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Abstract

:

Transient ischemia in brains causes neuronal damage, gliosis, and blood–brain barrier (BBB) breakdown, which is related to ischemia-induced brain dysfunction. Populus species have various pharmacological properties including antioxidant and anti-inflammatory activities. In this study, we found that phenolic compounds were rich in Populus tomentiglandulosa extract and examined the effects of Populus tomentiglandulosa extract on neuronal damage/death, astrogliosis, and BBB breakdown in the striatum, which is related to motor behavior, following 15-min transient ischemia in the forebrain in gerbils. The gerbils were pre-treated with 50, 100, and 200 mg/kg of the extract. The latter showed significant effects against ischemia-reperfusion injury. Ischemia-induced hyperactivity using spontaneous motor activity test was significantly attenuated by the treatment. Striatal cells (neurons) were dead at five days after the ischemia; however, pre-treatment with the extract protected the striatal cells from ischemia/reperfusion injury. Ischemia-induced reactive astrogliosis was significantly alleviated, in particular, astrocyte end feet, which are a component of BBB, were significantly preserved. Immunoglobulin G, which is not found in intact brain parenchyma, was apparently shown (an indicator of extravasation) in striatal parenchyma at five days after the ischemia, but IgG leakage was dramatically attenuated in the parenchyma by the pre-treatment. Based on these findings, we suggest that Populus tomentiglandulosa extract rich in phenolic compounds can be employed as a pharmaceutical composition to develop a preventive material against brain ischemic injury.
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1. Introduction


It has been demonstrated that the genus Populus (poplar) contains phenolic compounds and flavonoids which display various pharmacological activities [1]. Populus davidiana and Populus nigra possess pharmacological actions including anti-inflammatory, antioxidant, and hepatoprotective properties [2,3]. In addition, Populus balsamifera has pharmacological potential to treat diabetes and obesity [4]. Among Populus species, however, few studies about scientific validation of pharmacological effects of Populus tomentiglandulosa (Korean poplar) have been reported; only that P. tomentiglandulosa extract has neuroprotective effects in gerbil hippocampus against ischemia-reperfusion injury induced by 5-min transient ischemia in the forebrain [5].



It is accepted that brief transient ischemia in the brain causes selective neuronal damage/death (loss) in vulnerable regions due to ischemia [6,7]. Among the vulnerable regions, the hippocampus (proper), which consists of cornu ammonis 1 to 3 (CA1–3) subregions, has a CA1 region that is most vulnerable to transient ischemia [8,9]. Besides, the striatum, which is a part of the basal ganglia, is known as a vulnerable region to transient ischemia.



A gerbil model of transient forebrain ischemia (tFI) has been used to investigate the pathophysiology of injury induced by tFI and to develop new materials for the treatment of ischemic stroke [10,11,12]. Gerbils show the significant possibility of reproduction of tFI by occlusion of both common carotid arteries because they lack the posterior communicating arteries that connect the internal carotid and vertebral arteries in the Willis’s circle [13]. We reported that, in gerbils, the pattern of neuronal death in ischemic striatum and hippocampus was very different when we gave various durations (five to 20 min) of tFI [14,15]. The striatum is the largest nucleus of the basal ganglia, which receives glutamatergic inputs from the cerebral cortex and inputs containing dopamine from the substantia nigra [16,17]. It has been studied that the dorsolateral striatum is susceptible to transient brain ischemia in rats [18] and gerbils [19]. In addition, some researchers have demonstrated that, among neurons located in the striatum, spiny neurons of medium size are the most vulnerable to transient ischemia [17,20].



BBB, as an essential structure for brain homeostasis, is a highly selective barrier to restrict the transportation of substances between blood and central nerve system (CNS), which helps to sustain a healthy microenvironment in the brain [21]. BBB tightly regulates the movement of ions, molecules, and cells between blood and parenchyma, and, thus, is critical for neuronal function and protection. It has been reported that BBB breakdown following ischemic insults is one of the pathophysiological hallmarks of ischemic injury in the brain [22]. The evaluation of BBB permeability after ischemic insults is necessary for the development of effective strategies to prevent secondary brain injury or protect BBB function following the ischemic insults [23]. Until now, several methods to assess changes in BBB permeability following brain ischemia have been introduced [24]. Among them, the accumulation of immunoglobulin G (IgG) after brain ischemia is one of the widely used markers to determine BBB disruption [25,26,27,28]. In particular, astrocytes, in the CNS, form a BBB by supplying a link between blood vessels and neuronal circuitry, and, through such linkage, they provide nutrients to CNS tissue [29]. In addition, water balance and extracellular ion in the BBB are controlled by water channels and ions, which are expressed in astrocyte endfeet (AEF) [30].



However, neuronal damage, AEF damage, and BBB leakage in the striatum after severe transient forebrain ischemia (tFI) has not been fully reported. In addition, the effects of Populus tomentiglandulosa on neuronal damage, AEF damage, and BBB leakage following the ischemia have not been examined. Therefore, we analyzed phenolic compounds from Populus tomentiglandulosa extract and examined the effects of the extract on spontaneous motor activity, neuronal damage, AEF damage, and BBB leakage in the striatum following 15-min tFI in gerbils.




2. Materials and Methods


2.1. Preparation of Populus Tomentiglandulosa Extract (PTE)


As described previously [31], PTE was prepared as follows. In brief, the stem and root bark of Populus tomentiglandulosa inhabiting Gangwon-do (Republic of Korea) was harvested. It was washed with pure water, fully dried at 60 °C, and crushed into a fine powder using IKA M20 grinder (IKA, Staufen, Germany). Next, the powder was refluxed with 70% ethyl alcohol, which was ten times the volume of the powder at 70 °C for 24 h. The procedure of extraction was repeated three times. PTE was filtered using filter paper (Whatman No. 1 filter paper) (Whatman Ltd., Maidstone, Kent, UK) and concentrated in N-12 vacuum evaporator (Eyela Singapore Pte. Ltd., Singapore). Finally, using lyophilizer (FD8512) (ilShin BioBase Co. Ltd., Seoul, Republic of Korea), PTE was freeze-dried at −55 °C and stored at −20 °C. The yield of extraction was 14.7%.




2.2. Qualitative Analysis of PTE


To qualitatively analyze PTE, high-performance liquid chromatography (HPLC) was conducted in accordance with previously described methods [32,33]. In short, 10 mg of both test sample (PTE) and standard sample (phenolic compounds: caffeic acid, catechin, chlorogenic acid, ferulic acid, gallic acid, and p-coumaric acid; Sigma-Aldrich Co., St. Louis, MO, USA) was dissolved in 50% ethyl alcohol. Ten μL of each test and standard sample was chromatographed with 1.0 mL/min of flow rate for 90 min using Waters 2690 Separation Module HPLC System (Waters Co., Milford, MA, USA) and Sunfire™ C18 column (inner diameter, 4.6 mm; length, 250 mm) (Waters Co., Milford, MA, USA) filled with octadecylsilyl silica gel (diameter, 5 μm). A (acetonitrile) and B (phosphoric acid, H3PO4) solution were used as mobile phases with time-dependent A:B ratio as follows: 0–23 min (A, 8; B, 92), 23–40 min (A, 15%; B, 85%), 40–45 min (A, 30%; B, 70%), 45–62 min (A, 45%; B, 55%), 62–75 min (A, 45%; B, 55%), 75–82 min (A, 8%; B, 92%), and 82–90 min (A, 8%; B, 92%). The ingredients of PTE were determined at 278 nm of wavelength using Waters 996 Photodiode Array Detector (Waters Co., Milford, MA, USA).




