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Abstract

:

Mitochondrial bioenergetics and dynamics (alterations in morphology and motility of mitochondria) play critical roles in neuronal reactions to varying energy requirements in health and disease. In Alzheimer’s disease (AD), mitochondria undergo excessive fission and become less motile. The mechanisms leading to these alterations are not completely clear. Here, we show that collapsin response mediator protein 2 (CRMP2) is hyperphosphorylated in AD and that is accompanied by a decreased interaction of CRMP2 with Drp1, Miro 2, and Mitofusin 2, which are proteins involved in regulating mitochondrial morphology and motility. CRMP2 was hyperphosphorylated in postmortem brain tissues of AD patients, in brain lysates, and in cultured cortical neurons from the double transgenic APP/PS1 mice, an AD mouse model. CRMP2 hyperphosphorylation and dissociation from its binding partners correlated with increased Drp1 recruitment to mitochondria, augmented mitochondrial fragmentation, and reduced mitochondrial motility. (S)-lacosamide ((S)-LCM), a small molecule that binds to CRMP2, decreased its phosphorylation at Ser 522 and Thr 509/514, and restored CRMP2′s interaction with Miro 2, Drp1, and Mitofusin 2. This was paralleled by decreased Drp1 recruitment to mitochondria, diminished mitochondrial fragmentation, and improved motility of the organelles. Additionally, (S)-LCM-protected cultured cortical AD neurons from cell death. Thus, our data suggest that CRMP2, in a phosphorylation-dependent manner, participates in the regulation of mitochondrial morphology and motility, and modulates neuronal survival in AD.
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1. Introduction


Alzheimer’s disease (AD) is an incurable neurodegenerative disorder characterized by synaptic defects and neuronal degradation, particularly in the cortex and hippocampus [1,2]. AD is a common cause of dementia and a primary cause of morbidity and mortality in aging. Numerous studies linked AD to the intracellular accumulation of toxic amyloid-β peptides (Aβ) and the formation of extracellular Tau tangles [3,4]. Yet, a mechanistic link between these events, synaptic deficits, and neuronal degradation remains unclear.



Mitochondrial bioenergetics and dynamics (alterations in morphology and motility of mitochondria) play essential roles in neuronal reactions to varying energy needs in health and disease [5]. Altered bioenergetics, increased fission, decreased mitochondrial motility, and synaptic deficits have been reported in AD [6,7,8,9,10], and it has been proposed that defects in mitochondrial bioenergetics and dynamics are among the major contributors to AD pathogenesis [11,12,13,14]. Indeed, alterations in mitochondrial functions over time may lead to synaptic deficits and neuronal degradation [7,8]. However, the exact mechanisms leading to mitochondrial abnormalities in AD are not completely understood.



CRMP2 is an abundant cytosolic phosphoprotein that interacts with various proteins, regulating their activity and/or position [15,16,17,18,19,20,21]. As a result, CRMP2 plays a role in regulating diverse physiological processes, including mitochondrial dynamics [17,18]. Out of the five members of the CRMP family, CRMP2 maintains a high level of expression in adulthood [22]. CRMP2 is a substrate for glycogen synthase kinase-3β (GSK-3β) and cyclin dependent kinase 5 (Cdk5) [23,24,25,26], which have increased activity in AD [27,28,29,30]. Phosphorylation of CRMP2 at residues Thr 509 and Thr 514, targeted by GSK-3β, and Ser 522, targeted by Cdk5, is high in human AD brains [20,23,31,32,33]. CRMP2 hyperphosphorylation was also found in brain tissues of APP/PS1 and Tg2576 AD mice [20,32,34]. Increased CRMP2 phosphorylation in AD mice occurs prior to the onset of pathology, suggesting that hyperphosphorylation of CRMP2 is a very early process in AD [32]. In healthy brains, 30–50% of neuronal CRMP2 is phosphorylated at Thr 509/514, suggesting CRMP2 phosphorylation in AD may be reaching its maximum [33]. Consequently, CRMP2 is considered an emerging target in AD [35]. Still, the role of CRMP2 hyperphosphorylation in neuronal degradation and the progression of AD have not been fully addressed.



CRMP2 binds to mitochondria [17,36] and interacts with Drp1 and Miro 2 [17,18], which are proteins involved in mitochondrial fission [37] and motility [38], respectively. In addition, CRMP2 interacts with Kinesin 1 light chain (KLC1) [17,19] and Dynein [21]: motor proteins involved in mitochondrial traffic. CRMP2 hyperphosphorylation disrupts the CRMP2 interaction with Drp1 and Miro 2 [17,18]. These events are accompanied by increased mitochondrial fission, suppressed mitochondrial motility, and decreased neuronal viability [18]. Yet, it is unknown whether changes in CRMP2 phosphorylation and CRMP2 dissociation from its binding partners are linked to alterations in mitochondrial dynamics in AD and, subsequently, to AD pathology.



In the present study, we evaluated the CRMP2 phosphorylation state in postmortem brain tissues from AD patients and non-AD individuals, in brain lysates, and in cultured cortical neurons from the double transgenic APP/PS1 mice and their wild-type (WT) littermates. We explored the connection between the CRMP2 phosphorylation state and mitochondrial morphology and motility in cultured cortical neurons from APP/PS1 and WT mice. We explored the ability of a small molecule ((S)-2-acetamido-N-benzyl-3-methoxypropionamide, (S)-lacosamide, ((S)-LCM), which selectively suppresses CRMP2 phosphorylation at Ser 522 and Thr 509/514 by Cdk5 and GSK-3β kinases [39,40], to preserve CRMP2 interaction with its binding partners, prevent alterations in mitochondrial morphology and motility, and protect mouse AD neurons from cell death.




2. Materials and Methods


2.1. Human Postmortem Brain Tissues


Deidentified human postmortem cortical brain tissues were obtained from the University of Maryland Brain and Tissue Bank (UMDBTB) and the Icahn School of Medicine Mount Sinai Neuropathology Brain Bank, which are Brain and Tissue Repositories of the NIH NeuroBioBank. Anonymized information regarding samples of postmortem brains is presented in Supplementary Table S1. The specimens were stored at −86 °C. Before the tests, specimens were incubated in ice-cold medium containing 150 mM NaCl, 1 mM EDTA, 50 mM Tris–HCl, pH 7.4, and supplemented with Phosphatase and Protease Inhibitor Cocktails (Roche, Cat # 04906845001 and Cat # 04693124001) and gradually defrosted at 0 °C.




