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Dax-1 (dosage-sensitive sex reversal adrenal hypoplasia congenital region on X-chromosome gene 1) blocks 17β-estradiol biosynthesis and its knockdown would be expected to increase 17β-estradiol production. We hypothesized that knockdown of Dax-1 in a conditionally immortalized neural stem cell (NSC) line, MHP36, is a useful approach to increase 17β-estradiol production. Short hairpin (sh) RNA targeted to Dax-1 in NSCs, namely MHP36-Dax1KD cells, resulted in the degradation of Dax-1 RNA and attenuation of Dax-1 protein expression. In vitro, MHP36-Dax1KD cells exhibited overexpression of aromatase and increased 17β-estradiol secretion compared to MHP36 cells. As 17β-estradiol has been shown to promote the efficacy of cell therapy, we interrogated the application of 17β-estradiol-enriched NSCs in a relevant in vivo disease model. We hypothesized that MHP36-Dax1KD cells will enhance functional recovery after transplantation in a stroke model. C57BL/6 male adult mice underwent ischemia/reperfusion by left middle cerebral artery occlusion for 45 min using an intraluminal thread. Two days later male mice randomly received vehicle, MHP36 cells, MHP36-Dax1KD cells, and MHP36 cells suspended in 17β-estradiol (100 nm) or 17β-estradiol alone (100 nm) with serial behavioral testing over 28 days followed by post-mortem histology and blinded analysis. Recovery of sensorimotor function was accelerated and enhanced, and lesion volume was reduced by MHP36-Dax1KD transplants. Regarding mechanisms, immunofluorescence indicated increased synaptic plasticity and neuronal differentiation after MHP36-Dax1KD transplants. In conclusion, knockdown of Dax-1 is a useful target to increase 17β-estradiol biosynthesis in NSCs and improves functional recovery after stroke in vivo, possibly mediated through neuroprotection and improved synaptic plasticity. Therefore, targeting 17β-estradiol biosynthesis in stem cells may be a promising therapeutic strategy for enhancing the efficacy of stem cell-based therapies for stroke.
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INTRODUCTION

Ischemic stroke is a major cardiovascular disease that causes 5 million deaths with a further 5 million people being permanently disabled worldwide every year. Stem cell technology is aimed at accelerating and augmenting functional recovery after stroke (Hermann et al., 2014). In animal models of ischemic stroke mesenchymal stem cells, neural stem cells (NSCs) and induced pluripotent stem cells have been shown to improve recovery and infarct size (for systematic review see Zhang et al., 2021). A “first in man study”, the Pilot Investigation of Stem Cells in Stroke (PISCES) clinical trials show the feasibility of intracerebral implantation of human neural stem cells (NSCs) after stroke with improvements shown in residual but not absent upper limb function at baseline in their phase two trials (Muir et al., 2020). However, increasing evidence suggests we need to increase the therapeutic efficacy of the transplanted cells to enhance stroke recovery (Hermann et al., 2014; Damian et al., 2021). These improvements may be achieved by manipulating17β-estradiol (Liang et al., 2016; Li et al., 2020; Mihai et al., 2021). 17β-estradiol has beneficial effects on various stem cells and progenitor cells in improving recovery after myocardial ischemia (Yuan et al., 2018) and cerebral ischemia (Liang et al., 2016). In addition, 17β-estradiol has neuroprotective and neuroregenerative effects in experimental cerebral ischemia (Hurn and Macrae, 2000; Horsburgh et al., 2002; Liu et al., 2007; Etgen et al., 2011; Lu et al., 2020). Some of these effects may be mediated by 17β-estradiol-induced expression of growth factors and their receptors (e.g., insulin-like growth factor-1, Sohrabji, 2015). However beneficial effects of 17β-estradiol are not translated clinically and may even worsen stroke (Wassertheil-Smoller et al., 2003). Detrimental effects are proven in preclinical stroke models (Carswell et al., 2004; Bingham et al., 2005; Strom et al., 2011), potentially due to systemic 17β-estradiol treatment that is too late after menopause (Hodis et al., 2016; Guo et al., 2020) or that is supraphysiological (Carswell et al., 2009; Strom et al., 2009). Therefore, to harness beneficial 17β-estradiol effects, while circumventing potential detrimental systemic effects, we genetically modified NSCs to overexpress 17β-estradiol.

Maudsley hippocampal murine neural progenitor line clone 36 (MHP36) cells (Sinden et al., 1997) migrate to injury sites (Ransohoff, 2007), functionally integrate into the damaged brain (Gray et al., 2000), promote brain repair (Lee et al., 2010), and restore cognitive and functional deficits (Gray et al., 2000; Modo et al., 2002; Patkar et al., 2012) after various types of neurological damage including stroke. Importantly, MHP36 cells exhibit temperature-sensitive control over cell division at body temperature and have not given rise to tumors months after in vivo engraftment in any of the studies (e.g., Gray et al., 2000). In terms of therapeutic value, human equivalents to MHP36 cells, conditionally immortalized using mycER, are currently in phase two clinical trials for stroke (Muir et al., 2020). Therefore, MHP36 cells would not be considered equivalent to an in vivo population of NSCs but have potential as therapeutic vehicles to mediate the repair of neurological damage. It is precisely these above-mentioned properties that make MHP36 cells, a bona fide murine NSC line, amiable to genetic manipulation to enhance their therapeutic efficacy.