2.3. Protocol, Experimental Animals and Groups


The protocol of the experiment including animal care and handling was approved (approval no. KW-2000113-1) on 13 January 2020 by Institutional Animal Care and Use Committee founded in Kangwon National University (South Korea). Gerbils were used in this study. They were cared under constant temperature (approximate 23 °C) and humidity (approximate 55%) with a 12-h light/dark cycle. The handling and caring of the gerbils conformed to the guidelines in the “Current international laws and policies” included in the “NIH Guide for the Care and Use of Laboratory Animals” from The National Academies Press (8th Ed., 2011).



Male Mongolian gerbils at six months of age (body weight, 64–76 g) were received from the Experimental Animal Center founded in Kangwon National University (Chuncheon, Korea). The total number of the gerbils used in this study was 126, and they were assigned to four groups: 1) vehicle/sham group (subtotal n = 14), which was treated with saline (0.9% w/v NaCl) as vehicle and given sham tFI; 2) vehicle/tFI group (subtotal n = 14), which was treated with vehicle and given 15-min tFI; 3) PTE/sham group (subtotal n = 42), which was treated with 50, 100 and 200 mg/kg of PTE, respectively, and given sham tFI; 4) PTE/tFI group (subtotal n = 42), which was treated with 50, 100, and 200 mg/kg of PTE, respectively, and given 15-min tFI. PTE was dissolved in vehicle (saline), and vehicle or PTE was orally treated once a day for seven days before tFI operation (Figure 1). In this experiment, PTE was treated for one week, because various extracts obtained from plants are orally treated in traditional medicine, although no data on the absorption and metabolism of PTE have been reported (Figure 1).




2.4. Induction of tFI


As previously described in our published papers [34,35,36], the surgery for tFI was performed as follows. Briefly, the gerbils were given breathing anesthesia with 2.5% isoflurane mixed in 33% oxygen and 67% nitrous oxide. Under the anesthesia, both (right and left) common carotid arteries located in the neck were occluded for 15 min. After the occlusion, reperfusion (blood recirculation) was carried out under direct observation of retinal arteries using ophthalmoscope. Simultaneously, body temperature was controlled at normothermia (37 ± 0.5 °C) before tFI, during tFI, and after tFI. In this experiment, sham tFI was carried out, like the tFI surgery without the occlusion of both arteries.




2.5. Spontaneous Motor Activity (SMA) Test


In order to evaluate change in locomotor activity, the SMA test was performed during one hour at one day, as shown in Figure 1, after TFI according to a published procedure [14]. In short, the gerbils of each group were divided individually in a Plexiglas cage (25 cm × 20 cm × 12 cm), in which a soundproof chamber was located. Locomotor activity of each group was recorded using Photobeam Activity System-Home Cage (San Diego Instruments, San Diego, CA, USA). Each gerbil was observed continuously using a 4 × 8 photobeam, and the scores were checked from live observations. In addition, the video sequence of SMA test was used for subsequent re-analysis. In this test, times when each gerbil reared and times spent in grooming behavior were checked.




2.6. Preparation of Brain Sections for Histological Observation


Brain sections containing the hippocampus were prepared for histochemical and immunohistochemical changes at five days (at this time, neuronal death was shown in the striatum) after tFI in gerbils. In short, as described previously [37], the gerbils were deeply anesthetized with sodium pentobarbital (200 mg/kg, i.p.). Under the anesthesia, they were perfused transcardially with 4% paraformaldehyde solution, and their brains were removed. Immediately, the removed brains were more fixed in the same fixative for four hours. Thereafter, the brains were trimmed and cryoprotected by infiltration with 30% sucrose solution. For cryosection, the trimmed brains were frozen and serially sectioned into coronal sections (30-μm thickness) in cryostat of Leica (Wetzler, Germany).




2.7. Cresyl Violet (CV) Histochemistry


Histochemical staining with CV was performed in the hippocampus to examine distribution pattern of cells in all hippocampal subregions according to a published method [37]. Briefly, CV acetate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved at 1.0% (w/v) in distilled water, and glacial acetic acid was added to this solution. The brain sections were stained with CV solution, and subsequently dehydrated by dipping in serial ethanol baths. Finally, the stained sections were mounted with Canada balsam (Kanto, Tokyo, Japan).



To examine the neuroprotective effect of PTE damage in ischemic striatum, five sections/gerbil in each group were taken and observed using microscope (BX53).




2.8. Histofluorescence with Fluoro-Jade B (F-JB)


Histofluorescence with F-JB was performed to investigate damage/death (loss) of cells in the hippocampus following tFI using published methods [38,39] with slight modification. In brief, the brain sections were incubated in potassium permanganate (KMnO4) solution (0.06%) (Sigma-Aldrich Co, St. Louis, MO, USA) for 10 min on a rotating stage. Immediately, the sections were rinsed in distilled water for 2 min and incubated in F-JB solution (0.0004%) (Histochem, Jefferson, AR, USA) for 20 min. After washing with distilled water, the sections were placed on a slide warmer for the reaction of F-J B and fully dried. Finally, the slides containing the sections were cleared by immersion in xylene (Junsei Chemical Co Ltd., Tokyo, Japan) and coverslipped with dibutyl phthalate polystyrene xylene (DPX) (Sigma-Aldrich Co, St. Louis, MO, USA).



For the count of F-JB positive cells (neurons), five sections per gerbil were analyzed, according to the method by Anderson et al. (2005), with some modification. In short, the sections containing F-JB positive cells were observed using an epifluorescence microscope (BX53) of Olympus (Tokyo, Japan) equipped with a 450–490-nm blue excitation light, and the F-JB positive cells were captured using image capture software (cellSens Standard) (Olympus, Tokyo, Japan). The captured F-J B positive cells were counted in 250 μm2 at the same areas in the striatum, and the mean number was calculated using NIH Image 1.59 software (NIH, Bethesda, MD, USA).




2.9. Immunohistochemistry (IHC)


In this experiment, IHC was performed to examine changes in astrocytes and BBB leakage according to a published method [40]. Briefly, we used rabbit anti-glial fibrillary acidic protein (GFAP) (diluted 1:1000; Merck Millipore, Temecula, CA, USA) for detection for astrogliosis, and rabbit anti-gerbil IgG (diluted 1:1000, Bioss antibodies, Atlanta, GA, USA) for detection for BBB leakage, as primary antibodies. The brain sections were incubated in each primary antibody solution at 4 °C for 10 h. Thereafter, these sections were reacted in the solution of biotinylated goat anti-rabbit IgG and streptavidin peroxidase complex (diluted 1:250, Vector, Burlingame, CA, USA). Finally, to change the end product into brown, the sections were reacted in solution of 3,3′-diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich Co, St Louis, MO, USA).



For a negative control in this experiment, the same tissues were incubated in pre-immune serum except for each primary antibody. In the sections, no structures with immunoreaction were found (data not shown).



To evaluate the changes in GFAP and IgG immunoreactivities, the relative optical density (ROD) of GFAP and IgG immunoreactive structures was applied. Five sections/gerbil were taken and observed using microscope (BX53) with a digital camera (DP72). In brief, as previously described [41], the images of GFAP and IgG immunoreactive structures were captured using software of cellSens Standard (Olympus, Tokyo, Japan). The captured images were converted into 8-bit grayscale images with a range of 0–255 (from black to white). Each image was assessed for grayscale intensity, and the immunoreactive intensity of the average staining was calculated using Image J software (version 1.46) (National Institutes of Health, Bethesda, Maryland, MD, USA). The immunoreactive intensity, as ROD, was relatively presented as a percentage (100% in the vehicle/sham group).