2.2. Animals


Experimental manipulations with mice were conducted according to the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and according to the Indiana University School of Medicine Institutional Animal Care and Use Committee approved protocol (#20156 MD/R). The double transgenic APP/PS1 mice [41] (B6;C3Tg(APPswe, PSEN1dE9)85Dbo/Mmjax, Jackson Laboratory, MMRRC Strain # 034829-JAX) and wild-type (WT) genetic background C57BL/6;C3H mice (Jackson Laboratory) of both sexes were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and breeding mouse groups were housed in the Laboratory Animal Resource Center at Indiana University School of Medicine, Indianapolis, IN, USA. APP/PS1 mice were chosen because they have (i) hyperactivated Cdk5 and GSK-3β kinases, (ii) hyperphosphorylated CRMP2, (iii) suppressed mitochondrial traffic, and (iv) excessively fragmented mitochondria [8,10,42]. Hemizygous male APP/PS1 mice were bred with female C57BL/6;C3H mice. The mice were kept under normal conditions with ad libitum access to food and water. Mice were kept in cages made out of polycarbonate, 3 mice per cage.




2.3. Genotyping


Mouse pups were genotyped using a PCR test with tail DNA. Briefly, PCR of tail DNA was performed according to the protocol offered by the Jackson Laboratory utilizing oligonucleotide primers oIMR3610 (AGG ACT GAC CAC TCG ACC AG) and oIMR3611 (CGG GGG TCT AGT TCT GCA T) for APP and oIMR1644 (AAT AGA GAA CGG CAG GAG CA) and oIMR1645 (GCC ATG AGG GCA CTA ATC AT) for PSEN1, purchased from Invitrogen (Carlsbad, CA, USA). The PCR reaction mixture included 1 µL DNA template and 23 µL Platinum PCR SuperMix (Invitrogen) complemented with 0.39 µM of each primer (Invitrogen); the entire volume was 25 µL. The following cycling conditions were employed: 5 min at 95 °C, 35 cycles at 30 s at 95 °C, 30 s at 56 °C, 60 s at 72 °C, and 10 min at 72 °C. Reaction products were evaluated on a 1.2% agarose gel subjected to 100 V for 60 min using Tris–acetate–EDTA running buffer, including 1× GelRedTM Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA).




2.4. Isolation and Purification of Brain Synaptic Mitochondria


Brain synaptic (neuronal) mitochondria were isolated from mouse cortices and purified using a continuous 30% Percoll gradient as described [17,43].




2.5. Isolation of Mitochondria from Cultured Neurons


Mitochondria from mouse cultured cortical neurons were isolated as described previously [44] with some modifications. Neurons were plated on 60 mm Petri dishes and cultured for 12–14 DIV as described above. To isolate mitochondria, the Petri dishes with neuronal cultures were washed twice with ice-cold calcium- and magnesium-free phosphate-buffered saline containing 1 mM EGTA. Cells were transferred into 0.8 mL (per dish) of ice-cold isolation buffer containing 225 mM mannitol, 75 mM sucrose, 1 mM EGTA, 10 mM HEPES–KOH, pH 7.4, and 0.1% fatty acid-free bovine serum albumin (MP Biomedicals, Irvine, CA, USA). Then, cells were combined and homogenized using a Dounce-type homogenizer (10 passes with a loose A pestle followed by 20 passes with a tight pestle B). The homogenates were centrifuged for 10 min at 1000× g at 4 °C, and the supernatant was transferred into a fresh tube. The remaining pellet was resuspended in the isolation buffer and centrifuged at 1000× g for 5 min. The first and second supernatants were combined and centrifuged at 15,000× g for 12 min at 4 °C. The mitochondrial pellet was resuspended in the isolation buffer with 0.1 mM EGTA but without albumin, and centrifuged at 15,000× g for 12 min. All isolation procedures were performed on ice. Usually, twelve 60 mm Petri dishes with neurons were used for one mitochondrial preparation.




2.6. Neuronal Cell Culture


Cell cultures of mouse cortical neurons were generated from brain cortices of postnatal day 1 (P1) APP/PS1 and WT mice in accord with the protocol approved by IACUC and techniques described earlier [45]. For immunoblotting and co-immunoprecipitation (co-IP) experiments neurons were plated at 200,000 cells per 35 mm Petri dish. For assessment of mitochondrial morphology and motility and evaluation of spontaneous neuronal cell death, neurons were plated at a lower density (10,000 cells) per glass-bottom (10 mm diameter) Petri dish to decrease the likelihood of neuronal clumping. For all neuronal platings, 35 μg/mL uridine supplemented with 15 μg/mL 5-fluoro-2′-deoxyuridine was applied 24 h following plating to suppress proliferation of microglia. Neuronal cultures were kept in a 5% CO2 atmosphere at 37 °C in MEM complemented with 10% NuSerum (BD Bioscience, Bedford, MA, USA) and 27 mM glucose. Experiments were conducted on cell cultures at 12–14 day in vitro (12–14 DIV). For cell death assessment, cell cultures were grown on glass-bottom 35 mm Petri dishes for 21 DIV.




2.7. Western Blotting


Specimens of postmortem brain tissues (prefrontal cortex) from AD patients and non-AD individuals were emulsified in a medium containing 150 mM NaCl, 50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1% NP-40, 0.1% SDS, and complemented with Phosphatase and Protease Inhibitor Cocktails (Roche, Indianapolis, IN, USA, Cat # 04906845001 and Cat # 04693124001). The obtained mixtures were kept for 30 min at 0 °C and then centrifugated at 100,000× g 30 min. The pellet was dumped and the supernatant was utilized for polyacrylamide gel electrophoresis (PAGE). Mouse cortical neurons in culture were prepared for PAGE in a manner analogous to specimens of postmortem brains. Bis–Tris gels (4–12%, Invitrogen, Carlsbad, CA, USA, Cat # NP0335) were utilized to segregate proteins by PAGE (20 µg protein per lane). After PAGE, proteins were translocated to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ, USA, Cat # RPN78D) and kept at 22 °C for an hour in a blocking solution comprised of either phosphate-buffered saline, pH 7.2, containing 5% BSA and 0.15% Triton X-100, or phosphate-buffered saline, pH 7.2, containing 5% milk and 0.15% Triton X-100 for total protein Western blotting. For phosphoprotein Western blotting, Tris–HCl-adjusted saline, pH 7.2, containing 5% BSA and 0.15% Triton X-100 was utilized. Following incubation in the blocking solution, blots were kept with either sheep anti-CRMP2 pThr 509/514 (Kinasource, Dundee, UK, Cat # PB-043, 1:1500), rabbit anti-CRMP2 pSer522 (ECM Biosciences, Versailles, KY, USA, Cat # CP2191, 1:1500), mouse anti-GAPDH (Abcam, Cambridge, MA, USA, Cat # ab9484, 1:2000), rabbit anti-Drp1 pSer 616 (Cell Signaling, Danvers, MA, USA, Cat # 3455, 1:1000), rabbit anti-CRMP2 (Sigma, St. Louis, MO, USA, Cat # C2993, 1:1000), mouse anti-β-actin (ThermoFisher Scientific, Carlsbad, CA, USA, Cat # MA5-15739, 1:1000), or rabbit anti-Miro 2 (Proteintech, Rosemont, IL, USA, Cat # 11237-1-AP, 1:1000), rabbit anti-Mitofusin-2 (Sigma, Cat # M6319), and rabbit anti-DRP1 (Santa Cruz Biotechnology, Paso Robles, CA, USA, Cat # sc-32898, 1:100) antibodies. Then, blots were incubated with either goat anti-rabbit or goat anti-mouse IgG (1:25,000 or 1:20,000, respectively) conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and visualized with Supersignal West Pico chemiluminescent reagents (Pierce, Rockford, IL, USA, Cat # 32106). Page Ruler Plus Prestained Protein Ladder (5 μL, Thermo Fisher; Cat # 26619), a molecular mass marker, was employed for molecular mass evaluation of the bands. The Western blotting images were processed, and the density of bands was assessed after subtracting background using Adobe Photoshop 22.2.0.