Dax-1 [dosage-sensitive sex reversal, adrenal hypoplasia congenita (AHC) critical region on the X chromosome, gene 1] is a negative regulator of steroidogenesis. Dax-1 represses the trans-activation of the aromatase gene (Wang et al., 2001) which encodes the enzyme that converts testosterone to 17β-estradiol. Therefore, the knockdown of Dax-1 in MHP36 cells (MHP36-Dax1KD) is expected to raise aromatase expression and increase 17β-estradiol production (Patkar et al., 2009; Patkar, 2010). We hypothesize that Dax-1 knockdown by short hairpin RNA targeted to Dax-1 is a potential target for increasing 17β-estradiol secretion in stem cells in vitro. Further, taking advantage of stem cells’ innate capacity to migrate to sites of injury to deliver sustained 17β-estradiol levels locally to the brain lesion, we hypothesize that 17β-estradiol overexpressing NSCs will improve functional recovery after stroke compared to non-modified NSCs and/or 17β-estradiol in vivo. We report in vitro on the characterization of MHP36-Dax1KD cells for 17β-estradiol and in vivo on sensorimotor functional recovery and mechanistic insight after MHP36-Dax1KD transplants.



MATERIALS AND METHODS


Derivation and culturing of NSCs line

MHP36 cells were derived from the H-2Kb-tsA58 transgenic embryonic mouse hippocampal neuroepithelium (Sinden et al., 1997). Therefore, in vitro at the permissive temperature of 33°C, MHP36 cells may be maintained and expanded in an undifferentiated state. However, in vivo (after transplantation) at temperatures 37–39°C, MHP36 cells cease to divide, hence reducing the risk of tumor formation in vivo, and entering the pathway to differentiation (Gray et al., 2000). MHP36 and MHP36-Dax1KD were cultured from frozen stocks and maintained at 33°C in DMEM/F12 (Gibco, UK) with the various additives as previously described (Patkar et al., 2012).



Genetic modification of NSCs to overexpress 17β-estradiol and their characterization

A lentiviral vector system was used for silencing Dax-1. The insert was a short hairpin RNA (shRNA) targeted to Dax-1 (Mission RNAs from Sigma) which resulted in the degradation of Dax-1 RNA and, in turn, the attenuation of Dax-1 protein expression. Lentiviral particles, made using standard protocols, were used to transduce NSCs at various multiplicity of infection. Stably expressing MHP36 cells were then selected using 10 μg/ml puromycin (Sigma-Aldrich, UK). The level of expression for Dax-1 and aromatase were determined using immunofluorescence and Western blotting and the production of 17β-estradiol was determined using commercially available estradiol ELISA kit in vitro (DRG International Inc., USA). Immunofluorescence, Western blotting, and RT-PCR were used to show the presence of estrogen receptors (n = 3 independent experiments per group).



Immunofluorescent staining of MHP36 and MHP36-Dax1KD cells

MHP36 and MHP36-Dax1KD cells were grown on fibronectin-coated cover slips and fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min then in cold methanol for 10 min. Non-specific binding was blocked (1% (w/v) bovine serum albumin (BSA) in PBS for 1 h at room temperature). The primary antibodies used were: rabbit anti-aromatase (1:100, gift from J. Hutchison and L. Garcia-Segura, Spain), mouse anti-ERα (1:100, Novachem, UK), mouse anti-ERβ (1:50, CO1531, gift from G. Greene), rabbit anti-GPR30 (1:200, Abcam, UK), and rabbit anti-Dax-1 (1:200, Abcam, UK). After overnight incubation at 4°C, secondary antibodies raised against rabbit IgG bound to Texas red (Vector labs), mouse IgG bound to Alexafluor 555 (Chemicon, UK), and mouse IgG bound to fluorescein isothiocyanate (Sigma-Aldrich, UK) at a dilution of 1:100 in PBS for 1 h were used before mounting with Vectashield with DAPI (Vector Labs, UK) then viewed and photographed using a Nikon Eclipse E600 Oil Immersion microscope connected to a photometrics (CoolSnapFx) digital camera managed by MetaMorph software (Molecular Devices, UK). A negative control was included in every run which included no primary antibody incubation. The acquired images were analyzed using standard procedures, including spatial calibration, image acquisition, and thresholding. MCF7 cells were used as positive controls for ERα and GPR30.