2.10. Double Immunofluorescence


In this study, double immunohistofluorescence was performed to distinguish AEF from endothelial cells in BBB using a method with some modification, as described previously [34]. In brief, as primary antibodies, mouse anti-GFAP (a marker for astrocytes) (diluted 1:1000, Chemicon, Temecula, CA, USA) and rabbit anti-glucose transporter 1 (GLUT-1, a marker for endothelial cells) (diluted 1:100, Chemicon) were reacted. After washing, these sections were reacted in the mixture of donkey anti-mouse IgG conjugated with Alexa Fluor® 488 (diluted 1:500) (Invitrogen, Waltham, MA, USA) and goat anti-rabbit conjugated with IgG Alexa Fluor® 546 (diluted 1:500) (Invitrogen, Waltham, MA, USA). Thereafter, they were rinsed, dehydrated in dry oven of WiseVen® WOC High Clean Air Oven (Daihan Scientific Co Ltd., Gangwon, South Korea), and coverslipped with Canada balsam (Kanto Chemical Co., Inc., Tokyo, Japan).



The double immunoreaction (GFAP/GLUT-1) was observed using confocal MS (LSM510 META NLO) from Carl Zeiss (Oberkochen, Germany) located in the Korea Basic Science Institute Chuncheon Center (Chuncheon, Kangwon, South Korea).




2.11. Statistical Analysis


Data shown in this research represented the mean ± standard error of the mean (SEM) among experimental groups. The data were statistically analyzed using SPSS 18.0 (SPSS) (Chicago, IL, USA). The analysis of variance (ANOVA) with a post-hoc Bonferroni’s multiple comparison test was performed to determine differences among the groups. p < 0.05 was used for statistical significance.





3. Results


3.1. PTE Contained Phenolic Compounds


As shown in the chromatograms for the test and standard samples, each phenolic compound (gallic acid, catechin, chlorogenic acid, caffeic acid, p-coumaric acid) contained in PTE was detected at 4.447, 12.948, 17.011, 20.778, and 38.865 min of latency time, respectively (Figure 2A,B). In addition, as tabulated in Table 1, each phenolic compound contained in PTE was determined.




3.2. PTE 200 mg/kg Was Significantly Effective on tFI-induced Locomotor Activity


Locomotor activity in all groups was evaluated by using a spontaneous motor activity test to compare the change in motor behavior at day 1 after tFI (Figure 3). Locomotor activity was similarly observed in the vehicle/sham and PTE/sham groups. In the tFI groups, locomotor activity was evidently increased in the vehicle/tFI group. In the PTE/tFI groups, locomotor activity shown in the 50 mg/kg and 100 mg/kg PTE/tFI groups was similar to that in the vehicle/tFI group, but locomotor activity observed in the 200-mg/kg PTE/tFI group was not significantly increased when compared with that shown in the 50 mg/kg and 100 mg/kg PTE/sham groups.




3.3. CV Stainability after tFI Was Conserved by PTE 200 mg/kg


In all sham groups, cells stained with CV were easily distinguished throughout the striatum (Figure 4A,C,E,G,Aa,Aa’,Cc,Cc’,Ee,Ee’,Gg,Gg’). In the vehicle/tFI group, a significant loss in CV positive (CV+) cells was found in the medial and dorsolateral parts at five days after tFI (Figure 4B,Bb,Bb’). In the 50- and 100-mg/kg PTE/tFI groups, CV stainability was not significantly different from that shown in the vehicle/tFI group (Figure 4D,Dd,Dd’,Ff,Ff’,Hh,Hh’). However, in the 200-mg/kg PTE/tFI group, CV stainability with cells in the medial and dorsolateral parts was similar to that found in the sham groups (Figure 4H,Hh,Hh’). This finding means that striatal cells were well protected from tFI when 200-mg/kg PTE was treated.




3.4. F-JB+ (Dead) Cells Following tFI Were Significantly Reduced by PTE 200 mg/kg


In all sham groups, F-JB+ cells (dead cells) were not found throughout the striatum (Figure 5Aa,Ab,Ae,Af). In the vehicle/tFI group, numerous F-JB+ cells were shown in the medial and dorsolateral parts of the striatum at five days after tFI (Figure 5Ac,Ad). However, in the 200-mg/kg PTE/tFI group, the numbers of F-JB+ cells were significantly reduced in the medial and lateral parts compared with those shown in the vehicle/tFI group (21.2% and 29.9% in the medial and dorsolateral part, respectively, versus the vehicle/tFI group) (Figure 5Ag,Ah,B,C).




3.5. PTE 200 mg/kg Protected tFI-induced Damage of Astrocytes


Intact GFAP+ astrocytes in the vehicle/sham group were found in the medial and dorsolateral parts of the striatum, and they had small cell body and thread-like (thin) processes (Figure 6Aa,Ab). In the vehicle/tFI group, the cell bodies of GFAP+ astrocytes were swollen, and their processes were destroyed (short and thickened) at five days after tFI. In this group, the ROD of GFAP+ structures was significantly increased compared with that shown in the vehicle/sham group (212% and 138% in the medial and dorsolateral part, respectively, versus the vehicle/sham group) (Figure 6Ac,Ad,B,C). In the 200-mg/kg PTE/sham group, the morphology and ROD of GFAP+ astrocytes were not different from those found in the vehicle/sham group (Figure 6Ae,Af,B,C). Whereas, in the 200-mg/kg PTE/tFI group, GFAP+ astrocytes were significantly less damaged in the medial and dorsolateral parts (Figure 6Ag,Ah). In this group, the ROD was significantly low when compared with that shown in the vehicle/tFI group (52.3% and 77.8% in the medial and dorsolateral part, respectively, versus the vehicle/tFI group) (Figure 6B,C).




3.6. PTE 200 mg/kg Preserved AEF from tFI Injury


AEF, which is a component of BBB, was examined in all groups by double immunofluorescence for GFAP (a marker for astrocyte) and GLUT-1 (a marker for endothelial cells) antibodies (Figure 7). In all sham groups, GFAP+ AEF wrapped around GLUT-1+ endothelial cells (Figure 7A,B,E,F). In the vehicle/tFI group, GFAP+ AEF did not wrap around GLUT-1+ structures well at five days after tFI (Figure 7C,D); this indicates that BBB structure was disrupted after tFI. However, in the 200-mg/kg PTE/tFI group, the distribution pattern of GFAP+ AEF and GLUT-1+ endothelial cells was similar to that found in the sham groups (Figure 7G,H); this indicates that AEF were preserved from tFI injury.




3.7. IgG Leakage Following tFI Was Protected by PTE 200 mg/kg


In all sham groups, IgG immunoreactivity was hardly found throughout the parenchyma of the striatum, but IgG immunoreactivity was easily detected inside blood vessels; this indicates that BBB was intact (Figure 8Aa,Ab,Ae,Af). In the vehicle/tFI group, IgG immunoreactivity was significantly enhanced (1281.0% and 1472.8% in the medial and dorsolateral part, respectively, versus the vehicle/sham group) at five days after tFI, compared to that shown in the vehicle/sham group (Figure 8Ac,Ad,B,C). In the 200-mg/kg PTE/tFI group, however, IgG immunoreactivity in the striatum dramatically decreased (12.2% and 12.8% in the medial and dorsolateral part, respectively, versus the vehicle/tFI group) compared with that shown in the vehicle/tFI group (Figure 8Ag,Ah,B,C).





4. Discussion


The genus Populus (poplar) is well known to contain phenolic compounds and flavonoids, which are main components of poplar extracts and related to various pharmacological activities [1]. In addition, many studies have reported that Populus species display antioxidant, anti-inflammatory, and hepato-protective activities [2,3,42,43]. In particular, polyphenols contained in plants are dietary components that play various pharmacological effects. Great interest has been focused on polyphenols because they exert antioxidant and anti-inflammatory activities [44]. It is well known that oxidative stress must be a main event in the pathogenesis of brain ischemia. The overproduction of reactive oxygen species during ischemia and reperfusion damage nucleic acids, lipids, and proteins, thereby leading to neuronal cell death [42,44].