2.8. Co-Immunoprecipitation


Cultured cortical neurons (12–14 DIV) were incubated either with a vehicle (0.01% DMSO) or with 10 μM (S)-lacosamide for 7 days prior to the experiment. (S)-lacosamide, ((S)-2-acetamido-N-benzyl-3-methoxypropionamide, (S)-LCM)) was acquired from TLC Pharmaceutical Standards (Cat # L-2812, Newmarket, ON, Canada). Following treatment, cells were incubated in the lysis buffer, comprising 20 mM Tris–HCl, 139 mM NaCl, supplemented with Proteinase Inhibitor Cocktail (Roche), 0.1% SDS, and 1% NP40. Lysates were cleared to eliminate any precipitated residue using Protein A/G agarose beads (Santa Cruz Biotechnology, Cat # sc-2002, Santa Cruz, CA, USA) for 2 h on ice. Then, cell lysates were kept twelve hours with primary rabbit anti-Mitofusin-2 (Sigma, Cat # M6319), rabbit anti-Miro 2 (Proteintech, Cat # 11237-1-AP, 1:500), rabbit anti-DRP1 (Santa Cruz Biotechnology, Cat # sc-32898, 1:100), rabbit anti-CRMP2 (Sigma, Cat # C2993, 1:1000), mouse anti-MFF (mitochondrial fission factor, Santa Cruz Biotechnology, Cat # sc-398731, 1:500), rabbit anti-FIS1 (mitochondrial fission 1 protein, ThermoFisher Scientific, Cat # 10956-1-AP, 1:100), rabbit anti-syntabulin (ThermoFisher Scientific, Cat # 16972-1-AP, 1:500), or rabbit anti-syntaphilin (ThermoFisher Scientific, Cat # 13646-1-AP, 1:500) antibodies under gentle stirring on ice followed by treatment with Protein A/G agarose beads (Santa Cruz Biotechnology, Cat # sc-2002) for 2 h on ice. The immune-captured complexes were washed with lysis buffer three times prior to heating at 70 °C in identical volumes of SDS loading dye (Invitrogen, Carlsbad, CA, USA). In these tests, Tris–Acetate gels (3–8%, Invitrogen, Cat # EA0375BOX) were used to segregate proteins by PAGE (20 µg protein per lane). Then, Western blotting was used to process samples as reported earlier [46,47]. Western blots were tested with rabbit anti-Mitofusin 2, rabbit anti-Miro 2, rabbit anti-CRMP2, rabbit anti-Drp1, anti-FIS1, rabbit anti-MFF, rabbit anti-syntabulin, or rabbit anti-syntaphilin antibodies (1:1000 dilution for each). The shown Western blots are typical from at least 3 separate experiments. The images of Western blots were processed, and band densities were assessed following subtraction of background employing Adobe Photoshop (version 22.2.0).




2.9. Neuronal Transfection


To visualize mitochondria in live neurons, cells were transfected employing the electroporator BTX 630 ECM (Harvard Apparatus, Holliston, MA, USA) and using a plasmid that encodes mitochondrially targeted enhanced yellow fluorescent protein (mito-eYFP, generous gift from Dr. Roger Tsien, UCSD). In selected experiments, neurons were co-transfected with a plasmid encoding mito-eYFP and anti-CRMP2 siRNA (ACTCCTTCCTCGTGTACATTT) [48] or scramble siRNA. In these experiments, neurons with mito-eYFP had significantly downregulated CRMP2. The transfection technique, based on electroporation, resulted in an ~10% transfection rate in cultured cortical neurons. This transfection rate was not adequate for Western blotting or real-time PCR to verify CRMP2 downregulation. Accordingly, CRMP2 downregulation was analyzed using fluorescent microscopy and a single-cell analysis. The images of transfected neurons were captured at 12–14 days following transfection.




2.10. Mitochondrial Morphology


Morphology of mitochondria in cultured cortical neurons was evaluated at 23 °C as described earlier [17,49]. Briefly, serial stacks of mitochondrial images were captured employing spinning-disk confocal microscopy. In these experiments, an inverted microscope Nikon Eclipse TE2000-U outfitted with an Andor iXonEM+ DU-897 back-thinned EM-CCD camera (Andor Technology, South Windsor, CT, USA), a spinning-disk confocal unit Yokogawa CSU-10, and a Prior H-117 motorized flat-top stage (Prior Scientific, Rockland, MA, USA) was utilized. The software Andor iQ 1.4 (Andor Technology, South Windsor, CT, USA) was controlling this setup. To take images of mitochondria, cultured neurons were exposed to 488 nm utilizing a Kr/Ar air-cooled laser T643-RYB-A02 (Melles Griot, Carlsbad, CA, USA). The intensity of the laser was adjusted to the minimal value (<5%), which was appropriate for obtaining adequate quality images of mitochondria, yet preventing unnecessary photobleaching. Fluorescence was recorded using a 505 nm dichroic mirror and a 535 ± 25 nm emission filter with an objective Nikon CFI Plan Apo 100× 1.4 NA. The z-stacks of mitochondrial images were captured employing the piezoelectric positioning device PIFOC® P-721 (Physik Instrumente, Auburn, MA, USA) with a z-step 0.1 μm. The 3D deconvolution of serial images (z-stacks) and 3D rendering was accomplished using AutoDeblur Gold CF 1.4.1 software (MediaCybernetics, Silver Spring, MD, USA). Three-dimensional maximal projections of mitochondrial images were obtained by employing Imaris 5.7.0 (Bitplane Inc., Saint Paul, MN, USA) as we reported earlier [49]. To adjust the protocol for the processing of images and assessment of mitochondrial length, fluorescent beads were utilized as described [49]. The shape (length) of individual organelles was assessed in neurites. One hundred randomly selected mitochondria from 10–12 neurons from at least 3 separate platings were evaluated. During these experiments, cells were kept in the solution comprising 3 mM KCl, 139 mM NaCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 10 mM NaHEPES, pH 7.4, 65 mM sucrose and 5 mM glucose. Sucrose was utilized to keep osmolarity of the bath solution similar to osmolarity of the growth solution (340 mosm). Osmolarity was determined with the osmometer Osmette II™ (Precision Systems Inc., Natick, MA, USA).