Western blotting of MHP36 and MHP36-Dax1KD cells

Whole cell extracts were prepared by harvesting cells in 1× loading buffer (2% w/v SDS, 50 mm dithiothreitol, 10% (v/v) glycerol, 63 mm Tris-HCl (pH 6.8), 5 mm EDTA, and 2 mm NaP2O7, 0.007% w/v bromophenol blue). Proteins were separated on a 10% Medium polyacrylamide denaturing gel using a running buffer for 90 min at a constant voltage (120 V), electrophoretically transferred using transfer buffer to a nitrocellulose membrane (Amersham Pharmacia Biotech, UK) for 90 min at a constant current (300 mA). The membrane was blocked for 90 min at room temperature with 2% (w/v) BSA made in NATT buffer and then probed with the primary antibody in 0.2% (w/v) BSA in NATT, overnight. After being washed in NATT for 90 min, the membrane was incubated for 90 min with a specific secondary antibody (Peroxidase-AffiniPure Goat Anti-Rabbit IgG, Donkey Anti-Mouse IgG, Stratech Scientific Ltd, UK) at 1:7,500 dilution in 0.2% BSA in NATT. The signal was developed by enhanced chemiluminescence (Amersham Pharmacia Biotech, UK) and visualized on a Kodak BioMax film. Blots were stripped and re-probed with anti-GAPDH (AbCam, UK) or total anti-p38 (SantaCruz Biotechnology, UK) antibody at 1:15,000/1:10,000 dilutions as an internal control for loading, respectively. Primary antibodies used: Rabbit against- aromatase, Dax-1, GPR30; Mouse against- ERα (sources detailed above). MCF7 cells were used as validation controls, run across multiple blots.



Reverse Transcriptase (RT)-PCR of MHP36 and MHP36-Dax1KD cells

RNA was extracted from MHP36 and MHP36-Dax1KD cells using the GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, UK) according to the manufacturer’s instructions. First-strand synthesis was carried out using Superscript III (Invitrogen) with a NV-Clamped Oligo d(T)18 primer. The PCR primers were designed in-house and were as follows: ERα (sense—5’-AAT TCT GAC AAT CGA CGC CAG-3’; antisense—5’-GTG CTT CAA CAT TCT CCC TCC TC-3’); ERβ (sense—5’-CTT GGT CAC GTA CCC CTT AC-3’; antisense—5’-GTA TCG CGT CAC TTT CCT TT-3’); GPR30 (sense—5’-CCT TAA GCT GCT GGA ATT GTG G-3’; antisense—5’-GCC GCC AGG TTG ATG AAG TAC-3’). Endpoint RT-PCR was performed by using HotStarTaq Plus Master Mix Kit (Qiagen). The RT-PCR protocol had an initial activation step of 5 min at 95°C followed by 30 cycles at 94°C for 1 min, 60°C for 30 s, and 72°C for 1 min and was performed on a Primus-96 thermal cycler (MWG-Biotech, UK). Amplicons underwent 2% (w/v) tris-boric acid-EDTA agarose gel electrophoresis with ethidium bromide staining and visualized under UV. The PCR products were gel isolated using the QIAquick Gel Extraction kit (Qiagen), and sequenced in both directions using BigDye Terminator v3.1 Chemistry (Applied Biosystems, UK) and a 3100-Avant Genetic Analyzer (Applied Biosystems, UK). Querying the GenBank database with the obtained sequences provided confirmation of the identity of the amplicons. Ovary and testis are used as positive controls for estrogen receptors.



ELISA of MHP36 and MHP36-Dax1KD cells and supernatants

The assay used to measure 17β-estradiol levels was designed to analyze human plasma. The steroid releasing agent was not designed to remove rodent binding proteins. Therefore, the 17β-estradiol was first extracted from the NSCs or supernatant (media) after 48 h of plating and reconstituted in steroid-free human serum (DRG International Inc., USA) before using the 17β-estradiol immunoassay (ELISA, DRG International Inc., USA). Briefly, to 200 μl of the sample, 800 μl of methanol was added to an Eppendorf and subsequently vortexed for 1 min. The samples were then centrifuged at 10,000 rpm for 5 min. The supernatant was vacuum-dried (Savant Instruments Inc., USA) until only a white residue (the 17β-estradiol) remained (5 h). This was reconstituted with 100 μl of steroid-free human serum and vortexed thoroughly. The sample was now 2.0 times more concentrated and was ready to be measured using the ELISA kit. Mouse plasma (female 129svJ mouse) was used as a positive control.



Surgery for MCAO, laser doppler flowmetry, grafting, and outcome measures

Twenty-four male C57BL/6 mice (Charles River, UK) (12–14 weeks old, 25–30 g) were used, housed in a controlled environment with a 12:12 h light cycle beginning at 06:00 and temperature maintained at 22°C and allowed ad libitum access to food and water. The experiment complied with the UK Animals (Scientific) Procedures Act (1986) with approval by the Home Office of the United Kingdom (Project License number 60/4469) and Ethical Review of the University of Strathclyde and in adherence with ARRIVE guidelines (Percie du Sert et al., 2020).

Following completion of baseline testing, focal ischemia was induced within the left hemisphere by transient (45 min) middle cerebral artery occlusion (MCAO) using the intraluminal thread model, an occlusion time we have previously found to exhibit no mortalities (Patkar et al., 2012). Briefly, mice were anesthetized with 3% isoflurane (Bimeda-MTC Animal Health Incorporated, UK) mixed with 1% oxygen and maintained with 1.5 ± 0.25% isoflurane. The core body temperature was regulated at 37 ± 0.5°C and a 7–0 silicone monofilament (Doccol Ltd., UK) was introduced into the external carotid artery and advanced along the internal carotid artery until occluding the origin of the MCA. Animals were maintained on 1.25% isoflurane during the occlusion time. After 45 min, the filament was withdrawn to establish reperfusion, an occlusion duration shown in a pilot study to induce cortical as well as striatal damage. Sham-operated mice underwent the same procedure except the filament was not advanced along the internal carotid artery.

In each animal, laser Doppler flowmetry (Moor Instruments, UK) was used to monitor cerebral blood flow (CBF) continuously, before and during MCAO as well as during reperfusion. Briefly, a small incision of the skin overlying the temporalis muscle was made and a 0.7 mm, flexible, laser Doppler probe (model P10; Moor Instruments, UK) was positioned on the superior portion of the temporal bone and secured with glue. This position corresponded to the MCA territory. Animals were included only when CBF was reduced by ≥85% during ischemia, and successful reperfusion was subsequently achieved. No animals were excluded.

Two days post-MCAO mice were randomly allocated to receive ipsilateral cortical and striatal grafts of vehicle (1 mm N-acetyl-l-cysteine plus 0.0001% v/v ethanol; n = 4), MHP36 (n = 4), MHP36-Dax1KD (n = 6), MHP36 cells suspended in 17β-estradiol [MHP36+E2 (100 nm; n = 6) or 17β-estradiol alone (100 nm; n = 4)], based on previous pilot experiments. The vehicle was used to suspend cells and for the final dilution of 17β-estradiol to 100 nm, a concentration previously shown to improve stem cell efficacy (Yuan et al., 2018). Before grafting, cells were labeled with the membrane-bound fluorescent marker PKH26 (Sigma, UK), as previously described (Modo et al., 2002). PKH26 has been found to be a reliable marker of transplanted cells (Nicholls et al., 2017). Labeled cells were suspended in 1 mm N-acetyl-l-cysteine (Sigma-Aldrich, UK) plus 0.0001% v/v ethanol in HBSS without Ca2+ or Mg2+ at a concentration of 25,000 cells/μl. Viability was assessed using trypan blue exclusion in a hemocytometer. Pre-graft viability averaged 90% and post-graft viability averaged 78%. Mice were anesthetized with isoflurane (3% induction, 1.5% maintenance) and mounted on a stereotaxic frame. A 2-μl Hamilton syringe with a 32-gauge beveled needle was descended (Medial/Lateral + 2 mm, Anterior/Posterior -0.26 mm relative to Bregma) through a burr hole to a depth of -1.5 mm (cortical graft) from the surface of the brain. Cell suspension or vehicle (0.5 μl) was injected over 2 min and the syringe was left in place for another 2 min then a second injection was made at depth of -3 mm (striatal graft). A total of 25,000 cells were implanted into each animal. The 48-h time is when the lesion has, at least almost, fully evolved (Rewell et al., 2017). From this time point, alterations in plasticity can be promoted by stem cells resulting in the recovery of function in previous studies (Patkar et al., 2012). Therefore, this time point was chosen as it is deemed to be late enough to limit stem cell effects on evolving lesion and to allow recovery time between surgeries, and early enough to promote brain plasticity to allow us to observe effects on recovery of function.



Behavioral tests

The mice were handled extensively and habituated to the testing location and apparatus prior to training and testing. Baseline testing was completed 2 days prior to MCAO. Video recordings of the foot fault (ladder rung) test and spontaneous forelimb (cylinder) test were performed by a blinded investigator pre-MCAO and at 2, 7, 14, and 28 days post-MCAO. Foot fault tests have commonly been used as an efficient and sensitive test strategy for chronic assessment of skilled fore- and hind-limb stepping in mice. Mice were tested on the ladder as previously described (Patkar et al., 2012) and each step was scored according to the quality of limb placement based on the scale adapted from Metz and Whishaw (2002). The cylinder test detects even mild asymmetries while factoring out confounding variables such as an overall decrease in activity as additional trials can be performed. Mice were tested in the cylinder as previously described (Schallert et al., 2000) and the laterality score was computed as follows: (# of right only − # of left only)/(# of right only + # of left only + # of both). Normal uninjured performance, for an animal with no preference for right or left forelimb, is at or near zero. Additional two-min trials were performed until at least 10 rearing observations were made. The mice were filmed with a high-speed Panasonic digital camcorder (30 frames/s; shutter speed of 1/1,000). The digital videotapes were analyzed using an HP Pavilion DV2000 laptop. Single frames were imported from the digital video records using a Windows media player on a Windows operating system. For performance of behavior and in all analysis the experimenter was blinded to which treatment mice received.



Histology and immunofluorescence

After 28 days, mice were perfused through the heart with 0.9% w/v physiological saline followed by 4% PFA. The brains were removed and cryo-protected in a 30% w/v sucrose solution for 48 h and sectioned into 20 μm thick sections.

For lesion volume measurement, eight coronal levels were selected from the mouse atlas (-3.78, -2.75, -1.75, -1.05, -0.38, +0.145, +0.945 and +2.2 mm with respect to Bregma) and stained with hematoxylin and eosin. Areas of ischemic damage were delineated on to scale diagrams representing the eight coronal levels and then measured by means of an MCID image-analysis system. Total volume (mm3) of ischemic damage was calculated by the integration of areas (mm2) with the distance between each coronal level (mm) with 2.9 mm (rostral limit) and -4.9 mm (caudal limit) with respect to Bregma as the end points.

For immunostaining, three animal brains were randomly selected where possible to avoid bias selection and serial coronal sections stained for the different immunostaining markers. Region of interest (ROI) consisted of the ipsilateral striatum and somatosensory cortex within each brain and for synaptophysin also consisted of the corresponding contralateral ROIs (Bregma 0.3 ± 0.1 mm). Two images were taken in each ROI for quantification. No comparisons were made between the cortex and striatum. The images were acquired using a Leica Epi-fluorescence microscope (Leica Microsystems, Germany) with 200×, 400×, and 100× oil-immersion objectives connected to Metamorph-Pro software. During image acquisition, the threshold and gain on the confocal laser microscope were set using the control for each run of staining. This helped to subtract the background fluorescence. The average intensity in the ROI per area of field of view for mouse anti-glial fibrillary acidic protein (GFAP, Sigma, UK), mouse anti-2’,3’-Cyclic Nucleotide 3’-Phosphodiesterase (CNPase, Chemicon, UK), goat anti-IBA-1 (Abcam, UK) and mouse anti-synaptophysin (Syn, Abcam, UK) was measured using Image J software (Schneider et al., 2012). The obtained values used for graphical representation are a ratio of intensity and area. Percentages of neuronal differentiation (chicken anti-microtubule-associated protein (MAP-2, Chemicon, UK)) and synaptic plasticity (rabbit anti-GAP-43 (growth-associated protein-43), Abcam, UK) were determined by counting the number of cells co-localizing with PKH26 to the total number of PKH26-positive cells within the same field (Nicholls et al., 2017). In all analysis, the experimenter was blinded to which treatment mice received.


Statistical analysis

Statistical comparisons in cylinder and ladder rung tests were made using repeated measures ANOVA. Statistical comparisons for all other analyses were done by two-way ANOVA with a post-hoc Bonferroni’s test to correct for multiple comparisons or an unpaired t-test where two groups were compared. A p-value of less than 0.05 was chosen as the significance level for all statistical analyses. All data are presented as mean ± standard error of the mean.





RESULTS


MHP36-Dax1KD cells exhibited increased 17β-estradiol synthesis in vitro

A significant decrease in Dax-1 expression and a concomitant significant increase in aromatase expression were achieved in MHP36-Dax1KD when compared to MHP36 confirming successful Dax-1 knockdown (Figure 1). Levels of 17β-estradiol were significantly increased in the media and cells in MHP36-Dax1KD when compared to MHP36 bringing levels from low to high physiological (Figure 1). Immunostaining indicated that MHP36 cells expressed GPR30 and ERβ, but negligible ERα which was supported by Western blots. MHP36-Dax1KD displayed an increase in ERα and ERβ but not GPR30 compared to MHP36, indicated by immunostaining and RT-PCR bands (Figure 2).
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FIGURE 1. Characterization of MHP36-Dax1KD for 17β-estradiol. Knockdown of expression of Dax-1 and overexpression of aromatase in MHP36-Dax1KD when compared to MHP36 cells using (A,B) Western blotting (graphical representation expressed as a ratio over total p38 or GAPDH) and (C,D) immunofluorescence (graphical representation expressed as mean intensity per pixel of protein of interest). (E) Levels of 17β-estradiol released into the media and produced by MHP36 and MHP36-Dax1KD cells using ELISA with plasma (female 129svJ mouse) as a positive control to show alignment with physiological levels (*p < 0.05, **p < 0.01, ***p < 0.001, unpaired t-test, n = 3).
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FIGURE 2. Characterizing the MHP36 and MHP36-Dax1KD for estrogen receptors (ER). (A) Immunofluorescence staining (top panel) for ERα in MHP36, MHP36-Dax1KD, and MCF-7 cells (positive for ERα; Bars: 20 μm), with co-localization shown in enlarged images. Western blotting (bottom left panel) and RT-PCR (bottom right panel) confirming immunostaining results, ovary used as positive for ERα. (B) Immunofluorescence staining (top panel) for ERβ in MHP36 (cytoplasmic staining) and MHP36-Dax1KD (nuclear staining) cells (Bars: 20 μm). RT-PCR (bottom panel) confirming immunostaining results, testis used as positive for ERβ. (C) Immunofluorescence staining (co-localization shown in enlarged images) and Western blotting (top and bottom left panel) for GPR30 in MHP36, MHP36-Dax1KD, and MCF-7 cells (positive for GPR30; Bars: 20 μm). RT-PCR (bottom right panel) confirming immunostaining results, testis used as positive for GPR30 (representative images of n = 3).





MHP36-Dax1KD grafts completely restored spontaneous forelimb use symmetry

In the cylinder test, there was a significant preference for ipsilateral (non-impaired) forelimb usage in MCAO animals at 2 days post-MCAO when compared to pre-MCAO scores in all injection groups (Figure 3A). Significant preferences for non-impaired forelimb were still evident at 28 days post-MCAO after vehicle or 17β-estradiol (E2). A highly significant preference for the contralateral (“impaired”) forelimb was observed at 28 days post-MCAO after MHP36 (laterality score = -0.55 ± 0.12) or MHP36 plus E2 (-0.43 ± 0.035), whereas complete restoration of spontaneous forelimb use symmetry to pre-MCAO baseline scores was achieved by 28 days post-MCAO after MHP36-Dax1KD grafts (-0.03 ± 0.12, n.s.).
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FIGURE 3. MHP36-Dax1KD grafts restored functional recovery using spontaneous forelimb use asymmetry test and foot fault test. (A) A significant asymmetry on cylinder testing at 2 days post-MCAO was observed in all groups. MHP36-Dax1KD improved the functional recovery to pre-MCAO score (***p < 0.001 pre-MCAO vs. 2 days post-MCAO in all groups; #p < 0.05, ##p < 0.01 pre-MCAO vs. 28 days,ωωωp < 0.001 MHP36 and MHP36+E2 vs. vehicle and MHP36-Dax1KD at 28 days post-MCAO, repeated measures ANOVA; n ≥ 4). (B) A significant stepping error, on the ladder rung test, at 2 days post-MCAO was observed in all groups. MHP36-Dax1KD grafts not only improved recovery at 28 days (n.s. vs. pre-MCAO) but also accelerated recovery of limb function at 14 days (*** p < 0.001 pre-MCAO vs. 2 days post-MCAO in all groups; #p < 0.01, ##p < 0.001 pre-MCAO vs. 28 days post-MCAO; δδδ p < 0.001 2 days post-MCAO vs. 14 days post-MCAO; repeated measures ANOVA; vehicle n = 4, MHP36 n = 4, MHP36-Dax1KD n = 6, MHP36+E2 n = 6, E2 n = 4).





MHP36-Dax1KD grafts accelerated and restored limb function

In the ladder test, there was a significant increase in placement errors of the contralateral (“impaired”) forelimb in all groups (Figure 3B) at 2 days post-MCAO when compared to pre-MCAO scores. A significant deficit was still evident at 28 days post-MCAO in all groups except after MHP36-Dax1KD transplantation. Restoration of function was observed by 28 days post-MCAO after MHP36-Dax1KD treatment (5.07 ± 0.125) when compared to pre-MCAO scores (5.73 ± 0.081, n.s.). In addition, recovery of limb function was accelerated (observed at 14 days post-MCAO) after MHP36-Dax1KD treatment (p < 0.001).



MHP36-Dax1KD grafts reduced lesion size, promoted plasticity and integration in the host brain

At 28 days post-MCAO, there was a significant decrease in lesion volume in MHP36-Dax1KD grafted mice (12.0 ± 1.66 mm3) compared to vehicle (18.5 ± 1.34 mm3, *p < 0.01; Figures 4A–C). At the time of MCAO (prior to transplantation) all animals showed a similar reduction in cerebral blood flow (≥85%) and similar reperfusion post-occlusion (Figure 4D). Hence, differences in infarcts were not attributed to differences in blood flow reduction or reperfusion as a result of the MCAO procedure. Using the mouse anti-synaptophysin antibody, a significant increase in mean intensity was observed in MHP36-Dax1KD grafted mice compared to MHP36 (Figure 5). PKH26/GAP-43 co-localized cells were observed in the peri-lesion cortex with a significant increase in GAP-43 expression in MHP36-Dax1KD mice compared to MHP36 (Figure 6). Significant increases in MAP-2/PKH26 co-localizing cells (Figures 7A,B) and the number of MAP-2+vecells in peri-infarct cortex were observed in MHP36-Dax1KD compared to MHP36 transplanted mice (Figure 7C), whereas no differences in GFAP, CNPase, or IBA-1+ve staining amongst groups were observed (Figure 8).
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FIGURE 4. MHP36-Dax1KD grafts reduced lesion size at 28 days post-MCAO with no differences in cerebral perfusion at the time of MCAO. (A) Median representatives of the topography of lesion in animals receiving either vehicle or MHP36-Dax1KD represented as shaded area on line diagrams of eight coronal levels. (B) Graphical representation of the topography of lesion over the eight coronal levels. (C) Bar graph representing lesion volumes measured in all experimental groups. A significant decrease in lesion volume was observed between MHP36-Dax1KD and vehicle treated (*p < 0.01, one-way ANOVA, post-hoc Bonferroni’s test to correct for multiple comparisons). (D) Cortical blood flow before, during and after MCAO, using laser Doppler flowmetry, presented as a percentage change from baseline blood flow (100%) (CCA = common carotid artery; vehicle n = 4, MHP36 n = 4, MHP36-Dax1KD n = 6, MHP36+E2 n = 6, E2 n = 4).
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FIGURE 5. MHP36-Dax1KD grafts increased expression of synaptophysin in the host brain. (A) Peri-infarct region of interest in the MHP36 and MHP36-Dax1KD injected animals stained with synaptophysin (scale bar = 100 μm) and schema of the coronal level at Bregma: -0.3 ± 0.10 mm showing region of interest by black box. (B) PKH26-labeled MHP36 and MHP36-Dax1KD co-localized with synaptophysin positive staining at 28 days post MCAO (scale bar = 5 μm; region of interest is red box in schema of coronal level in A), with co-localization shown in enlarged images. (C) Graphical representation of mean average intensity of synaptophysin in all experimental groups (**p < 0.01; ***p < 0.001 ipsilateral (I) vs. contralateral (C); ###p < 0.001 vs. vehicle in ipsilateral hemisphere; δp < 0.05 MHP36 vs. MHP36-Dax1KD); two-way ANOVA, post-hoc Bonferroni’s test to correct for multiple comparisons (n = 3 all groups).
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FIGURE 6. MHP36-Dax1KD grafts increased expression of GAP-43 in the host brain. (A) MHP36-Dax1KD and MHP36 grafts expressed the marker for synaptic plasticity GAP-43 (scale bar = 20 μm, Bregma: -0.3 ± 0.10 mm) and at higher magnification, PKH26 labeled MHP36-Dax1KD co-localizing with GAP-43 (white inset; scale bar = 5 μm). (B) Percentage of PKH26-labeled cells co-localizing with GAP-43 in the cortex at 28 days post-MCAO in animals grafted with MHP36 and MHP36-Dax1KD (*p < 0.05; n = 3 all groups).




[image: image]

FIGURE 7. MHP36-Dax1KD grafts promoted neuronal differentiation in the host brain. (A) Peri-infarct cortex in mice receiving the PKH26 labeled MHP36 and MHP36-Dax1KD stained with MAP-2 (scale bar = 50 μm, Bregma: -0.3 ± 0.10 mm), with co-localization shown in enlarged images. (B) Percentage of PKH26 positive cells co-localizing with MAP-2 in the MHP36 and MHP36-Dax1KD grafted animals. (C) Number of MAP-2 stained neurons across all groups (*p < 0.05, **p < 0.01; n = 3 all groups).
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FIGURE 8. Mean intensity staining for markers of astrocytes, oligodendrocytes, and microglia. Graphical representation of mean average intensity staining in the peri-infarct cortex for (A) GFAP (astrocytes), (B) CNPase (oligodendrocytes), and (C) IBA-1 (microglia) markers in all experimental groups, with representative images from MHP36 and MHP36-Dax1KD on right. There was no statistical difference in expression profiles across the experimental groups; n = 3.






DISCUSSION

The key findings of the present study are that: (1) Dax-1 knockdown increased 17β-estradiol secretion from NSCs and; (2) MHP36-Dax1KD transplants enhanced the functional recovery and reduced infarct volume in vivo after experimental stroke.

We used Dax-1 knockdown to overexpress 17β-estradiol in NSCs, given that Dax-1 functions as a repressor of trans-activation of the aromatase gene. Indeed, we showed that MHP36-Dax1KD cells exhibited increased aromatase overexpression and increased 17β-estradiol production. This is fitting with a previous study where targeted disruption of Dax-1 resulted in aromatase overexpression (Wang et al., 2001) with no alterations in the expression of other proteins (e.g., StAR and Cyp11a). Immunostaining and RT-PCR indicated that MHP36-Dax1KD cells may exhibit increased expression of ERβ and ERα but not GPR30 which is consistent with the finding that Dax-1 acts as a repressor of nuclear receptors (Jadhav et al., 2011). Finally, MHP36-Dax1KD cells secreted increased 17β-estradiol by 2.5 fold compared to MHP36 cells in vitro. As far as we are aware, this is the first study to identify Dax-1 knockdown as a useful target to increase 17β-estradiol secretion from stem cells. This strategy could be exploited therapeutically for diseases where 17β-estradiol is beneficial including stroke.

We, therefore, interrogated the application of 17β-estradiol overexpressing NSCs in a relevant disease model in vivo. Indeed, we found that MHP36-Dax1KD cells enhanced functional recovery and reduced lesion size in vivo after experimental stroke. Whilst Dax-1 regulates a variety of other functions relevant to stroke (e.g., progesterone and androgen receptors; Jadhav et al., 2011), we attribute, at least in part, these in vivo effects to the local production of 17β-estradiol of the implanted cells as these manipulated cells have increased 17β-estradiol production when cultured in vitro. There is a wealth of studies showing 17β-estradiol improves stroke outcomes (for reviews see Hurn and Macrae, 2000; Etgen et al., 2011) including improved functional recovery after stroke (Li et al., 2010).

We found that functional recovery was accelerated and enhanced in MHP36-Dax1KD mice. This is important because functional recovery after stroke in humans is slow and often incomplete. In the foot fault test, MHP36-Dax1KD transplants not only completely restored limb function to pre-MCAO baseline scores by 28 days post-MCAO but also accelerated recovery of limb function to 14 days post-MCAO. In the cylinder test, MHP36-Dax1KD completely restored symmetry to pre-MCAO scores by 28 days post-MCAO supporting our foot fault test results. However, the preferred use of the contralateral (“impaired”) paw in the unmodified MHP36 and MHP36+E2 groups is a surprising result. In order to understand this result, we compared synaptic plasticity in ipsilateral vs. contralateral hemispheres. Neuronal connections are continuously remodeled and suffer intense adaptive functional and structural reorganization after lesions (Carmichael, 2003; Rossi et al., 2007; Giraldi-Guimaraes et al., 2009). In line with other studies showing 17β-estradiol increases synaptogenesis (Sellers et al., 2015), we observed increased synaptogenesis in the ipsilateral compared to the contralateral hemisphere, which could explain the preferred use of the contralateral vs. ipsilateral paw. However, increased ipsilateral synaptogenesis was observed across the treatment groups and was especially enhanced in the MHP36-Dax1KD group (vs. the unmodified MHP36 group) where there was no opposite asymmetry. Enhanced synaptogenesis in MHP36-Dax1KD vs. MHP36 grafted mice was supported by a significant increase in the percentage of MHP36-Dax1KD cells co-localized with GAP-43, a presynaptic marker of axonal and synaptic growth. In addition, co-localization with neuronal marker MAP-2 indicated increased neuronal differentiation in the MHP36-Dax1KD vs. unmodified NSC grafted animals, whereas lack of changes in GFAP and CNPase staining amongst groups possibly indicate grafted cells did not differentiate into astrocytes or oligodendrocytes, respectively. In summary, based on two behavioral tests, chosen for their ability to detect deficits at chronic time-points, overexpressing 17β-estradiol NSCs improved functional recovery to pre-MCAO baseline levels, possibly mediated, at least in part, by inducing more intensive plastic changes.

We were surprised that lesion size was significantly reduced by MHP36-Dax1KD 48 h post-MCAO. This is of particular interest, as the therapeutic window of 17β-estradiol neuroprotection has been reported to be narrow (6 h) in previous studies (Liu et al., 2007; Lu et al., 2020). Given the challenges of early time to hospital presentation for acute stroke patients render many ineligible for thrombolytic therapy, extending the therapeutic window of neuroprotection to 48 h in the present study is a novel and important finding and is possibly mediated by beneficial effects on secondary damage due to the presence of sustained exposure to high levels of local cellular production of 17β-estradiol at the lesion site. This would explain the lack of neuroprotection by 17β-estradiol alone (no stem cells) as those animals would be exposed to only transient levels of 17β-estradiol, given that 17β-estradiol is highly diffusible and metabolizes quickly in the injured brain (Lidin et al., 2022). Whist 17β-estradiol has been previously been shown to promote the efficacy of cell therapy by pre-conditioning or co-administration systemically (Liang et al., 2016; Yuan et al., 2018), further studies would be required to confirm the role of local cellular production of 17β-estradiol in the present study, possibly by blocking 17β-estradiol synthesis or antagonizing the response. Also worthy of consideration is whether the cellular production of 17β-estradiol stimulates additional growth factor synthesis from NSCs which could play a role in the beneficial effects. Nevertheless, as far as we are aware, this is the first study that has shown 17β-estradiol neuroprotection as long as 48 h after stroke. Therefore, administering cells that synthesize and deliver17β-estradiol into the lesion site at a relatively late time (48 h) after the ischemic event could be a clinically relevant strategy.

Taking advantage of stem cells’ migratory properties to deliver neuroprotective/regenerative agents locally to the site of brain injury is not a new concept (Chen et al., 2016) and is appealing to circumvent systemic adverse effects. Additionally, a lack of difference in the astrocyte marker GFAP and microglia/macrophage marker IBA-1amongst groups could indicate that there is no change in reactive gliosis or inflammation in response to the grafted cells. In addition, genetic modification of NSCs to enhance their mechanism of action is a viable strategy for stroke (Korshunova et al., 2020). Furthermore, targeting aromatase to increase local 17β-estradiol production in stroke is a conceivable approach, given that aromatase expression is increased in the ischemic penumbra in female hypertensive rats (Carswell et al., 2005) and in the serum of acute female stroke patients (Manwani et al., 2021). Alternatively, to preclude estrogenic systemic adverse effects, non-feminizing estrogen compounds have been designed and, like the present study, would be applicable to both sexes (Engler-Chiurazzi et al., 2017).



CONCLUSION

In summary, we have formulated an NSC line with a superior therapeutic efficacy by manipulating Dax-1. We have shown for the first time that Dax-1 knockdown is a good target to increase 17β-estradiol secretion from stem cells and have proven their utility in an in vivo disease model for stroke. Of particular interest is that the therapeutic window of 17β-estradiol neuroprotection can be extended from 6 h shown in previous studies to 48 h after stroke. In addition, functional recovery after stroke was not only enhanced but also accelerated. Therefore, additional and sustained, rather than brief, exposure to 17β-estradiol in the face of the ischemic insult is a strategy that should be further explored to allow us to extend the therapeutic window, aid repair, and maximize recovery after stroke.
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