There are evidences supporting the hypothesis that polyphenols-containing plants provide protection against brain ischemia associated changes [42,44]. Cerebral stroke including ischemic insults is one of the main causes of morbidity and mortality in the world [43,45,46]. Unfortunately, however, no new drugs have come up despite numerous efforts of drug development. In our current study, we found that PTE contained various phenolic compounds (gallic acid, catechin, chlorogenic acid, caffeic acid, p-coumaric acid). Thereby, this experiment was carried out to examine the effects of PTE in gerbil striatum following 15-min tFI.



We, in the present study, found that locomotor hyperactivity in ischemic gerbils increased after one day of tFI. This experiment was carried out based on many papers which showed that locomotor activity was affected at 1 day after tFI in gerbils [47,48,49]. Pretreatment with 50 and 100 mg/kg of PTE did not reduce the locomotor hyperactivity by tFI, but pretreatment with 200 mg/kg of PTE significantly decreased the locomotor hyperactivity compared with that shown in the vehicle/sham group. This finding suggested that 200 mg/kg of PTE had neuroprotective effects against tFI-induced injuries. Thereby, we examined neuroprotection in the striatum after tFI and the protective effects of 200 mg/kg of PTE.



The tFI model is commonly used to understand tFI-induced behavioral impairment, neuronal damage/death, and their mechanisms after ischemic insults in the forebrain [50,51,52]. Until now, there are numerous studies on tFI-induced neuronal damage and its mechanism in the hippocampus using rodents; however, studies in the basal ganglia are much less frequent than those in the hippocampus. The striatum (also called neostriatum) is the largest nucleus of the basal ganglia (nucleus) and receives glutamatergic inputs from the cerebral cortex and dopaminergic inputs from the substantia nigra located in the midbrain [16,17]. It has been reported that the dorsolateral striatum is susceptible to tFI in rats [18] and gerbils [19].



First of all, we found that numerous striatal cells were positive to F-JB at five days after 15-min tFI. This finding means that striatal cells in gerbils die at five days post-tFI; this is also strongly supported by previous reports that showing that striatal neurons are damaged or dead by at least 15-min tFI [14,15]. In addition, we examined the neuroprotective effect of PTE. When the lower doses of PTE (50 or 100 mg/kg) were administered to gerbils before tFI induction, no neuroprotective effect was found. However, when 200 mg/kg of PTE was used, striatal cells were protected from TFI injury. Therefore, pre-treatment with PTE before tFI provided significant neuroprotection against tFI in gerbil striatum after 15-min tFI. Based on this result, we determined that at least 200 mg/kg of PTE should be required to protect striatal neurons from tFI.



Astrocytes are the most common glial cell type in the CNS (brain and spinal cord) and perform many functions, including the support of endothelial cells to constitute BBB, the maintenance of extracellular ion balance, the provision of nutrients to nervous tissues, and participation in the repair of the CNS following injuries [53,54]. Astrocytes carry out many important roles in both healthy and injured CNS; thus, they have become a potential treatment target for ischemic stroke [55,56,57]. Morphological and functional characteristics of astrocytes are changed in the CNS under pathological conditions, a process termed “astrogliosis”. Astrogliosis is characterized by hypertrophy, proliferation, and increased expression of GFAP [35,58]. An increase in GFAP-positive cells does no result from the generation of new astrocytes, but rather from an increase in GFAP synthesis and a condensation of glial filaments in pre-existing cells [59]. In addition, the reactivity of GFAP under pathological conditions depends on the degree of astrocyte damage [35,60,61,62]. For instance, in transient brain ischemia, a longer ischemic duration, or transient ischemia under higher temperature leads to much severer astrogliosis in damaged sites [63]. In our current study, GFAP+ astrocytes in the striatum showed strong GFAP immunoreactivity and were swollen with destroyed (short and thickened) processes at five days after tFI; however, treatment with 200 mg/kg of PTE significantly alleviated astrogliosis in the striatum following tFI. In particular, in our current study, GFAP+ AEF did not wrap around GLUT-1+ structures (endothelial cells) well at five days after tFI, but treatment with PTE well preserved AEF-enclosing microvessels at five days after tFI. For reference on AEF, the AEF of astrocytes envelop almost all (>99%) of the endothelium [64]. It has been reported that, in a gerbil model of tFI, microvessels enclosed by AEF are significantly reduced in the hippocampal CA1 region after 5-min tFI [65]. Taken together, our findings suggest that the increase in GFAP immunoreactivity in astrocytes in the ischemic striatum is related with an uptake of harmful substances following tFI injury and that this astrogliosis is attenuated or protected by PTE, which may be associated with neuroprotection.



Finally, we found that the extravasation of IgG into the striatal parenchyma was apparently found at five days after tFI, but the extravasated IgG was not shown in the ischemic striatum treated with PTE. The disruption of BBB is known as one of the common pathological features in ischemic stroke [66,67]. Assessment of the leakage of IgG is widely used to determine BBB disruption following brain ischemia [24,25,27,28,68]. In ischemic brain tissue, blood-derived substances can permeate damaged BBB and leads to vasogenic edema and hemorrhagic transformation [69]. It has been reported that IgG extravasation is significantly increased in ipsilateral cerebral cortex following transient focal ischemia induced by occlusion of the middle cerebral artery in rats [70]. In addition, IgG immunoreactivity is significantly increased in the hippocampal CA1 region at five days following tFI [34]. Furthermore, IgG leakage in ischemic gerbil hippocampus occurs early and is severe following 15-min tFI compared with that following 5-min tFI [35]. In our current study, we found that strong IgG immunoreactivity was shown in the striatum at five days after tFI, but the extravasation of IgG was prevented by treatment with PTE. This suggests that PTE can be a candidate to protect BBB from ischemic insults.



In this study, we did not examine the mechanisms of protection of neurons and astrocytes BBB from ischemic injury induced by 15-min tFI. Some studies have demonstrated the antioxidant efficacy of PTE. For some examples, pre-treatment with PTE protected neuronal death/loss in the hippocampal CA1 region against 5-min tFI in gerbils showed that pre-treated PTE markedly increased both SOD1 and SOD2 in the hippocampal CA1 region [31]. In addition, the rats treated with PTE contained pellets for four weeks lead to significant increases of antioxidant enzymes, such as Cu, Zn-superoxide dismutase (SOD1), Mn-superoxide dismutase (SOD2), catalase, and glutathione peroxidase in their livers and kidneys as compared with those shown in the rats treated with normal diet pellets. In particular, elevations are higher in the rats treated with pellets containing ascorbic acid [68]. Based on these findings, we will examine the mechanisms of protection of neurons and astrocytes BBB from ischemic injury induced by tFI.




5. Conclusions


In this study, we found that phenolic compounds, which are known to strongly exert antioxidant activity, were rich in PTE. With this, we examined the effects of PTE on neuronal damage, astrogliosis, and leakage from BBB in gerbil striatum following 15-min tFI. First of all, 200 mg/kg of PTE effectively prevented the death of striatal neurons, which were dead at five days after tFI. For astrogliosis, the tFI caused severe astrocyte damage including the complete loss of AEF wrapping blood vessels, as a component of BBB, but the tFI-induced astrocyte damage was effectively protected by PTE treatment. Simultaneously, strong IgG leakage in the striatal parenchyma at five days after the tFI was hardly observed in the gerbils treated with PTE. Taken together, our current findings suggest that the root of Populus tomentiglandulosa has various phenolic compounds and can be employed as an excellent candidate to develop a preventive material against ischemic injury in brains.