2.11. Mitochondrial Motility


Mitochondrial traffic in cortical neurons in culture was evaluated at 37 °C employing wide-field time-laps fluorescence microscopy as described [17]. Mitochondrial motility was documented with an inverted microscope Nikon Eclipse TE2000-U utilizing Nikon CFI Plan Apo 100× 1.4 NA objective and Cool SNAPHQ Photometrics camera (Roper Scientific, Tucson, AZ, USA) managed by MetaMorph software 6.3 (Molecular Devices, Downingtown, PA, USA). The excitation light (480 ± 20 nm) was provided by a Lambda-LS system (Sutter Instruments, Novato, CA, USA), and fluorescence was recorded with a 505 nm dichroic mirror at 535 ± 25 nm. The images were captured at 1 Hz during the whole duration of the experiment (5 min). Mitochondrial traffic was evaluated following construction of kymographs with NIH ImageJ software (version 1.53a).




2.12. Neuronal Cell Death


Neurons were plated onto glass-bottom (10 mm diameter) 35 mm Petri dishes and cultured in vitro for 21 days and then cell death was evaluated by Chromatin Condensation/Membrane Permeability/Dead Cell Apoptosis Kit (ThermoFisher Scientific, Cat # V23201), comprising Hoechst 33342 (nuclear marker), YO-PRO-1 (apoptosis marker), and propidium iodide (PI, necrosis marker). Cultured neurons from five different platings of three different types of cell cultures were used: (i) WT neurons, (ii) AD neurons treated with a vehicle (Veh, 0.01% DMSO) for seven days prior to cell death analysis, and (iii) AD neurons treated with 10 µM (S)-LCM for seven days before cell death assessment. With each cell culture, neurons were counted in a blind manner in two fields of view (each with 45–70 cells) and it was repeated with three different Petri dishes per each type of neuronal culture. Dying neurons were documented using an inverted microscope Nikon Eclipse TE2000-U (Nikon Instruments Inc., Melville, NY, USA) outfitted with a Nikon CFI SuperFluor 20× 0.75 NA objective and a CoolSNAPHQ Photometrics camera (Roper Scientific, Tucson, AZ, USA) managed by MetaMorph software (version 6.3, Molecular Devices, Downingtown, PA, USA).




2.13. Statistics


Data are shown as mean ± SD of the specified number of independent experiments. We evaluated our data using SigmaPlot v15.1 (Inpixon, Palo Alto, CA, USA). This software analyses normality (Shapiro–Wilk method) and equal variance of data (Brown–Forsythe method). In some of our experiments these criteria were met, while in others failed. In the former case, data were analyzed by parametric one-way analysis of variance (ANOVA) followed by a Holm–Sidak test. In the latter case, we evaluated the statistical significance of the difference using a nonparametric Kruskal–Wallis ANOVA on ranks followed by a Tukey test. The description of statistical analysis is included in the Figure legends.





3. Results


3.1. Hyperphosphorylation of CRMP2 in AD


Earlier, it was reported that CRMP2 is hyperphosphorylated in postmortem brain tissues of AD patients [20,32,33]. We confirmed this finding in our experiments (Figure 1). CRMP2 was hyperphosphorylated at Ser 522 and Thr 509/514, whereas total CRMP2 expression was without change.



It was also reported that CRMP2 is hyperphosphorylated in brains of double-transgenic APP/PS1 mice [32], and we also found that CRMP2 was hyperphosphorylated at Ser 522 and Thr 509/514 in lysates of cortices from 3-month old APP/PS1 mice (Figure 2).



It was recently discovered that (S)-lacosamide ((S)-LCM), a small molecule that is an inactive enantiomer of the anti-epileptic drug (R)-lacosamide (Vimpat®), can bind to CRMP2 and prevent its hyperphosphorylation [50]. Our experiments involved administering (S)-LCM to APP/PS1 mice (10 mg/kg body weight delivered by gavage for 7 days prior to the experiment), which led to a reduction in CRMP2 phosphorylation at Thr 509/514 and Ser 522 in cortical tissue lysates from the mice (Figure 2).



In the following experiments, we used cultured cortical neurons (12–14 DIV) from postnatal day 1 (P1) APP/PS1 mice. Primary neurons from embryonic or early postnatal AD mice are widely used in AD research and allow separation of AD pathology from normal aging [8,42,51]. In these experiments, we found CRMP2 hyperphosphorylation at Ser 522 and Thr 509/514, as well as at Tyr 32 and Thr 555 (Figure 3). Treatment of cultured cortical AD neurons with 10 μM (S)-LCM for 7 days significantly reduced CRMP2 phosphorylation at Ser 522 and Thr 509/514, but not at Thr 555 and Tyr 32. In addition, Ser 616 of Drp1 was hyperphosphorylated in AD neurons (Figure 3A,F), but (S)-LCM failed to attenuate Drp1 phosphorylation. Overall, our experiments confirmed CRMP2 hyperphosphorylation in AD and demonstrated that (S)-LCM antagonizes CRMP2 hyperphosphorylation.




3.2. CRMP2 Interaction with Proteins Participating in Regulation of Mitochondrial Morphology and Motility in AD Neurons


In our recent study, we demonstrated that CRMP2 is co-localized with mitochondria in the somata of cultured striatal neurons and plays a role in regulating mitochondrial dynamics in these cells [17,18]. As cortical neurons are among the most affected cell types in AD and synaptic deficits are a major factor in AD pathology [1,2], it was important to investigate whether CRMP2 is also co-localized with mitochondria in cortical neurons and involved in synaptic mitochondria. Our present study showed that CRMP2 is indeed co-localized with mitochondria in cultured cortical neurons (Figure 4A–C). CRMP2 is a highly expressed cytoplasmic phosphoprotein in brain tissues, and the CRMP2 staining in Figure 4 accurately reflects its abundance in neurons, rather than being a result of over-exposure. This image reflects the actual abundance of CRMP2 in neurons. CRMP2 expression is spread across the cell, providing a strong basis for CRMP2–mitochondria interaction. In these experiments, mitochondria were stained with mitochondrially targeted enhanced yellow fluorescent protein (mito-eYFP). The genetic construct encoding mito-eYFP was delivered to neurons by electroporation. This technique provides an approximate transfection rate of 10% [52]. Correspondingly, in Figure 4B only one neuron was transfected and expressed mito-eYFP and, therefore, mitochondria were visible only in this transfected neuron. In addition to immunocytochemistry experiments, using immunoblotting, we detected CRMP2 in synaptic (neuronal) mitochondria (Figure 4D), isolated from mouse brain cortices and purified on a 30% continuous Percoll gradient as reported [17,43]. Thus, CRMP2 directly interacts with synaptic mitochondria in cortical neurons.



Next, we investigated the potential mitochondrial binding partners of CRMP2. Co-immunoprecipitation (co-IP) experiments with mouse cortical neurons in culture from APP/PS1 mice revealed that CRMP2 interacts with Drp1, Miro 2, and Mitofusin 2 (Figure 5) proteins involved in regulating mitochondrial motility and morphology [5].



The hyperphosphorylation of CRMP2 in AD neurons (Figure 3) resulted in a significant reduction in its interaction with binding partners (Figure 5). However, treatment with (S)-LCM (10μM in the growth medium for 7 days prior to the experiment) prevented the hyperphosphorylation of CRMP2 at Ser 522 and Thr 509/514 (Figure 3) and preserved its interaction with Miro 2, Drp1, and Mitofusin 2 (Figure 5). This demonstrates that CRMP2 interacts with proteins involved in regulating mitochondrial motility and morphology in a phosphorylation-dependent manner.




3.3. CRMP2 and Mitochondrial Motility and Morphology in AD Neurons


CRMP2 hyperphosphorylation (Figure 3) and a reduced binding of CRMP2 to Miro 2, Drp1, and Mitofusin 2 (Figure 5) in cortical neurons from APP/PS1 mice were accompanied by augmented mitochondrial fragmentation and suppressed mitochondrial traffic (Figure 6).



In addition to preventing CRMP2 hyperphosphorylation (Figure 3) and preserving CRMP2 binding to Miro 2, Drp1, and Mitofusin 2 (Figure 5), (S)-LCM restored mitochondrial motility and morphology in AD neurons (Figure 6). In our experiments, (S)-LCM alone applied to WT neurons did not cause detectable changes in mitochondrial morphology or motility (Supplementary Figure S6). Since (S)-LCM prevented hyperphosphorylation of CRMP2, but not Drp1 (Figure 3), the (S)-LCM effect on mitochondrial motility and morphology most likely was due to CRMP2 dephosphorylation and not due to changes in phosphorylation of Drp1.



Here and in Figure 7E–G, we did not attempt to quantitatively assess mitochondrial morphology in neuronal somata, overcrowded with mitochondria; but, nevertheless, we presented images of mitochondria in the neuronal somata to illustrate changes in mitochondrial morphology. As we stated in the Materials and Methods, the dimensions of individual mitochondria were assessed with separate organelles positioned in neurites.



To test if alterations in mitochondrial motility and morphology in neurons are specifically linked to CRMP2, we tested the effect of CRMP2 genetic ablation on mitochondrial traffic and mitochondrial shape in cortical neurons in culture (Figure 7). We genetically ablated CRMP2 in cultured cortical neurons using a previously validated anti-CRMP2 siRNA delivered by electroporation [17]. Concurrently, neurons were transfected with cDNA encoding mito-eYFP to visualize mitochondria. CRMP2 was downregulated in neurons transfected with anti-CRMP2 siRNA, which could be found by mito-eYFP signal. In these experiments, we found that CRMP2 ablation correlated with increased fission (Figure 7E,F,I) and suppressed mitochondrial motility (Figure 7G,H,J). (S)-LCM was ineffective in CRMP2-depleted neurons (Figure 7), demonstrating (S)-LCM specificity toward CRMP2. Thus, ablation of CRMP2 recapitulated changes in mitochondrial motility and morphology induced by hyperphosphorylation of CRMP2 in AD neurons (Figure 6), validating specificity of (S)-LCM for CRMP2.



To better understand how changes occur in the shape of mitochondria in AD, we conducted experiments using mitochondria obtained from cultured cortical neurons. We observed the recruitment of Drp1 to mitochondria in cortical neurons from mice with the APP/PS1 gene mutation and found that Drp1 levels were higher in these cells compared to cells from wild-type mice (as shown in Figure 8). When we treated the cells with (S)-LCM at a concentration of 10 μM for 7 days before analysis, we observed a decrease in Drp1 recruitment to the mitochondria (as shown in Figure 8). This finding is consistent with our observation of decreased mitochondrial fragmentation (as shown in Figure 6).




3.4. CRMP2 and Cell Viability of AD Neurons


Abnormalities in mitochondrial morphology and motility could be disadvantageous for neurons. In our studies, cultured cortical neurons from APP/PS1 and WT mice had negligible cell death at 14 DIV. Therefore, we extended neuronal culturing until 21 DIV. At 21 DIV, neuronal cell death was evident in both AD and WT neurons. However, cultured cortical neurons from APP/PS1 mice were more predisposed to cell death comparing with cortical neurons from WT mice (Figure 9).



We also plotted our data as number of total cells analyzed, and number of apoptotic and necrotic cells (Supplementary Figure S8) This finding does not necessarily reflect neuronal cell death in vivo, but suggests that AD neurons in vitro are more stressed than neurons from WT animals. The exact mechanisms leading to cell death of cultured AD neurons are not yet clear. However, pre-treatment with (S)-LCM (10 μM in the growth medium for seven days before experiment) markedly protected AD neurons and improved their viability (Figure 9). Thus, (S)-LCM-induced preclusion of CRMP2 hyperphosphorylation at Ser 522 and Thr 509/514 correlated with preservation of mitochondrial motility and morphology and enhanced viability of AD mouse cortical neurons in culture.





4. Discussion


Alzheimer’s disease (AD) is a severe neurological condition that results in neuronal dysfunction and memory impairment [1,2]. The accumulation of β-amyloid plaques and neurofibrillary tangles in the brain is one of the most harmful pathological abnormalities observed in AD, leading to the degradation of neurons [3,4]. This neural degeneration can result in behavioral and cognitive deficits due to the malfunction and loss of synapses. Although much effort has been devoted to understanding the mechanisms underlying these neuronal dysfunctions and synaptic losses, our understanding is still incomplete. Unfortunately, there is no cure for AD, which is why it is crucial to continue research efforts aimed at discovering novel mechanisms contributing to AD pathology.



Continuous changes in mitochondrial motility and morphology (mitochondrial dynamics) play a critical role in maintaining mitochondrial health and supporting energy burdens in neurons [5]. Impairments in mitochondrial motility and morphology contribute to various neurodegenerative diseases such as Huntington’s and Alzheimer’s (AD) diseases [5,6,9,53,54]. It has been postulated that deficits in mitochondrial functions [11,12,13,14], oxidative stress, and synaptic dysfunction [55] are significant contributors to AD pathogenesis. Mitochondrial functions depend on a fission–fusion balance [56,57]. Increased fission leads to oxidative stress [58] and increased probability of apoptosis [59]. Mitochondrial fission is increased in AD and inhibition of fission is neuroprotective in AD mice [8,60,61,62,63,64]. Mitochondrial traffic in neurons is crucial for maintaining synaptic activity and eliminating damaged mitochondria [38]. In AD, mitochondrial traffic could be hindered by interaction of Aβ with proteins involved in mitochondrial motility [42,65] or by other as yet unknown mechanisms.



CRMP2 is an abundant phosphoprotein in the cytosol originally proposed to participate in axon guidance and neurite outgrowth through the Semaphorin 3A pathway [15,66,67]. CRMP2 performs its regulatory actions by interacting with different proteins [15,16] and these interactions regulate their activity and/or location [15]. CRMP2 interacts with proteins involved in regulating mitochondrial morphology such as Drp1 [17,18] and Mitofusin 2 (Figure 5) and with proteins involved in regulating mitochondrial motility such as Miro 2 [17,18], Kinesin 1 light chain (KLC1) [17,19], and Dynein [21]. Interaction of CRMP2 with its binding partners is modulated by CRMP2′s post-translational modifications such as phosphorylation [67]. Non-phosphorylated CRMP2 is functional and stimulates axon/neurite outgrowth while CRMP2 phosphorylation reduces its functional activity [24]. CRMP2 is phosphorylated at various sites by different kinases. Rho kinase phosphorylates CRMP2 at Thr 555 to trigger growth cone collapse [68,69]. The kinase Fyn from the src family phosphorylates Tyr 32 of CRMP2 and also results in neurite retraction and collapse of growth cones [70]. In addition, CRMP2 phosphorylation by GSK-3β kinase at Thr 509 and Thr 514 also cause neurite retraction and growth cone collapse [24,71]. Importantly, the kinase Cdk5 phosphorylates Ser 522 of CRMP2 and primes CRMP2 for further phosphorylation at Thr 509/514 by GSK-3β [25].



In our Western blotting experiments, we found CRMP2 bands with slightly different molecular weights. The bands with different molecular weights in the Western blots with postmortem human brain samples illustrated in Figure 1A and Figure 5 are most likely due to distinct isoforms of CRMP2, CRMP2A and CRMP2B, reported also by Mokhtar et al. [20]. They might also be a consequence of CRMP2 posttranslational alterations. Additionally, some of the bands might be due to partial CRMP2 degradation. Thus, all observed bands were utilized for densitometry. The reason for the variances in the bands of different sizes (Figure 1A) and why sometimes we can detect only one band with mouse cultured neurons (Figure 5) is not completely clear.



Recent studies have implicated CRMP2 as an emerging target in AD research [35]. CRMP2 is hyperphosphorylated in AD [20,32,33,34] and potentially represents a druggable target for therapeutic intervention [72]. Increased CRMP2 phosphorylation in AD mice occurs prior to pathology, suggesting that hyperphosphorylation of CRMP2 is an early incident in AD [32]. In line with this, cortical neurons from E14 mice cultured for 3 days and then exposed to a core toxic fragment of Aβ peptides (Aβ25–35) for another 3 days have a significant increase in CRMP2 phosphorylation [73], indicating that indeed CRMP2 hyperphosphorylation in cultured cortical neurons may occur very early following a short exposure to Aβ25–35.



While numerous studies have documented CRMP2 hyperphosphorylation in AD mice and human AD brains, the functional effects of CRMP2 hyperphosphorylation on the progression of AD remain unclear. CRMP2 hyperphosphorylation, increased mitochondrial fragmentation, and reduced mitochondrial traffic were reported in different AD mouse models, including APP/PS1 mice [8,10,32,42,74], suggesting a link between the CRMP2 phosphorylation state and abnormalities in mitochondrial motility and morphology in AD. These abnormalities in mitochondrial motility and morphology could potentially lead to defective mitochondrial bioenergetics in AD [11,12,13,14] and augmented neuronal cell death [8,75,76,77,78,79]. However, whether CRMP2 hyperphosphorylation is mechanistically linked to aberrant mitochondrial dynamics and reduced viability of AD neurons has not been investigated.



Our experiments with mouse cortical neurons in culture demonstrated that CRMP2, in a phosphorylation-dependent manner, interacts with Drp1, Miro 2, and Mitofusin 2. CRMP2 was hyperphosphorylated in cultured cortical neurons from double-transgenic APP/PS1 mice, a commonly used AD mouse model [42]. CRMP2 hyperphosphorylation was paralleled by a diminished interaction of CRMP2 with its binding partners, was involved in controlling mitochondrial motility and morphology, and was accompanied by diminished mitochondrial motility, augmented mitochondrial fragmentation, and increased neuronal cell death. Consequently, CRMP2 hyperphosphorylation could be associated with detrimental alterations in mitochondrial dynamics and reduced viability of neurons. A small molecule (S)-LCM, which selectively suppresses CRMP2 phosphorylation at Ser 522 and Thr 509/514 by Cdk5 and GSK-3β kinases [39,40], precluded CRMP2 hyperphosphorylation at these sites and rescued CRMP2’s protein–protein interactions. Interestingly, (S)-LCM dephosphorylated CRMP2, but not Drp1. This suggests that the effect of (S)-LCM most likely was due to CRMP2 dephosphorylation and not due to change in the Drp1 phosphorylation state. Intriguingly, genetic ablation of CRMP2 with anti-CRMP2 siRNA recapitulated the effect of CRMP2 hyperphosphorylation, leading to suppressed mitochondrial motility and excessive mitochondrial fragmentation. In this case, (S)-LCM was ineffective, confirming its specificity toward CRMP2. Thus, preventing CRMP2 phosphorylation with the small molecule (S)-LCM protected mitochondria from detrimental alterations in AD neurons. While we cannot completely exclude off-target effects of (S)-LCM, we are not aware of any of those off-target effects. Moreover, our experiments with CRMP2 downregulation and ineffective (S)-LCM treatment of neurons supports the lack of detectable (S)-LCM off-target effects.



The morphology of mitochondria is determined by a delicate balance between fission and fusion processes. However, our experiments were unable to distinguish between an increase in fission or a decrease in fusion. Nevertheless, previous research suggests that inhibiting Drp1 with Mdivi 1, a Drp1 inhibitor, can enhance mitochondrial morphology in AD neurons [62,80,81]. This observation strongly suggests that the increased fission mediated by Drp1 was the cause of augmented mitochondrial fragmentation in AD. Nevertheless, we plan to continue our investigation of the mechanisms by which CRMP2 could modulate mitochondrial morphology in AD and other neurodegenerative disorders.



Abnormal interaction of Drp1 with Aβ and phosphorylated Tau (pTau) in AD mice and in postmortem brain tissues from AD patients was linked to hyperactivation of Drp1 and augmented mitochondrial fission [82,83]. Based on our data, indicating CRMP2 binding to Drp1, it is possible that non-phosphorylated CRMP2 serves as a molecular brake of fission, hindering interaction of Drp1 with Aβ and pTau. However, this hypothesis requires additional investigation.



Drp1 is a cytosolic protein which is recruited to mitochondria to induce mitochondrial fission [37]. In our experiments, increased mitochondrial fragmentation in AD neurons was paralleled by diminished binding of CRMP2 to Drp1 and augmented Drp1 recruitment to mitochondria. This finding may explain increased fission of AD mitochondria. The beneficial effect of (S)-LCM on the shape of mitochondria correlated with the increased binding of CRMP2 to Drp1 and decreased Drp1 recruitment to mitochondria in cells treated with (S)-LCM. It is conceivable that CRMP2 interacting with Drp1 impedes Drp1 recruitment to mitochondria to avoid excessive mitochondrial fragmentation, whereas following hyperphosphorylation CRMP2 dissociates from Drp1 and, thereby, facilitates Drp1 recruitment to mitochondria.



In our study, we observed the interaction of CRMP2 with Miro 2 and Mitofusin 2. There is also a report of interaction between Mitofusin 2 and Miro 2 [84]. Mitofusin 2 is a key protein involved in mitochondrial fusion [5]. However, Mitofusin 2 is also involved in regulating mitochondrial motility. Mitofusin 2 is linked to a Miro/Milton complex and is necessary for mitochondrial traffic [84]. Miro 2 is an anchor protein, which together with Milton, links mitochondria to the molecular motors Kinesin 1 and Dynein [85,86,87]. It is conceivable that CRMP2 is a linker between Mitofusin 2 and the Miro/Milton complex. Alternatively, CRMP2 could be a linker between the Miro/Milton complex and kinesin motor because CRMP2 binds to Kinesin 1 [19] and Miro 2. CRMP2 hyperphosphorylation and/or deletion would disconnect the mitochondria from molecular motors and, consequently, reduce mitochondrial motility.



Our recent studies strongly suggest a phosphorylation-dependent participation of CRMP2 in regulating mitochondrial motility and morphology [17,18]. Our present study showed the effect of CRMP2 hyperphosphorylation on mitochondrial dynamics in AD neurons, but whether prevention of CRMP2 hyperphosphorylation can be neuroprotective in vivo and whether it can improve behavioral deficits in AD mice is not known yet. To date, only one study has examined the role of CRMP2 phosphorylation in a model of amyloidopathy [88]. By examining the effects of Aβ25–35 peptide, a core toxic fragment of Aβ proteins on behavioral and electrophysiological features in CRMP2 phosphorylation-deficient knock-in (crmp2ki/ki) mice, in which Ser 522 was replaced with Ala [89], this study revealed that Aβ25–35 induced impairments of cognitive memory and synaptic plasticity in WT mice but not in crmp2ki/ki mice [88]. It was also reported that CRMP2 is required in an early stage of memory consolidation [90], thereby providing a crucial link between CRMP2 and AD. These studies suggest that knock-in mice, which are resistant to the phosphorylation of CRMP2 by the kinases Cdk5 and GSK-3β that are activated in AD, show resilience to cognitive impairment caused by Aβ25–35 oligomers. Despite this, the precise functional implications of CRMP2 hyperphosphorylation in AD are not yet fully understood. Our current study sheds light on some potential mechanisms by which CRMP2 hyperphosphorylation may affect both neuronal mitochondria and the entire neuron. However, further research is necessary to investigate additional potential mechanisms of CRMP2-mediated functional changes in mitochondria associated with CRMP2 hyperphosphorylation in AD.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells12091287/s1, Figure S1. The unedited images of immunoblots for Figure 1A. Figure S2. The unedited images of immunoblots for Figure 2A. Figure S3. The unedited images of immunoblots for Figure 3A. Figure S4. The unedited images of immunoblots for Figure 4D. H, homogenate; C, cytosol; Mtc, mitochondria. Figure S5. The unedited images of immunoblots for Figure 5. Figure S6. (S)-LCM does not alter mitochondrial motility and morphology in cultured cortical neurons from WT mice. In (A–D), representative images of mitochondria in cultured cortical neurons (12-14 DIV) visualized with mito-eYFP and imaged with a spinning-disk confocal microscopy. Mitochondrial morphology was analyzed using 3D reconstruction of serial images (z-stacks). In Insets, mitochondria are demonstrated at doubled magnification. In (A), neuron from WT mice, these neurons were treated with a vehicle (Veh, 0.01% DMSO) for 7 days before imaging; in (B), WT neuron incubated with 10 μM (S)-LCM for 7 days before imaging. In (C,D), mitochondrial traffic in a neurite of WT neuron treated with a vehicle (Veh, 0.01% DMSO) for 7 days before imaging (C), and WT neuron treated with 10 μM (S)-LCM for 7 days before imaging (D). Vertical traces represent immobile mitochondria, angled traces represent moving organelles. The bands with mitochondrial fluorescence images demonstrate the organelles at the beginning of experiment. Mitochondrial motility was recorded for 5 min at 37 °C. In (E), the length of neuronal mitochondria in µm. The shape (length) of individual organelles was assessed with single organelles positioned in neurites. One hundred randomly selected mitochondria from 10-12 neurons from three different platings were assessed employing Imaris Measurement Pro 6.4 software (Bitplane, South Windsor, CT, USA) [17,18,49]. In (F), fractions of total moving mitochondria and mitochondria moving in retrograde and anterograde directions shown as percentage from total number of mitochondria. Data are mean ± SD, N = 5 separate experiments with neurons from different platings. Data were analyzed by nonparametric Kruskal–Wallis ANOVA on ranks followed by Tukey test. Figure S7. The unedited images of immunoblots for Figure 8A. Figure S8. Apoptotic and necrotic cell death in cultured cortical neurons from APP/PS1 (AD) mice and WT littermates (WT): cell count analysis. Neurons were plated on the glassbottom 35 mm Petri dishes and cultured in vitro for 21 days and then stained with Hoechst 33342 (nuclear marker), YO-PRO-1 (apoptosis marker), and propidium iodide (necrosis marker), respectively. Cultured neurons from 5 different platings of three different types of neuronal cultures were used: (i) WT neurons, (ii) AD neurons treated with a vehicle (Veh, 0.01% DMSO) for 7 days prior to cell death analysis, and (iii) AD neurons treated with 10 µM (S)-LCM for 7 days prior to cell death analysis. With each cell culture, neurons were counted in a blind manner in two fields of view (each with 45–70 cells) and it was repeated with three different Petri dishes per each type of neuronal cultures. Total numbers of cells analyzed in each type of neuronal cultures were 1737 (WT), 1763 (AD + Veh), 1742 (AD + (S)-LCM). The data were plotted as the total number of analyzed cells (red symbols), Apoptotic (A) and Necrotic (B) cells per each type of neuronal cultures. Data are mean ± SD. *** p < 0.001, N = 5 separate experiments with neurons from different platings. Table S1. Main characteristics of human postmortem brain samples.





Author Contributions


T.B. performed experiments and analyzed data, R.K. analyzed data, provide critical components, and wrote the paper, N.B. conceived the project, performed experiments, analyzed data, and wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a National Institutes of Health NINDS grant R01 NS098772 to NB and RK and a National Institutes of Health NIDA grant R01 DA042852 to RK.




Institutional Review Board Statement


The animal study protocol was approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee (#20156 MD/R, 02/18/2021) for studies involving animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article or supplementary materials.




Acknowledgments


Human tissues were obtained from the NIH NeuroBioBank.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lane, C.A.; Hardy, J.; Schott, J.M. Alzheimer’s disease. Eur. J. Neurol. 2018, 25, 59–70. [Google Scholar] [CrossRef] [PubMed]

	



Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chetelat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer disease. Nat. Rev. Dis. Primers. 2021, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Rajmohan, R.; Reddy, P.H. Amyloid-Beta and Phosphorylated Tau Accumulations Cause Abnormalities at Synapses of Alzheimer’s disease Neurons. J. Alzheimers. Dis. 2017, 57, 975–999. [Google Scholar] [CrossRef][Green Version]

	



Reddy, P.H. Abnormal tau, mitochondrial dysfunction, impaired axonal transport of mitochondria, and synaptic deprivation in Alzheimer’s disease. Brain Res. 2011, 1415, 136–148. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chen, H.; Chan, D.C. Mitochondrial dynamics--fusion, fission, movement, and mitophagy–in neurodegenerative diseases. Hum. Mol. Genet. 2009, 18, R169–R176. [Google Scholar] [CrossRef] [PubMed]

	



Selfridge, J.E.; Lezi, E.; Lu, J.; Swerdlow, R.H. Role of mitochondrial homeostasis and dynamics in Alzheimer’s disease. Neurobiol. Dis. 2013, 51, 3–12. [Google Scholar] [CrossRef][Green Version]

	



Martins, I.V.; Rivers-Auty, J.; Allan, S.M.; Lawrence, C.B. Mitochondrial Abnormalities and Synaptic Loss Underlie Memory Deficits Seen in Mouse Models of Obesity and Alzheimer’s Disease. J. Alzheimers. Dis. 2017, 55, 915–932. [Google Scholar] [CrossRef][Green Version]

	



Calkins, M.J.; Manczak, M.; Mao, P.; Shirendeb, U.; Reddy, P.H. Impaired mitochondrial biogenesis, defective axonal transport of mitochondria, abnormal mitochondrial dynamics and synaptic degeneration in a mouse model of Alzheimer’s disease. Hum. Mol. Genet. 2011, 20, 4515–4529. [Google Scholar] [CrossRef]

	



Flannery, P.J.; Trushina, E. Mitochondrial dynamics and transport in Alzheimer’s disease. Mol. Cell Neurosci. 2019, 98, 109–120. [Google Scholar] [CrossRef]

	



Wang, X.; Su, B.; Lee, H.G.; Li, X.; Perry, G.; Smith, M.A.; Zhu, X. Impaired balance of mitochondrial fission and fusion in Alzheimer’s disease. J. Neurosci. 2009, 29, 9090–9103. [Google Scholar] [CrossRef][Green Version]

	



Du, H.; Guo, L.; Fang, F.; Chen, D.; Sosunov, A.A.; McKhann, G.M.; Yan, Y.; Wang, C.; Zhang, H.; Molkentin, J.D.; et al. Cyclophilin D deficiency attenuates mitochondrial and neuronal perturbation and ameliorates learning and memory in Alzheimer’s disease. Nat. Med. 2008, 14, 1097–1105. [Google Scholar] [CrossRef]

	



Pedros, I.; Petrov, D.; Allgaier, M.; Sureda, F.; Barroso, E.; Beas-Zarate, C.; Auladell, C.; Pallas, M.; Vazquez-Carrera, M.; Casadesus, G.; et al. Early alterations in energy metabolism in the hippocampus of APPswe/PS1dE9 mouse model of Alzheimer’s disease. Biochim. Biophys. Acta 2014, 1842, 1556–1566. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Santos, R.X.; Correia, S.C.; Wang, X.; Perry, G.; Smith, M.A.; Moreira, P.I.; Zhu, X. Alzheimer’s disease: Diverse aspects of mitochondrial malfunctioning. Int. J. Clin. Exp. Pathol. 2010, 3, 570–581. [Google Scholar]

	



Cenini, G.; Voos, W. Mitochondria as Potential Targets in Alzheimer Disease Therapy: An Update. Front Pharmacol. 2019, 10, 902. [Google Scholar] [CrossRef]

	



Khanna, R.; Wilson, S.M.; