been implicated in cognitive function, especially in memory and learning processes. After a stroke, glutamate levels in the infarcted site were found to be up to 80-fold higher compared with its physiological level, resulting in elevated glutamate contents in the cerebrospinal fluid and blood (10). However, excessive glutamate can lead to synaptic excitotoxicity, and even neuronal death, through aggravating oxidative stress and inflammation (11, 12). Some studies have shown that high serum glutamate levels are correlated with poor cognitive outcomes (11, 13), while others have reported that physical therapy can decrease serum glutamate contents to some extent and is associated with an improvement in overall function (14). In addition, chronic neuroinflammation is an inevitable response post-stroke, which is related to functional outcomes. Tumor necrosis factor (TNF), one of the key components in neuroinflammation secreted by activated microglia, is verified to be associated with cognitive impairment. Besides, oxidative stress, mediated by reactive oxygen species (ROS)-induced damage, plays a devastating role in stroke pathogenesis. Malondialdehyde (MDA) would accelerate the chain reaction of ROS formation and is used as a biomarker of the oxidative stress level corelated with cognitive function (15).

Given that ER has been associated with improved cognitive outcome brain functions and that serum glutamate levels have been associated with cognition, in this study, we explored the effect of ER on cognitive function, serum glutamate levels, oxidative stress responses, and inflammation-related responses in patients with PSCI.



MATERIALS AND METHODS


Participants

All patients with cerebral infarction at the Yangzhou University Clinical School from January 2020 to June 2021 were assessed for enrollment in the study based on the following inclusion criteria: cerebral infarction confirmed by MRI scan due to the lesion in the internal carotid artery system; meeting the diagnostic criteria for PSCI with a Montreal Cognitive Assessment (MoCA) score between 18 and 23; the absence of sensory aphasia and having the ability to communicate with others, at least simply; primary and unilateral onset and a volume of ischemic necrosis between 20 and 40 ml as determined diffusion-weighted imaging (DWI) (13) (how the infarct volume was calculated is described in Supplementary Materials); 55–70 years of age; time from onset between 2 and 3 months; Brunnstrom Stages of the affected limbs (upper and lower) between grade IV and V and capable of intracommunity walking with assistance; education level greater than high school degree (>12 years of education); stable vital signs; and capable of completing 8 weeks of rehabilitation training as required. The exact exclusion criteria are listed in Supplementary Materials.

Among the 217 identified patients, 61 met the inclusion criteria. Of these, 12 were unwilling to participate in the study. As measured by the clinical sample size, a minimum of 20 participants was required for each group (how to measure sample size is described in Supplementary Materials). Forty of the remaining 49 patients were assigned either to an ER group or a conventional medical treatment (CM) group according to a random number table, with 20 patients assigned to each group. The patients were blind to the grouping. We marked each group with letters and numbers, and the patients did not know the specific grouping situation. In the follow-up study, the therapists were assigned individual tasks without knowing the specific groups of patients. Twenty age-matched healthy subjects from the outpatient department comprised the healthy control (HC) group. The termination criteria of the study were (1) a participant presenting with serious adverse events and deemed to be incapable of continuing the trial and (2) a participant withdrawing from the trial.

This study was approved by the Medical Ethics Committee of the Clinical Medical College of Yangzhou University (Ethical Approval No. 2016055). All patients signed an informed consent form. The general process of the study is shown in Figure 1.
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FIGURE 1. Flowchart illustrating the process of the study.




Intervention

The patients in the CM group received conventional medication, including drugs for controlling blood pressure, lowering cholesterol, improving cerebral blood flow (nimodipine 20 mg two times a day), promoting cognitive function (huperzine A 100 mg twice a day), and other related medications, according to Chinese Guidelines for diagnosis and treatment of acute ischemic stroke 2018 and other guidelines for diagnosis and treatment of ischemic stroke (10, 16, 17). In the ER group, treatment was administered for 8 consecutive weeks (2 h each time, once a day, 6 days per week), in addition to conventional medication (9, 18–21). The patients in the ER group completed various enrichment activities for 2 h in specific places using computers with an internet connection, virtual reality technology, as well as other equipment, as described below. All rehabilitative activities were of mild to moderate intensity and were monitored by a wristwatch (Apple Watch Series5) during the rehabilitation sessions, which induced a target heart rate below 65–70% of the maximum heart rate (22, 23).


Sensory-Motor Stimulation
 
Visual Stimulation

The Internet was used to select the reading materials and images the patients were interested in for reading and viewing one time a day for 10 min each time.



Olfactory Stimulation

The patients smelled two bottles of perfume with different scents and tried to name the scents for 5 min each time.



Tactile Stimulation

Toys or objects of different shapes, sizes, and textures were placed in black cotton cloth bags such that patients could not see the objects. The patients tried to name the objects or describe their characteristics by touching them with the hand on the paralyzed side. This process lasted for 10 min each time.



Exercise Stimulation

For lower limb exercise, the patients performed activities such as field walking, mushroom picking in the forest, or skiing in the snow using virtual reality equipment and a flat treadmill. For upper limb exercise, the patients were asked to perform tasks such as painting with a brush or making different items with plasticine. The patients were required to use the paralyzed limb aided by the healthy limb. The task lasted for 15 min each time.




Cognitive Activities

Patients in the ER group were required to complete specific tasks by integrating multiple cognitive functions using virtual reality equipment or actual scenarios, including:


Supermarket Shopping

The patients were given a list before shopping and had to return the list within a specified time. The patients had to purchase the listed items in the supermarket by themselves.



Classroom Observation

Patients had to attend lectures in the room and to recite the content as much as possible, just like student activity. Stimuli such as noise, birds, and other people's voices were added to simulate interference during the class. Therapists asked questions after the class.



Card Games

A set of cards with different colors and graphics was used. The therapist placed three cards according to a specific rule (graphics, color, or number) and asked the patient to identify the rule and select the appropriate fourth card.



Taking the Subway

This task simulated a patient going home from the hospital. The patient was asked to complete planning the route, to choose a station to board and disembark, to enter and exit subway stations on their own, etc.

Cognitive activities were performed one time daily for a total of 40 min.




Social Activities

Participants were encouraged to communicate with each other during the entire ER training process; to play card games, chess, table tennis, and other sports involving more than one person; and to express their opinions on a hot social topic.

Social activities lasted for 40 min each time. All the above activities were undertaken under the guidance of therapists.




Outcomes and Measurement Procedures

All the patients completed the assessment of cognitive function and the measurement of serum parameters within 48 h before the first treatment and 48 h after the 8-week rehabilitation process, respectively. The HC group completed the above tests within 24 h after enrollment.


Evaluation of Cognitive Function

The overall cognitive function of patients in each group was determined based on the MoCA score. The assessment comprised eight items, including visual space and executive function, attention, naming, memory, abstract reasoning, language, delayed recall, and orientation ability, up to a maximum of 30 points, with ≥26 points being considered normal (24).

The symbol digit modalities test (SDMT) was used to assess attentional function. The SDMT records the number correctly entered within 90 s as the final score, excluding the number filled in during the practice (25).

The Trail Making Test (TMT) was used to evaluate the executive function, in which part A (TMT-A) is connected in sequence from numbers 1–25. TMT part B (TMT-B) is connected sequentially with numbers and letters alternating. The time spent recording TMT-A and TMT-B represented the evaluation index (26).



Serum Glutamate Level

All the patients were assessed for serum glutamate levels within 48 h before treatment, within 48 h after 8 weeks of treatment, and 12 h after fasting. In the morning, blood was drawn into a test tube without anticoagulant. Once it had precipitated at room temperature, the serum was collected and stored at −80°C. The glutamate concentration in serum was detected by high-performance liquid chromatography (13). The experimental procedure is as described in our previously published article (12). Glutamate concentration in the serum was calculated according to the standard curve (Amino acid standard reagent: Sigma, USA. Catalog number: AAS18-5ML). The concentrations of serum glutamate were expressed as μmol/L.



Serum MDA Level

The serum MDA level is a sensitive index reflecting the degree of oxidative damage in the body (27). Serum was collected as described above. The concentration of serum MDA was estimated according to the method using thiobarbituric acid reagent, and the absorbance of the supernatant was measured spectrophotometrically at 530 nm (28) (MDA Test Kit: Comin Biotechnology Co. Ltd., China. Catalog numbers: MDA-1-Y). The concentrations of MDA were expressed as μmol/L.



Serum TNF Level

The serum TNF content is a sensitive indicator that reflects the level of inflammation in the body (29). Serum was collected as described for the determination of glutamate content. The serum TNF concentration was determined by ELISA [(30); TNF ELISA Kit: Elabscience Biotechnology Co., Ltd., China. Catalog numbers: E-EL-H0109c]. All the measurements were performed according to the manufacturer's instructions. Briefly, the standard series was made by producing a series of diluted concentrations: 500, 250, 125, 61.5, 31.2, 15.6, and 7.8 pg/ml TNF to compare the differences in the gained absorbance. For the preparation of the standard addition series, we have diluted the 500 pg/ml standard 1:1 with blood serum from patients or healthy controls, resulting in 250 pg/ml recombinant human TNF standard that additionally contains extra TNF from the blood serum. Then, the absorbance at 450 nm was detected on the ELISA microplate reader (Spectra Max 190, Molecular Devices) for calculating the TNF level. The concentrations of TNF were expressed as pg/ml.




Statistical Analysis

Data were analyzed using SPSS 24.0 (IBM Corp., Armonk, NY, USA). Results are presented as means ± standard deviation (SD) or median (quartiles) for continuous variables, depending on the normal or non-normal distribution of data. It was assessed to the normality of data by Shapiro–Wilk, and the variance homogeneity of data by one-way ANOVA test/Levene test. A chi-square test was used to analyze the between-group differences for categorical variables, such as gender and stroke site. A one-way, repeated-measures ANOVA or the Kruskal–Wallis test was performed to detect between-group differences (ER, CM, and HC groups) for continuous variables, which included MoCA, SDMT, and TMT scores as well as serum levels of glutamate, TNF, and MDA pre-intervention and post-intervention. A paired t-test or the Wilcoxon Rank Checking test was used to detect within-group differences (pre-intervention vs. post-intervention in the PSCI groups) for continuous variables. A least-significant difference test or the Mann–Whitney U test was utilized to compare the between-group differences post-intervention (ER and CM groups) for continuous variables, including MoCA, SDMT, and TMT scores and serum levels of glutamate, TNF, and MDA post-intervention. The significance was set at p < 0.05.




RESULTS


Basic Demographic Information

In this study, the data including the scores of MoCA and TMT-A, and the serum concentration of TNF were not normally distributed nor was variance homogeneity met. There were 10 men and 10 women in the CM group, with an average age of 60.95 ± 5.70 years. The ER group consisted of 9 men and 11 women, with an average age of 61.70 ± 5.59 years. The HC group comprised 11 men and 9 women, with an average age of 61.03 ± 5.42 years. The baseline information for each group is presented in Table 1.


Table 1. Comparison of the basic demographic information for each group.
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ER Enhanced Cognitive Function in Patients With PSCI

As shown in Table 2 and Figure 2, significant differences in overall cognitive function, attentional function, and executive function pre-intervention (p < 0.05) were found between the HC group and patients with PSCI (both the CM and ER groups) but not between the two groups of patients with PSCI (CM and ER groups). After the intervention, general cognitive function, the attentional function score, and the executive function score of patients in the ER group and the general cognitive function and the attentional function score of patients in the CM group were significantly changed as compared with those before intervention (p < 0.05); however, those cognitive function indicators still differed significantly between the HC group and the PSCI group (both the CM and ER groups) (p < 0.05). Additionally, the overall cognitive function and attentional function scores were significantly higher in the ER group than in the CM group after intervention (p < 0.05).


Table 2. Indexes of cognitive function in each group during pre-intervention and post-intervention.

[image: Table 2]


[image: Figure 2]
FIGURE 2. Indexes of cognitive function in each group pre-intervention and post-intervention. *Compared with the HC group, p < 0.05. &Compared with the CM group pre-intervention, p < 0.05. #Compared with the CM group post-intervention, p < 0.05. $Compared with the same group pre-intervention, p < 0.05. HC, healthy control; CM, conventional medical treatment; ER, enriched rehabilitation treatment; MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit Modalities Test; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B. (A) The scores of MOCA test pre-intervention and post-intervention; (B) the scores of SDMT test pre-intervention and post-intervention; (C) the time consumption of TMT-A pre-intervention and post-intervention; (D) the time consumption of TMT-B pre-intervention and post-intervention.




Serum Glutamate, MDA, and TNF Levels in Patients With PSCI Improved After ER Intervention

Pre-intervention, serum glutamate, MDA, and TNF levels in patients with PSCI differed significantly (p < 0.05) from those in the HC group; however, no differences were detected between the two groups of patients with PSCI (p > 0.05) for the above indicators. After the intervention, the serum levels of glutamate, MDA, and TNF in both the PSCI groups were significantly improved compared with the pre-intervention levels (p < 0.05). Additionally, the levels of the above indicators in the ER group were significantly better than those in the CM group (p < 0.05). However, post-intervention, the serum levels of glutamate, MDA, and TNF in patients with PSCI were still significantly different from those in the HC group (p < 0.05) (Table 3 and Figure 3).


Table 3. The results of serum indexes in each group pre-intervention and post-intervention.

[image: Table 3]


[image: Figure 3]
FIGURE 3. The results of serum indexes in each group pre-intervention and post-intervention. *Compared with the HC group, p < 0.05. &Compared with the CM group pre-intervention, p < 0.05. #Compared with the CM group post-intervention, p < 0.05. $Compared with the same group pre-intervention, p < 0.05. HC, healthy control; CM, conventional medical treatment; ER, enriched rehabilitation treatment; MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit Modalities Test; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B. (A) Serum glutamate level pre-intervention and post-intervention; (B) serum MDA level pre-intervention and post-intervention; (C) serum TNF level pre-intervention and post-intervention.





DISCUSSION

Enriched rehabilitation represents a novel therapeutic strategy that has been used to enhance neuroplasticity and improve functional outcomes in animal models with central nervous system diseases, including stroke and perinatal hypoxia–ischemia (31, 32). In the present study, we investigated the effect of ER on cognitive function in patients with PSCI as well as the associated underlying mechanisms and provided evidence for the impact of ER in a clinical setting. We found that the serum glutamate level was higher in patients with PSCI than in HCs. Our data further indicated that ER could enhance cognitive function in patients with PSCI, with the results suggesting that this effect may be related to its effect on decreasing serum glutamate levels. In addition, it was found that oxidative stress and inflammation, as indicated by the serum levels of MDA and TNF in patients with PSCI, alleviated after ER intervention.

Post-stroke cognitive impairment is a common complication in stroke survivors that requires complex treatment regimens. ER represents a non-pharmacological therapeutic strategy that combines environmental enrichment with task-oriented exercises, in which a multistimuli environment is accompanied by high-quality social and cognitive exercises. Animal studies have suggested that ER may be a viable approach for treating PSCI (32–34). Additionally, there is some clinical evidence to support that ER exerts a beneficial effect on overall function in stroke patients (9, 35). As expected, in this study, we observed that ER led to a significant improvement (p < 0.05) in the overall cognitive function, attentional function, and executive function in patients with PSCI, as determined by the MoCA, SDMT, and TMT scores.

Cognitive function requires the participation of a variety of neurotransmitters, which have to do with synaptic plasticity (36, 37). Glutamate, the major excitatory neurotransmitter in the central nervous system, plays an important role in synaptic plasticity, as well as in learning and memory processes (38, 39). However, an excess of glutamate in the brain can lead to mitochondrial damage and, consequently, the overproduction of reactive oxygen species (ROS) (40, 41). The resulting oxidative stress and inflammation may result in neuronal damage and neurological deficits (42).

The process is as follows: first, excessive glutamate can lead to the overactivation of NMDA receptors in neurons, followed by a massive influx of calcium ions into cells, resulting in mitochondrial damage (43, 44) and the overproduction of ROS (45). Through a series of cascade reactions, these ROS can generate large amounts of peroxides in the brain, such as peroxynitrite (ONOO–), leading to cell death in the central nervous system (12, 46). Second, the glutamate-mediated overactivation of NMDA receptors in neurons can also result in impaired synaptic plasticity and cognitive function (47, 48). Third, other types of receptors for glutamate, such as kainate (KA) and 2-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors, are associated with inflammatory responses (49, 50). The activation of either receptor can promote the release of inflammatory factors. Meanwhile, excessive glutamate can also result in damage to the endothelial cells of the blood–brain barrier, which may allow the invasion of inflammatory factors from the periphery into the central nervous system (51, 52). Hippocampal pyramidal cells are among the most sensitive to the effects of inflammatory factors; accordingly, memory function can be easily impaired under conditions of inflammation (53). Fourth, oxidative stress resulting from increased glutamate levels can interact with and promote post-stroke inflammatory response. Oxidative stress induces the activation of adhesion molecules and promotes the infiltration of immune cells, which, in turn, aggravates the inflammatory reactions in the peripheral immune system and the central nervous system (54).

In addition, under physiological conditions, intracerebral nitric oxide (NO) produced by nNOS mediates communication between nerve cells. However, under inflammatory conditions, iNOS overexpression in cerebral vascular smooth muscle cells and macrophages leads to excessive NO production (55), further aggravating the inflammatory response and contributing to secondary injury after stroke (12). Therefore, it was found that a high glutamate level in the brain tissue and cerebrospinal fluid was associated with poor cognitive outcomes in stroke (13).

Metabolites can be transferred between cerebrospinal fluid and blood through meninges (56, 57). A positive correlation has been established between the level of glutamate in the serum and in the cerebrospinal fluid (11, 58). Therefore, the level of glutamate in the serum can indirectly reflect the level of glutamate in the brain. In our study, we have shown that the serum glutamate level was significantly higher (p < 0.05) in patients with stroke than in HCs, which is consistent with previous findings (12). However, we observed that the glutamate level was decreased in both the ER and CM groups after the different interventions (p < 0.05). Surprisingly, the serum glutamate level in the ER group was reduced to a greater extent than that in the CM group post-intervention (p < 0.05). The above results suggested that the efficacy of ER in enhancing cognitive function in patients with PSCI may be related to its effect on decreasing serum glutamate levels. However, the underlying molecular mechanisms require further investigation.

As previously mentioned, oxidative and inflammatory mechanisms also play a pathogenic role in the process of cognitive impairment post-stroke (12, 54). In this study, we found that the serum levels of MDA, a marker of the oxidative stress response, and TNF, a marker of the inflammatory response, were significantly increased in patients with PSCI compared with those in the HC group. Additionally, in line with the changes observed in the serum glutamate levels, the serum levels of MDA and TNF in the ER group showed a more significant reduction compared with those in the CM group post-intervention (p < 0.05). We inferred from the above results that ER can improve cognitive function by abrogating oxidative stress and neuroinflammation induced by increased levels of glutamate post-stroke.

The strengths of our study were that, in addition to the behavioral assessment, we also analyzed serum glutamate levels in patients with PSCI during pre-intervention and post-intervention. Additionally, we investigated oxidative stress- and inflammation-related mechanisms mediated by ER through the measurement of serum MDA and TNF levels. Nonetheless, our study also had several limitations. First, this study was conducted in only one hospital and the sample size was small, which is likely to introduce bias. Additionally, due to the small sample size, we did not stratify participants based on different cognitive levels, which may mask the effect of ER. Furthermore, we could only infer the preliminary mechanisms involved in the effects of ER on PSCI; identification of the precise underlying mechanisms will be explored in a future study.

In conclusion, the present study provided clinical evidence that ER can improve cognitive function in patients with PSCI. The associated mechanism may be related to the negative regulatory effect of ER on serum glutamate, TNF, and MDA levels, which is likely to enhance synaptic plasticity and alleviate oxidative stress- and inflammation-related damage, at least to some extent.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

This study was approved by the Medical Ethics Committee of Clinical Medical College of Yangzhou University (Ethical Approval No. 2016055). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XW, YP, and JG designed the study and wrote the manuscript. XW, YP, HZ, WD, JuW, JiW, TW, XT, and YL performed the experiments. XW, YP, HZ, WD, JuW, and JG analyzed the data. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (Grant No. 82072533), the Six One Project Scientific Research Project for High-Level Health Talents of Jiangsu Province (Grant Nos. LGY2017028 and LGY2018027), the Key Young Medical Talents in Jiangsu Province (Grant No. QNRC2016339), Yangzhou Science and Technology Development Plan Project (YZ2020201), Huxin fund of Jiangsu Key Laboratory of Zoonosis (Grant No. HX2003), Natural Science Foundation of Shandong Province, China (Grant No. ZR2019MH104), Scientific Research Project of Jiangsu Commission of Health (Grant No. Z2020055), Yangzhou Social Development Funds (Grant No. YZ2021059), the Science Foundation of Subei People's Hospital (Grant No. SBJC21005), and the Science Foundation of Guangzhou First People's Hospital (Grant No. M2019009).



ACKNOWLEDGMENTS

All the participants in this study are greatly appreciated.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.829090/full#supplementary-material



REFERENCES

 1. Mijajlović MD, Pavlović A, Brainin M, Heiss WD, Quinn TJ, Ihle-Hansen HB, et al. Post-stroke dementia- a comprehensive review. BMC Med. (2017) 15:11. doi: 10.1186/s12916-017-0779-7

 2. Geng S, Liu N, Meng P, Ji N, Sun Y, Xu Y, et al. Midterm blood pressure variability is associated with poststroke cognitive impairment: a prospective cohort study. Front Neurol. (2017) 8:365. doi: 10.3389/fneur.2017.00365

 3. Guo DX, Zhu ZB, Zhong CK, Bu XQ, Chen LH, Xu T, et al. Serum cystatin C levels are negatively correlated with post-stroke cognitive dysfunction. Neural Regen Res. (2020) 15:922–8. doi: 10.4103/1673-5374.268928

 4. Weaver NA, Kuijf HJ, Aben HP, Abrigo J, Bae HJ, Barbay M, et al. Strategic infarct locations for post-stroke cognitive impairment: a pooled analysis of individual patient data from 12 acute ischaemic stroke cohorts. Lancet Neurol. (2021) 20:448–59. doi: 10.1016/S1474-4422(21)00060-0

 5. Schuch CP, Jeffers MS, Antonescu S, Nguemeni C, Gomez-Smith M, Pereira LO, et al. Enriched rehabilitation promotes motor recovery in rats exposed to neonatal hypoxia-ischemia. Behav Brain Res. (2016) 304:42–50. doi: 10.1016/j.bbr.2016.02.010

 6. Seo JH, Kang SW, Kim K, Wi S, Lee JW, Cho SR. Environmental enrichment attenuates oxidative stress and alters detoxifying enzymes in an A53T α-synuclein transgenic mouse model of Parkinson's disease. Antioxidants. (2020) 9:928. doi: 10.3390/antiox9100928

 7. Janssen H, Ada L, Bernhardt J, McElduff P, Pollack M, Nilsson M, et al. An enriched environment increases activity in stroke patients undergoing rehabilitation in a mixed rehabilitation unit: a pilot non-randomized controlled trial. Disabil Rehabil. (2014) 36:255–62. doi: 10.3109/09638288.2013.788218

 8. Khan F, Amatya B, Elmalik A, Lowe M, Ng L, Reid I, et al. An enriched environmental programme during inpatient neuro-rehabilitation: a randomized controlled trial. J Rehabil Med. (2016) 48:417–25. doi: 10.2340/16501977-2081

 9. Vive S, Bunketorp-Käll L, Carlsson G. Experience of enriched rehabilitation in the chronic phase of stroke. Disabil Rehabil. (2020) 1–8. doi: 10.1080/09638288.2020.1768598

 10. Davalos A, Shuaib A, Wahlgren NG. Neurotransmitters and pathophysiology of stroke: evidence for the release of glutamate and other transmitters/mediators in animals and humans. J Stroke Cerebrovasc Dis. (2000) 9:2–8. doi: 10.1053/jscd.2000.18908

 11. Liu Y, Wang S, Kan J, Zhang J, Zhou L, Huang Y, et al. Chinese herbal medicine interventions in neurological disorder therapeutics by regulating glutamate signaling. Curr Neuropharmacol. (2020) 18:260–76. doi: 10.2174/1570159X17666191101125530

 12. Wang X, Liu T, Song H, Cui S, Liu G, Christoforou A, et al. Targeted metabolomic profiling reveals association between altered amino acids and poor functional recovery after stroke. Front Neurol. (2020) 10:1425. doi: 10.3389/fneur.2019.01425

 13. Meng XE, Li N, Guo DZ, Pan SY, Li H, Yang C. High plasma glutamate levels are associated with poor functional outcome in acute ischemic stroke. Cell Mol Neurobiol. (2015) 35:159–65. doi: 10.1007/s10571-014-0107-0

 14. Kirdajova BD, Kriska J, Tureckova J, Anderova M. Ischemia-triggered glutamate excitotoxicity from the perspective of glial cells. Front Cell Neurosci. (2020) 14:51. doi: 10.3389/fncel.2020.00051

 15. Rao YL, Ganaraja B, Marathe A, Manjrekar PA, Joy T, Ullal S, et al. Comparison of malondialdehyde levels and superoxide dismutase activity in resveratrol and resveratrol/donepezil combination treatment groups in Alzheimer's disease induced rat model. 3 Biotech. (2021) 11:329. doi: 10.1007/s13205-021-02879-5

 16. Mytton OT, Jackson C, Steinacher A, Goodman A, Langenberg C, Griffin S, et al. The current and potential health benefits of the National Health Service Health Check cardiovascular disease prevention programme in England: a microsimulation study. PLoS Med. (2018) 15:e1002517. doi: 10.1371/journal.pmed.1002517

 17. Hughes D, Judge C, Murphy R, Loughlin E, Costello M, Whiteley W, et al. Association of blood pressure lowering with incident dementia or cognitive impairment: a systematic review and meta-analysis. JAMA. (2020) 323:1934–44. doi: 10.1001/jama.2020.4249

 18. Bondi CO, Klitsch KC, Leary JB, Kline AE. Environmental enrichment as a viable neurorehabilitation strategy for experimental traumatic brain injury. J Neurotrauma. (2014) 31:873–88. doi: 10.1089/neu.2014.3328

 19. McDonald MW, Hayward KS, Rosbergen I, Jeffers MS, Corbett D. Is environmental enrichment ready for clinical application in human post-stroke rehabilitation? Front. Behav Neurosci. (2018) 12:135. doi: 10.3389/fnbeh.2018.00135

 20. Meca-Lallana V, Prefasi D, Alabarcez W, Hernández T, García-Vaz F, Portaña A, et al. A pilot study to explore patient satisfaction with a virtual rehabilitation program in multiple sclerosis: the RehabVR study protocol. Front Neurol. (2020) 11:900. doi: 10.3389/fneur.2020.00900

 21. Chan ES, Bautista DT, Zhu Y, You Y, Long JT, Li W, et al. Traditional Chinese herbal medicine for vascular dementia. Cochrane Database Syst Rev. (2018) 12:CD010284. doi: 10.1002/14651858.CD010284.pub2

 22. Marusiak J, Fisher BE, Jaskolska A, Slotwinski K, Budrewicz S, Koszewicz M, et al. Eight weeks of aerobic interval training improves psychomotor function in patients with Parkinson's disease-randomized controlled trial. Int J Environ Res Public Health. (2019) 16:880. doi: 10.3390/ijerph16050880

 23. Wang X, Chen L, Zhou H, Xu Y, Zhang H, Yang W, et al. Enriched rehabilitation improves gait disorder and cognitive function in parkinson's disease:a randomized clinical trial. Front. Neurosci. (2021) 15:733311. doi: 10.3389/fnins.2021.733311

 24. Kang JM, Cho YS, Park S, Lee BH, Sohn BK, Choi CH, et al. Montreal cognitive assessment reflects cognitive reserve. BMC Geriatr. (2018) 18:261. doi: 10.1186/s12877-018-0951-8

 25. Brenton JN, Koshiya H, Woolbright E, Goldman MD. The multiple sclerosis functional composite and symbol digit modalities test as outcome measures in pediatric multiple sclerosis. Mult Scler J Exp Transl Clin. (2019) 5:2055217319846141. doi: 10.1177/2055217319846141

 26. MacPherson SE, Cox SR, Dickie DA, Karama S, Starr JM, Evans AC, et al. Processing speed and the relationship between Trail Making Test-B performance, cortical thinning and white matter microstructure in older adults. Cortex. (2017) 95:92–103. doi: 10.1016/j.cortex.2017.07.021

 27. Abolhasani S, Shahbazloo SV, Saadati HM, Mahmoodi N, Khanbabaei N. Evaluation of serum levels of inflammation, fibrinolysis and oxidative stress markers in coronary artery disease prediction: a cross-sectional study. Arq Bras Cardiol. (2019) 113:667–74. doi: 10.5935/abc.20190159

 28. Islam MR, Islam MR, Ahmed I, Moktadir AA, Nahar Z, Islam MS, et al. Elevated serum levels of malondialdehyde and cortisol are associated with major depressive disorder: a case-control study. SAGE Open Med. (2018) 6:2050312118773953. doi: 10.1177/2050312118773953

 29. Jain P, Ved A, Dubey R, Singh N, Parihar AS, Maytreyee R. Comparative evaluation of serum tumor necrosis factor α in health and chronic periodontitis: a case-control study. Contemp Clin Dent. (2020) 11:342–9. doi: 10.4103/ccd.ccd_97_18

 30. Abuduhalike R, Sun J, Zhao L, Mahemuti A. Correlation study of venous thromboembolism with SAA, IL-1, and TNF-a levels and gene polymorphisms in Chinese population. J Thorac Dis. (2019) 11:5527–34. doi: 10.21037/jtd.2019.11.26

 31. Yu K, Wu Y, Zhang Q, Xie H, Liu G, Guo Z, et al. Enriched environment induces angiogenesis and improves neural function outcomes in rat stroke model. J Neurol Sci. (2014) 347:275–80. doi: 10.1016/j.jns.2014.10.022

 32. Wang X, Chen A, Wu H, Ye M, Cheng H, Jiang X, et al. Enriched environment improves post-stroke cognitive impairment in mice by potential regulation of acetylation homeostasis in cholinergic circuits. Brain Res. (2016) 1650:232–42. doi: 10.1016/j.brainres.2016.09.018

 33. Gonçalves LV, Herlinger AL, Ferreira T, Coitinho JB, Pires R, Martins-Silva C. Environmental enrichment cognitive neuroprotection in an experimental model of cerebral ischemia: biochemical and molecular aspects. Behav Brain Res. (2018) 348:171–83. doi: 10.1016/j.bbr.2018.04.023

 34. Wang X, Meng ZX, Chen YZ, Li YP, Zhou HY, Yang M, et al. Enriched environment enhances histone acetylation of NMDA receptor in the hippocampus and improves cognitive dysfunction in aged mice. Neural Regen Res. (2020) 15:2327–34. doi: 10.4103/1673-5374.285005

 35. Rosbergen I, Brauer SG, Fitzhenry S, Grimley RS, Hayward KS. Qualitative investigation of the perceptions and experiences of nursing and allied health professionals involved in the implementation of an enriched environment in an Australian acute stroke unit. BMJ Open. (2017) 7:e018226. doi: 10.1136/bmjopen-2017-018226

 36. Zeydan B, Deelchand DK, Tosakulwong N, Lesnick TG, Kantarci OH, Machulda MM, et al. Decreased glutamate levels in patients with amnestic mild cognitive impairment: an sLASER proton MR spectroscopy and PiB-PET study. J Neuroimaging. (2017) 27:630–6. doi: 10.1111/jon.12454

 37. Sloley SS, Main BS, Winston CN, Harvey AC, Kaganovich A, Korthas HT, et al. High-frequency head impact causes chronic synaptic adaptation and long-term cognitive impairment in mice. Nat Commun. (2021) 12:2613. doi: 10.1038/s41467-021-22744-6

 38. Kroll JL, Steele AM, Pinkham AE, Choi C, Khan DA, Patel SV, et al. Hippocampal metabolites in asthma and their implications for cognitive function. Neuroimage Clin. (2018) 19:213–21. doi: 10.1016/j.nicl.2018.04.012

 39. Hascup KN, Britz J, Findley CA, Tischkau S, Hascup ER. LY379268 does not have long-term procognitive effects nor attenuate glutamatergic signaling in AβPP/PS1 mice. J Alzheimers Dis. (2019) 68:1193–209. doi: 10.3233/JAD-181231

 40. Haroon E, Miller AH, Sanacora G. Inflammation, glutamate, and glia: a trio of trouble in mood disorders. Neuropsychopharmacology 2017 42. (2017) 193–215. doi: 10.1038/npp.2016.199

 41. Sukprasansap M, Chanvorachote P, Tencomnao T. Cyanidin-3-glucoside activates Nrf2-antioxidant response element and protects against glutamate-induced oxidative and endoplasmic reticulum stress in HT22 hippocampal neuronal cells. BMC Complement Med Ther. (2020) 20:46. doi: 10.1186/s12906-020-2819-7

 42. Nicolo JP, O'Brien TJ, Kwan P. Role of cerebral glutamate in post-stroke epileptogenesis. Neuroimage Clin. (2019) 24:102069. doi: 10.1016/j.nicl.2019.102069

 43. Teplova VV, Kruglov AG, Kovalyov LI, Nikiforova AB, Fedotcheva NI, Lemasters JJ. Glutamate contributes to alcohol hepatotoxicity by enhancing oxidative stress in mitochondria. J Bioenerg Biomembr. (2017) 49:253–64. doi: 10.1007/s10863-017-9713-0

 44. MacDougall G, Anderton RS, Trimble A, Mastaglia FL, Knuckey NW, Meloni BP. Poly-arginine-18 (R18) confers neuroprotection through glutamate receptor modulation, intracellular calcium reduction, and preservation of mitochondrial function. Molecules. (2020) 25:2977. doi: 10.3390/molecules25132977

 45. Zhang J, Feng J, Ma D, Wang F, Wang Y, Li C, et al. Neuroprotective mitochondrial remodeling by AKAP121/PKA protects HT22 cell from glutamate-induced oxidative stress. Mol Neurobiol. (2019) 56:5586–607. doi: 10.1007/s12035-018-1464-3

 46. Giorgi C, Marchi S, Simoes I, Ren Z, Morciano G, Perrone M, et al. Mitochondria and reactive oxygen species in aging and age-related diseases. Int Rev Cell Mol Biol. (2018) 340:209–344. doi: 10.1016/bs.ircmb.2018.05.006

 47. Burnett EJ, Chandler LJ, Trantham-Davidson H. Glutamatergic plasticity and alcohol dependence-induced alterations in reward, affect and cognition. Prog Neuropsychopharmacol Biol Psychiatry. (2016) 65:309–20. doi: 10.1016/j.pnpbp.2015.08.012

 48. Jett JD, Bulin SE, Hatherall LC, McCartney CM, Morilak DA. Deficits in cognitive flexibility induced by chronic unpredictable stress are associated with impaired glutamate neurotransmission in the rat medial prefrontal cortex. Neuroscience. (2017) 346:284–97. doi: 10.1016/j.neuroscience.2017.01.017

 49. Hettinger JC, Lee H, Bu G, Holtzman DM, Cirrito JR. AMPA-ergic regulation of amyloid-β levels in an Alzheimer's disease mouse model. Mol Neurodegener. (2018) 13:22. doi: 10.1186/s13024-018-0256-6

 50. Ruan Y, Qiu X, Lv YD, Dong D, Wu XJ, Zhu J, et al. Kainic acid Induces production and aggregation of amyloid β-protein and memory deficits by activating inflammasomes in NLRP3- and NF-κB-stimulated pathways. Aging. (2019) 11:3795–810. doi: 10.18632/aging.102017

 51. Abdullahi W, Tripathi D, Ronaldson PT. Blood-brain barrier dysfunction in ischemic stroke: targeting tight junctions and transporters for vascular protection. Am J Physiol Cell Physiol. (2018) 315:C343–56. doi: 10.1152/ajpcell.00095.2018

 52. Jiang X, Andjelkovic AV, Zhu L, Yang T, Bennett M, Chen J, et al. Blood-brain barrier dysfunction and recovery after ischemic stroke. Prog Neurobiol. (2018) 163–4:144–71. doi: 10.1016/j.pneurobio.2017.10.001

 53. Kim B, Lee TK, Park CW, Kim DW, Ahn JH, Sim H, et al. Pycnogenol® supplementation attenuates memory deficits and protects hippocampal CA1 pyramidal neurons via antioxidative role in a gerbil model of transient forebrain ischemia. Nutrients. (2020) 12:2477. doi: 10.3390/nu12082477

 54. Wójcik P, Gegotek A, Žarković N, Skrzydlewska E. Oxidative stress and lipid mediators modulate immune cell functions in autoimmune diseases. Int J Mol Sci. (2021) 22:723. doi: 10.3390/ijms22020723

 55. Nassi A, Malorgio F, Tedesco S, Cignarella A, Gaion RM. Upregulation of inducible NO synthase by exogenous adenosine in vascular smooth muscle cells activated by inflammatory stimuli in experimental diabetes. Cardiovasc Diabetol. (2016) 15:32. doi: 10.1186/s12933-016-0349-x

 56. Liu P, Li R, Antonov AA, Wang L, Li W, Hua Y, et al. Discovery of metabolite biomarkers for acute ischemic stroke progression. J Proteome Res. (2017) 16:773–9. doi: 10.1021/acs.jproteome.6b00779

 57. Ling Y, Gong T, Zhang J, Gu Q, Gao X, Weng X, et al. Gut microbiome signatures are biomarkers for cognitive impairment in patients with ischemic stroke. Front Aging Neurosci. (2020) 12:511562. doi: 10.3389/fnagi.2020.511562

 58. Wang D, Kong J, Wu J, Wang X, Lai M. GC-MS-based metabolomics identifies an amino acid signature of acute ischemic stroke. Neurosci Lett. (2017) 642:7–13. doi: 10.1016/j.neulet.2017.01.039

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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Peng, Zhou, Du, Wang, Wang, Wu, Tang, Lv and Gong. 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/fneur-13-829090-t002.jpg
HC group CM group ER group FIx? P

(n=20) (n=20) (n=20)
Pre-intervention 29(28~29.25)% 19.5(18~21)" 19.5(17~21)" 40.12 <001

Post-intervention - 24(21~25)% 26(24~28)"+S 4223 <001

Pre-intervention 76.95 + 6.40% 44.65 +10.71* 45.65 £ 7.56" 96.46 <0.01

Post-intervention - 57.75+£9.75% 6835 + 11.96""3 19.88 <001
Pre-intervention(s) 49.78 (46.03~54.79)  68.28(62.66~77.78  62.94 (43.61~71.48)" 789 0.02
Post-intervention(s) - 57.22(49.43~75.83) 6227 (46.39~71.11) 5.45 0.06
Pre-intervention(s) 97.06 + 21.85¢ 144,62 4 31.08" 149.93 + 36.26" 18.45 <0.01
Post-intervention(s) - 132.85 4 31.62" 126,86 + 27.94°% 976 <001

“Compared with the HC group, p < 0.05.

& Compared with the CM group pre-intervention, p < 0.05.

#Compared with the CM group post-intervention, p < 0.05.

$Compared with the same group pre-intervention, p < 0.05.

n, number of cases; HC, healthy control; CM, conventional medical treatment; ER, enriched rehabiltation treatment; MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit
Modeaities Test; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B.

F/x? and P-values came from a statistical analysis of between-group diferences (ER, CM, and HC groups) for continuous variables, and other values of statistical analysis are shown
in Supplementary Materials.





OPS/images/fneur-13-829090-t003.jpg
HC group CM group ER group FIx? P

(n=20) (n=20) (n=20)

Pre-intervention (umol/L) 73.02 £11.35% 123.56 + 20.87* 126.64 4 21.76* 51.25 <0.01
Post-intervention (mol/L) - 101.46 4 24228 86.98 £ 23.20"S 10.02 <001
'MALONDIALI

Pre-intervention (umol/L) 221£1.01% 615+ 1.16* 6.35 £ 1.12* 90.31 <0.01
Post-intervention(umol/L) = 478£152" 332 £ 17148 15.96 <001
Pre-intervention (pg/m) 13.12(10.75~14.89¢  30.74 (28.03~37.01)  80.84 (27.76~36.45) 3035 <001
Post-intervention(pg/m) - 24,23 (21.77~26.46)'S 2124 31.41 <001

(18.34~23.37)"48

“Compared with the HC group, p < 0.05.

& Compared with the CM group pre-intervention, p < 0.05.

#Compared with the CM group post-intervention, p < 0.05.

S Compared with the same group pre-intervention, p < 0.05.

n, number of cases; HC, healthy control; CM, conventional medical treatment; ER, enriched rehabiitation treatment.

F/x? and P-values came from a statistical analysis of between-group differences (ER, CM, and HC groups) for continuous variables, and other values of statistical analysis are shown
in Supplementary Materials.






OPS/images/fneur-13-829090-g003.gif





OPS/images/fneur-13-829090-t001.jpg
HCgroup  CM group
(n=20) (n=20)

Age (years) 61.03+5.42 60.95+5.70
Sex (male/female) (1) 19 1010
Time since onset 246+ 029
(months)

Stroke site (leftright) (n) 16/4
Education (years) 1422 +203 13.81+1.89
MoCA 2012+ 158
Brunnstrom stage of 911

the affected lower limb

(VN (n)

Brunnstrom rating of 10710
the affected upper limb

(VA) ()

Barthel index 69.05 % 5.11
ASL (UL) 30.02+7.78
AST (UL 33.41+698

ER group
(n=20)

61.70 + 559
o
2.47 £0.31

15/5
1375 £1.85
19.95 £ 1.66

1010

19

68.85 + 4.73
20.77 £8.28
31.11£6.76

P

>0.05
>0.05
>0.05

>0.05
>0.05
>0.05
>0.05

>0.05

>0.05
>0.05
>0.05

n, number of cases; HC, healthy control; CM, conventional medical treatment; ER,
enriched rehabiltation treatment; MoCA, Montreal Cognitive Assessment; ASL, alanine

aminotransferase; AST, aspartate aminotransferase.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Effects of Enriched Rehabilitation on Cognitive Function and Serum Glutamate Levels Post-stroke



		Introduction



		Materials and Methods



		Participants



		Intervention



		Sensory-Motor Stimulation



		Visual Stimulation



		Olfactory Stimulation



		Tactile Stimulation



		Exercise Stimulation









		Cognitive Activities



		Supermarket Shopping



		Classroom Observation



		Card Games



		Taking the Subway









		Social Activities









		Outcomes and Measurement Procedures



		Evaluation of Cognitive Function



		Serum Glutamate Level



		Serum MDA Level



		Serum TNF Level









		Statistical Analysis







		Results



		Basic Demographic Information



		ER Enhanced Cognitive Function in Patients With PSCI



		Serum Glutamate, MDA, and TNF Levels in Patients With PSCI Improved After ER Intervention







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

The Effects of Enriched
Rehabilitation on Cognitive Function
and Serum Glutamate Levels
Post-stroke





OPS/images/fneur-13-829090-g001.gif
Paticts with PSCl wers croled

Tncomion s
g between 53 and 70 yesr ol
met he diagaastc s of PSCI;

Ifirctd ol besween 20 35 40l
MoCAscor betveen 15 and 23 pints:

olier o aceept rehabil

1

tive tiing.
Envichment ehbiliaion grovp | | Conventioal ehabiliaton roup | | Age-mtehed ety voluters
ER grow) 0-20) (CReroup) (-20) HC grou) (r-20)
L )
Inerenion

Nolwenenion —|

[ e ym—
- and pastitervemtion

Serum evesof Gl TNF g MDA
e and posinevenion

Copritv fncionssesment
serum el o G, TNE, MDA
e cnmollne






OPS/images/fneur-13-829090-g002.gif
I S T









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