Author Contributions


Conceptualization, M.-H.W. and I.-J.K.; Methodology, D.-W.K. and H.-I.K.; Software, T.-K.L.; Validation, J.-H.A. and J.-H.P.; Investigation, T.-K.L. and J.-C.L.; Data Curation, J.-C.L. and J.-D.K.; Writing—Original draft preparation, T.-K.L. and J.-C.L.; Writing—Review & editing M.-H.W.; Supervision, I.-J.K., J.-H.C. and S.-Y.C.; Project Administration, M.-H.W. and J.-H.C.; Funding Acquisition, I.-J.K., J.-D.K. and S.-Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF–2020R1F1A1071973, NRF–2020R1F1A1062633 and NRF–2019R1A6A1A11036849).




Institutional Review Board Statement


The protocol of the experiment including animal care and handling was approved (approval no. KW-2000113-1) on 13 January, 2020 by Institutional Animal Care and Use Committee founded in Kangwon National University (South Korea). The handling and caring of the gerbils conformed to the guidelines in the “Current international laws and policies” included in the “NIH Guide for the Care and Use of Laboratory Animals” from The National Academies Press (8th Ed., 2011).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to appreciate Seung Uk Lee and Hyun Sook Kim for their technical help in this work.




Conflicts of Interest


The authors have declared that there are no competing interests.




Sample Availability


Samples of the compounds are not available from the authors.




Abbreviations


AEF: astrocyte endfeet; BCCAO, bilateral occlusion of the common carotid artery; BBB, blood–brain barrier; CNS, central nervous system; CA, cornu ammonis; CV, cresyl violet; DND, delayed neuronal death; F–J B, Fluoro–Jade B; GFAP, glial fibrillary acidic protein; GLUT–1, glucose transporter 1; HPLC, high–performance liquid chromatography; IgG, immunoglobulin G; PTE, Populus tomentiglandulosa extract; SMA, Spontaneous motor activity; tFI, transient forebrain ischemia




References


	



Volpi, N.; Bergonzini, G. Analysis of flavonoids from propolis by on-line hplc-electrospray mass spectrometry. J. Pharm. Biomed. Anal. 2006, 42, 354–361. [Google Scholar] [CrossRef]

	



Debbache-Benaida, N.; Atmani-Kilani, D.; Schini-Keirth, V.B.; Djebbli, N.; Atmani, D. Pharmacological potential of Populus nigra extract as antioxidant, anti-inflammatory, cardiovascular and hepatoprotective agent. Asian Pac. J. Trop. Biomed. 2013, 3, 697–704. [Google Scholar] [CrossRef]

	



Zhang, X.; Thuong, P.T.; Min, B.S.; Ngoc, T.M.; Hung, T.M.; Lee, I.S.; Na, M.; Seong, Y.H.; Song, K.S.; Bae, K. Phenolic glycosides with antioxidant activity from the stem bark of Populus davidiana. J. Nat. Prod. 2006, 69, 1370–1373. [Google Scholar] [CrossRef]

	



Harbilas, D.; Brault, A.; Vallerand, D.; Martineau, L.C.; Saleem, A.; Arnason, J.T.; Musallam, L.; Haddad, P.S. Populus balsamifera L. (salicaceae) mitigates the development of obesity and improves insulin sensitivity in a diet-induced obese mouse model. J. Ethnopharmacol. 2012, 141, 1012–1020. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.H.; Lee, T.K.; Ahn, J.H.; Shin, B.N.; Cho, J.H.; Kim, I.H.; Lee, J.C.; Kim, J.D.; Lee, Y.J.; Kang, I.J.; et al. Pre-treated Populus tomentiglandulosa extract inhibits neuronal loss and alleviates gliosis in the gerbil hippocampal ca1 area induced by transient global cerebral ischemia. Anat. Cell Biol. 2017, 50, 284–292. [Google Scholar] [CrossRef] [PubMed]

	



Araki, T.; Kato, H.; Kogure, K. Selective neuronal vulnerability following transient cerebral ischemia in the gerbil: Distribution and time course. Acta Neurol. Scand. 1989, 80, 548–553. [Google Scholar] [CrossRef] [PubMed]

	



Candelario-Jalil, E.; Mhadu, N.H.; Al-Dalain, S.M.; Martínez, G.; León, O.S. Time course of oxidative damage in different brain regions following transient cerebral ischemia in gerbils. Neurosci. Res. 2001, 41, 233–241. [Google Scholar] [CrossRef]

	



Kirino, T. Delayed neuronal death in the gerbil hippocampus following ischemia. Brain Res. 1982, 239, 57–69. [Google Scholar] [CrossRef]

	



Kirino, T.; Sano, K. Selective vulnerability in the gerbil hippocampus following transient ischemia. Acta Neuropathol. 1984, 62, 201–208. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.H.; Lee, T.K.; Kim, D.W.; Sim, H.; Lee, J.C.; Kim, J.D.; Ahn, J.H.; Lee, C.H.; Kim, Y.M.; Won, M.H.; et al. Neuroprotective effects of salicin in a gerbil model of transient forebrain ischemia by attenuating oxidative stress and activating pi3k/akt/gsk3beta pathway. Antioxidants 2021, 10, 629. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.; Lee, T.K.; Park, C.W.; Kim, D.W.; Ahn, J.H.; Sim, H.; Lee, J.C.; Yang, G.E.; Kim, J.D.; Shin, M.C.; et al. Pycnogenol((r)) 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. [Google Scholar] [CrossRef]

	



Park, C.W.; Ahn, J.H.; Lee, T.K.; Park, Y.E.; Kim, B.; Lee, J.C.; Kim, D.W.; Shin, M.C.; Park, Y.; Cho, J.H.; et al. Post-treatment with oxcarbazepine confers potent neuroprotection against transient global cerebral ischemic injury by activating nrf2 defense pathway. Biomed. Pharmacother. 2020, 124, 109850. [Google Scholar] [CrossRef] [PubMed]

	



Mayevsky, A.; Breuer, Z. Brain vasculature and mitochondrial responses to ischemia in gerbils. I. Basic anatomical patterns and biochemical correlates. Brain Res. 1992, 598, 242–250. [Google Scholar] [CrossRef]

	



Ohk, T.G.; Yoo, K.Y.; Park, S.M.; Shin, B.N.; Kim, I.H.; Park, J.H.; Ahn, H.C.; Lee, Y.J.; Kim, M.J.; Kim, T.Y.; et al. Neuronal damage using fluoro-jade b histofluorescence and gliosis in the striatum after various durations of transient cerebral ischemia in gerbils. Neurochem. Res. 2012, 37, 826–834. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.K.; Yoo, K.Y.; Shin, B.N.; Kim, I.H.; Park, J.H.; Lee, C.H.; Choi, J.H.; Cho, Y.J.; Kang, I.J.; Kim, Y.M.; et al. Neuronal damage in hippocampal subregions induced by various durations of transient cerebral ischemia in gerbils using fluoro-jade b histofluorescence. Brain Res. 2012, 1437, 50–57. [Google Scholar] [CrossRef]

	



Kiss, J.P.; Zsilla, G.; Vizi, E.S. Inhibitory effect of nitric oxide on dopamine transporters: Interneuronal communication without receptors. Neurochem. Int. 2004, 45, 485–489. [Google Scholar] [CrossRef]

	



Yoshioka, H.; Niizuma, K.; Katsu, M.; Sakata, H.; Okami, N.; Chan, P.H. Consistent injury to medium spiny neurons and white matter in the mouse striatum after prolonged transient global cerebral ischemia. J. Neurotrauma 2011, 28, 649–660. [Google Scholar] [CrossRef] [PubMed]

	



Pulsinelli, W.A.; Brierley, J.B.; Plum, F. Temporal profile of neuronal damage in a model of transient forebrain ischemia. Ann. Neurol. 1982, 11, 491–498. [Google Scholar] [CrossRef] [PubMed]

	



Crain, B.J.; Westerkam, W.D.; Harrison, A.H.; Nadler, J.V. Selective neuronal death after transient forebrain ischemia in the mongolian gerbil: A silver impregnation study. Neuroscience 1988, 27, 387–402. [Google Scholar]

	



Terashima, T.; Namura, S.; Hoshimaru, M.; Uemura, Y.; Kikuchi, H.; Hashimoto, N. Consistent injury in the striatum of c57bl/6 mice after transient bilateral common carotid artery occlusion. Neurosurgery 1998, 43, 900–907. [Google Scholar] [CrossRef]

	



Zhu, J.C.; Si, M.Y.; Li, Y.Z.; Chen, H.Z.; Fan, Z.C.; Xie, Q.D.; Jiao, X.Y. Circulating tight junction proteins mirror blood-brain barrier integrity in leukaemia central nervous system metastasis. Hematol. Oncol. 2017, 35, 365–373. [Google Scholar] [CrossRef]

	



Abdullahi, W.; Tripathi, D.; Ronaldson, P.T. Blood-brain barrier dysfunction in ischemic stroke: Targeting tight junctions and transporters for vascular protection. Am. J. Physiol. Cell Physiol. 2018, 315, C343–C356. [Google Scholar] [CrossRef]

	



Khatri, R.; McKinney, A.M.; Swenson, B.; Janardhan, V. Blood-brain barrier, reperfusion injury, and hemorrhagic transformation in acute ischemic stroke. Neurology 2012, 79, S52–S57. [Google Scholar] [CrossRef]

	



Kassner, A.; Merali, Z. Assessment of blood-brain barrier disruption in stroke. Stroke 2015, 46, 3310–3315. [Google Scholar] [CrossRef]

	



Maeda, M.; Akai, F.; Nishida, S.; Yanagihara, T. Intracerebral distribution of albumin after transient cerebral ischemia: Light and electron microscopic immunocytochemical investigation. Acta Neuropathol. 1992, 84, 59–66. [Google Scholar] [CrossRef]

	



Lan, X.B.; Wang, Q.; Yang, J.M.; Ma, L.; Zhang, W.J.; Zheng, P.; Sun, T.; Niu, J.G.; Liu, N.; Yu, J.Q. Neuroprotective effect of vanillin on hypoxic-ischemic brain damage in neonatal rats. Biomed. Pharm. 2019, 118, 109196. [Google Scholar] [CrossRef] [PubMed]

	



Michalski, D.; Grosche, J.; Pelz, J.; Schneider, D.; Weise, C.; Bauer, U.; Kacza, J.; Gartner, U.; Hobohm, C.; Hartig, W. A novel quantification of blood-brain barrier damage and histochemical typing after embolic stroke in rats. Brain Res. 2010, 1359, 186–200. [Google Scholar] [CrossRef] [PubMed]

	



Ye, X.L.; Lu, L.Q.; Li, W.; Lou, Q.; Guo, H.G.; Shi, Q.J. Oral administration of ampelopsin protects against acute brain injury in rats following focal cerebral ischemia. Exp. Med. 2017, 13, 1725–1734. [Google Scholar] [CrossRef] [PubMed]

	



Ballabh, P.; Braun, A.; Nedergaard, M. The blood-brain barrier: An overview: Structure, regulation, and clinical implications. Neurobiol. Dis. 2004, 16, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Michinaga, S.; Koyama, Y. Dual roles of astrocyte-derived factors in regulation of blood-brain barrier function after brain damage. Int. J. Mol. Sci. 2019, 20, 571. [Google Scholar] [CrossRef]

	



Lee, T.-K.; Park, J.H.; Ahn, J.H.; Kim, H.; Song, M.; Lee, J.-C.; Dai Kim, J.; Jeon, Y.H.; Choi, J.H.; Lee, C.H. Pretreatment of Populus tomentiglandulosa protects hippocampal ca1 pyramidal neurons from ischemia-reperfusion injury in gerbils via increasing sods expressions and maintaining bdnf and igf-i expressions. Chin. J. Nat. Med. 2019, 17, 424–434. [Google Scholar] [CrossRef]

	



Choi, S.-I.; Hwang, S.-J.; Lee, O.-H.; Kim, J.D. Antioxidant activity and component analysis of Populus tomentiglandulosa extract. Korean J. Food Sci. Technol. 2020, 52, 119–124. [Google Scholar]

	



Her, Y.; Lee, T.K.; Kim, J.D.; Kim, B.; Sim, H.; Lee, J.C.; Ahn, J.H.; Park, J.H.; Lee, J.W.; Hong, J.; et al. Topical application of aronia melanocarpa extract rich in chlorogenic acid and rutin reduces uvb-induced skin damage via attenuating collagen disruption in mice. Molecules 2020, 25, 4577. [Google Scholar] [CrossRef]

	



Ahn, J.H.; Chen, B.H.; Park, J.H.; Shin, B.N.; Lee, T.K.; Cho, J.H.; Lee, J.C.; Park, J.R.; Yang, S.R.; Ryoo, S.; et al. Early iv-injected human dermis-derived mesenchymal stem cells after transient global cerebral ischemia do not pass through damaged blood-brain barrier. J. Tissue Eng. Regen. Med. 2018, 12, 1646–1657. [Google Scholar] [CrossRef]

	



Lee, T.K.; Kim, H.; Song, M.; Lee, J.C.; Park, J.H.; Ahn, J.H.; Yang, G.E.; Kim, H.; Ohk, T.G.; Shin, M.C.; et al. Time-course pattern of neuronal loss and gliosis in gerbil hippocampi following mild, severe, or lethal transient global cerebral ischemia. Neural Regen. Res. 2019, 14, 1394–1403. [Google Scholar] [PubMed]

	



Park, J.H.; Kim, D.W.; Lee, T.K.; Park, C.W.; Park, Y.E.; Ahn, J.H.; Lee, H.A.; Won, M.H.; Lee, C.H. Improved hcn channels in pyramidal neurons and their new expression levels in pericytes and astrocytes in the gerbil hippocampal ca1 subfield following transient ischemia. Int. J. Mol. Med. 2019, 44, 1801–1810. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.C.; Park, J.H.; Ahn, J.H.; Kim, I.H.; Cho, J.H.; Choi, J.H.; Yoo, K.Y.; Lee, C.H.; Hwang, I.K.; Cho, J.H.; et al. New gabaergic neurogenesis in the hippocampal ca1 region of a gerbil model of long-term survival after transient cerebral ischemic injury. Brain Pathol. 2016, 26, 581–592. [Google Scholar] [CrossRef] [PubMed]

	



Schmued, L.C.; Hopkins, K.J. Fluoro-jade b: A high affinity fluorescent marker for the localization of neuronal degeneration. Brain Res. 2000, 874, 123–130. [Google Scholar] [CrossRef]

	



Anderson, K.J.; Miller, K.M.; Fugaccia, I.; Scheff, S.W. Regional distribution of fluoro-jade b staining in the hippocampus following traumatic brain injury. Exp. Neurol. 2005, 193, 125–130. [Google Scholar] [CrossRef]

	



Park, J.H.; Shin, B.N.; Chen, B.H.; Kim, I.H.; Ahn, J.H.; Cho, J.H.; Tae, H.J.; Lee, J.C.; Lee, C.H.; Kim, Y.M.; et al. Neuroprotection and reduced gliosis by atomoxetine pretreatment in a gerbil model of transient cerebral ischemia. J. Neurol. Sci. 2015, 359, 373–380. [Google Scholar] [CrossRef]

	



Paizs, M.; Engelhardt, J.I.; Siklos, L. Quantitative assessment of relative changes of immunohistochemical staining by light microscopy in specified anatomical regions. J. Microsc. 2009, 234, 103–112. [Google Scholar] [CrossRef] [PubMed]

	



Pacifici, F.; Rovella, V.; Pastore, D.; Bellia, A.; Abete, P.; Donadel, G.; Santini, S.; Beck, H.; Ricordi, C.; Daniele, N.D.; et al. Polyphenols and ischemic stroke: Insight into one of the best strategies for prevention and treatment. Nutrients 2021, 13, 1967. [Google Scholar] [CrossRef] [PubMed]

	



Jhelum, P.; Wahul, A.B.; Kamle, A.; Kumawat, S.; Kumar, A.; Bhutani, K.K.; Tripathi, S.M.; Chakravarty, S. Sameerpannag ras mixture (srm) improved neurobehavioral deficits following acute ischemic stroke by attenuating neuroinflammatory response. J. Ethnopharmacol. 2017, 197, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Simonyi, A.; Wang, Q.; Miller, R.L.; Yusof, M.; Shelat, P.B.; Sun, A.Y.; Sun, G.Y. Polyphenols in cerebral ischemia: Novel targets for neuroprotection. Mol. Neurobiol. 2005, 31, 135–147. [Google Scholar] [CrossRef]

	



GBD 2016 Causes of Death Collaborators. Global, regional, and national age-sex specific mortality for 264 causes of death, 1980–2016: A systematic analysis for the global burden of disease study 2016. Lancet 2017, 390, 1151–1210. [Google Scholar] [CrossRef]

	



Johnston, S.C.; Mendis, S.; Mathers, C.D. Global variation in stroke burden and mortality: Estimates from monitoring, surveillance, and modelling. Lancet Neurol. 2009, 8, 345–354. [Google Scholar] [CrossRef]

	



Restivo, L.; Middei, S.; Mingfu, L.; Reggio, R.; Passino, E.; Formisano, R.; Ammassari-Teule, M. Potentiation of ischemia-related behavioral alterations by electro-acupuncture in gerbils. Funct Neurol. 2004, 19, 19–23. [Google Scholar] [PubMed]

	



Araki, H.; Yamamoto, T.; Kobayashi, Y.; Futagami, K.; Kawasaki, H.; Gomita, Y. Effect of methamphetamine and imipramine on cerebral ischemia-induced hyperactivity in mongolian gerbils. Jpn. J. Pharm. 2002, 88, 293–299. [Google Scholar] [CrossRef]

	



Katsuta, K.; Umemura, K.; Ueyama, N.; Matsuoka, N. Pharmacological evidence for a correlation between hippocampal ca1 cell damage and hyperlocomotion following global cerebral ischemia in gerbils. Eur. J. Pharm. 2003, 467, 103–109. [Google Scholar] [CrossRef]

	



Dirnagl, U. Bench to bedside: The quest for quality in experimental stroke research. J. Cereb. Blood Flow Metab. 2006, 26, 1465–1478. [Google Scholar] [CrossRef]

	



Spray, S.; Edvinsson, L. Improved assessment of outcomes following transient global cerebral ischemia in mice. Exp. Brain Res. 2016, 234, 1925–1934. [Google Scholar] [CrossRef]

	



Harukuni, I.; Bhardwaj, A. Mechanisms of brain injury after global cerebral ischemia. Neurol. Clin. 2006, 24, 1–21. [Google Scholar] [CrossRef]

	



Horner, P.J.; Palmer, T.D. New roles for astrocytes: The nightlife of an ‘astrocyte’. La vida loca! Trends Neurosci. 2003, 26, 597–603. [Google Scholar] [CrossRef]

	



Daneman, R.; Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect Biol. 2015, 7. [Google Scholar] [CrossRef]

	



Anderson, M.F.; Blomstrand, F.; Blomstrand, C.; Eriksson, P.S.; Nilsson, M. Astrocytes and stroke: Networking for survival? Neurochem. Res. 2003, 28, 293–305. [Google Scholar] [CrossRef]

	



Bylicky, M.A.; Mueller, G.P.; Day, R.M. Mechanisms of endogenous neuroprotective effects of astrocytes in brain injury. Oxid. Med. Cell Longev. 2018, 2018, 6501031. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Chopp, M. Astrocytes, therapeutic targets for neuroprotection and neurorestoration in ischemic stroke. Prog. Neurobiol. 2016, 144, 103–120. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.; Park, J.H.; Shin, M.C.; Cho, J.H.; Lee, T.K.; Kim, H.; Song, M.; Park, C.W.; Park, Y.E.; Lee, J.C.; et al. Fate of astrocytes in the gerbil hippocampus after transient global cerebral ischemia. Int. J. Mol. Sci. 2019, 20, 845. [Google Scholar] [CrossRef]

	



Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7–35. [Google Scholar] [CrossRef] [PubMed]

	



Kraig, R.P.; Dong, L.M.; Thisted, R.; Jaeger, C.B. Spreading depression increases immunohistochemical staining of glial fibrillary acidic protein. J. Neurosci. 1991, 11, 2187–2198. [Google Scholar] [CrossRef] [PubMed]

	



Lascola, C.; Kraig, R.P. Astroglial acid-base dynamics in hyperglycemic and normoglycemic global ischemia. Neurosci. Biobehav. Rev. 1997, 21, 143–150. [Google Scholar] [CrossRef]

	



Lee, C.H.; Ahn, J.H.; Lee, T.K.; Sim, H.; Lee, J.C.; Park, J.H.; Shin, M.C.; Cho, J.H.; Kim, D.W.; Won, M.H.; et al. Comparison of neuronal death, blood-brain barrier leakage and inflammatory cytokine expression in the hippocampal ca1 region following mild and severe transient forebrain ischemia in gerbils. Neurochem. Res. 2021. [Google Scholar] [CrossRef]

	



Kim, M.J.; Cho, J.H.; Cho, J.H.; Park, J.H.; Ahn, J.H.; Tae, H.J.; Cho, G.S.; Yan, B.C.; Hwang, I.K.; Lee, C.H.; et al. Impact of hyperthermia before and during ischemia-reperfusion on neuronal damage and gliosis in the gerbil hippocampus induced by transient cerebral ischemia. J. Neurol. Sci. 2015, 348, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, N.J. Astrocyte-endothelial interactions and blood-brain barrier permeability. J. Anat. 2002, 200, 629–638. [Google Scholar] [CrossRef]

	



Lee, T.K.; Kang, I.J.; Sim, H.; Lee, J.C.; Ahn, J.H.; Kim, D.W.; Park, J.H.; Lee, C.H.; Kim, J.D.; Won, M.H.; et al. Therapeutic effects of decursin and angelica gigas nakai root extract in gerbil brain after transient ischemia via protecting bbb leakage and astrocyte endfeet damage. Molecules 2021, 26, 2161. [Google Scholar] [CrossRef] [PubMed]

	



Lakhan, S.E.; Kirchgessner, A.; Tepper, D.; Leonard, A. Matrix metalloproteinases and blood-brain barrier disruption in acute ischemic stroke. Front. Neurol. 2013, 4, 32. [Google Scholar] [CrossRef]

	



Zhao, B.Q.; Wang, S.; Kim, H.Y.; Storrie, H.; Rosen, B.R.; Mooney, D.J.; Wang, X.; Lo, E.H. Role of matrix metalloproteinases in delayed cortical responses after stroke. Nat. Med. 2006, 12, 441–445. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Park, J.H.; Ahn, J.H.; Kim, J.D.; Cho, J.H.; Lee, T.K.; Won, M.H. Stronger antioxidant enzyme immunoreactivity of Populus tomentiglandulosa extract than ascorbic acid in rat liver and kidney. Iran. J. Basic Med. Sci. 2019, 22, 963–967. [Google Scholar] [PubMed]

	



Yang, C.; Hawkins, K.E.; Dore, S.; Candelario-Jalil, E. Neuroinflammatory mechanisms of blood-brain barrier damage in ischemic stroke. Am. J. Physiol. Cell Physiol. 2019, 316, C135–C153. [Google Scholar] [CrossRef]

	



Yang, C.; DeMars, K.M.; Alexander, J.C.; Febo, M.; Candelario-Jalil, E. Sustained neurological recovery after stroke in aged rats treated with a novel prostacyclin analog. Stroke 2017, 48, 1948–1956. [Google Scholar] [CrossRef]








[image: Molecules 26 05430 g001 550] 





Figure 1. Experimental procedure. PTE is dissolved in saline, and orally administered once a day for 7 days before ischemic surgery. Experimental gerbils are sacrificed five days after 15-min transient forebrain ischemia (tFI) operation. 
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Figure 2. Representative HPLC chromatograms of standard (A) and PTE (B). The retention times of the standard samples (phenolic compounds) are 4.435 min (gallic acid), 12.935 min (catechin), 17.520 min (chlorogenic acid), 20.038 min (caffeic acid), 38.813 min (p-coumaric acid), and 60.100 min (ferulic acid). The retention times of the test sample (PTE) are 4.447 min (gallic acid), 12.948 min (catechin), 17.011 min (chlorogenic acid), 20.778 min (caffeic acid), and 38.865 min (p-coumaric acid). 
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Figure 3. Changes in locomotor activity of the vehicle/sham, PTE (50, 100, and 200 mg/kg)/sham, vehicle/tFI, and PTE (50, 100, and 200 mg/kg)/tFI groups at 1 day after tFI. Among the PTE (50, 100, and 200 mg/kg)/tFI groups, 200 mg/kg of PTE is effective on locomotor activity after tFI (n = 7 per group; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group). The bars indicate the means ± SEM. 
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Figure 4. CV staining in the striatum of the vehicle/sham (A,a,a’), vehicle/tFI (B,b,b’), PTE (50, 100, and 200 mg/kg)/sham (C,c,c’,E,e,e’,G,g,g’), and PTE (50, 100, and 200 mg/kg)/tFI (D,d,d’,F,f,f’,H,h,h’) groups at five days after sham and tFI. In the vehicle/tFI group, CV stainability is remarkably reduced in the medial (M) and dorsolateral (DL) fields. In the 50- and 100-mg/kg PTE/tFI groups, CV stainability is similar to that shown in the vehicle/sham group. However, in the 200-mg/kg PTE/TFI group, CV stainability is significantly conserved. LV, lateral ventricle. Scale bars = 400 μm (A–H) and 100 μm (a–h, a’–h’). 
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Figure 5. (A) FJB histofluorescence in the medial part (a–d) and dorsolateral part (e–h) of the striatum of the vehicle/sham (a,b), vehicle/tFI (c,d), 200-mg/kg PTE/sham (e,f), and 200-mg/kg PTE/tFI (g,h) groups at five days after sham or tFI. In the vehicle/tFI group, F-JB+ cells are remarkably increased in the medial (M) and dorsolateral (DL) parts. However, in the 200-mg/kg PTE/tFI group, F-JB+ cells are significantly reduced compared with those in the vehicle/tFI group. Scale bar = 50 µm. (B and C) Numbers of F-JB+ cells in the medial (B) and dorsolateral (C) parts of the striatum. The bars indicate the means ± SEM (n = 7; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group). 
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Figure 6. (A) IHC for GFAP in the striatum of the vehicle/sham (a,b), vehicle/tFI (c,d), 200-mg/kg PTE/sham (e,f), and 200-mg/kg PTE/tFI (g,h) groups at five days after sham or tFI. In the vehicle/tFI group, GFAP+ astrocytes are damaged (swollen cell body and destroyed processes) in the medial (M) and dorsolateral (DL) parts. However, in the 200 mg/kg PTE/tFI group, GFAP+ astrocytes are similar to those found in the vehicle/sham group. (B,C) ROD of GFAP+ astrocytes in the medial (B) and dorsolateral (C) parts of the striatum. The bars indicate the means ± SEM (n = 7; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group). 






Figure 6. (A) IHC for GFAP in the striatum of the vehicle/sham (a,b), vehicle/tFI (c,d), 200-mg/kg PTE/sham (e,f), and 200-mg/kg PTE/tFI (g,h) groups at five days after sham or tFI. In the vehicle/tFI group, GFAP+ astrocytes are damaged (swollen cell body and destroyed processes) in the medial (M) and dorsolateral (DL) parts. However, in the 200 mg/kg PTE/tFI group, GFAP+ astrocytes are similar to those found in the vehicle/sham group. (B,C) ROD of GFAP+ astrocytes in the medial (B) and dorsolateral (C) parts of the striatum. The bars indicate the means ± SEM (n = 7; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group).



[image: Molecules 26 05430 g006]







[image: Molecules 26 05430 g007 550] 





Figure 7. Double immunohistofluorescence for GFAP (green) and GLUT-1 (red) in the striatum of the vehicle/sham (A,B), vehicle/tFI (C,D), 200-mg/kg PTE/sham (E,F), and 200-mg/kg PTE/tFI (G,H) groups at five days after sham or tFI. In the vehicle/sham group, GFPA+ AEF (arrows) are easily shown in the medial (M) and dorsolateral (DL) parts. In the vehicle/tFI group, GFPA+ AEF are damaged (arrowheads); however, in the 200-mg/kg PTE/tFI group, GFAP+ AEF are preserved (white arrowheads). Scale bar = 50 μm. 
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Figure 8. (A) IHC for IgG in the striatum of the vehicle/sham (a,b), vehicle/tFI (c,d), 200-mg/kg PTE/sham (e,f), and 200 mg/kg-PTE/tFI (g,h) group at five days after sham or tFI. In the vehicle/ischemia group, IgG immunoreactivity remarkably increased in the medial (M) and dorsolateral (DL) parts. However, in the 200-mg/kg PTE/tFI group, IgG immunoreactivity is significantly low compared with that in the vehicle/tFI group. Scale bar = 50 µm. (B,C) ROD of IgG immunoreactivities in the medial (B) and dorsolateral (C) parts of the striatum. The bars indicate the means ± SEM (n = 7; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group). 






Figure 8. (A) IHC for IgG in the striatum of the vehicle/sham (a,b), vehicle/tFI (c,d), 200-mg/kg PTE/sham (e,f), and 200 mg/kg-PTE/tFI (g,h) group at five days after sham or tFI. In the vehicle/ischemia group, IgG immunoreactivity remarkably increased in the medial (M) and dorsolateral (DL) parts. However, in the 200-mg/kg PTE/tFI group, IgG immunoreactivity is significantly low compared with that in the vehicle/tFI group. Scale bar = 50 µm. (B,C) ROD of IgG immunoreactivities in the medial (B) and dorsolateral (C) parts of the striatum. The bars indicate the means ± SEM (n = 7; * p < 0.05, significantly different from vehicle/sham group, # p < 0.05, significantly different from vehicle/tFI group).



[image: Molecules 26 05430 g008]







[image: Table] 





Table 1. Phenolic compositions of PTE.
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	PTE (mg/g)





	Gallic acid
	1.4 ± 0.35



	Catechin
	9.1 ± 0.27



	Chlorogenic acid
	1.6 ± 0.86



	Caffeic acid
	4.1 ± 0.57



	p-coumaric acid
	2.1 ± 0.47



	Ferulic acid
	–
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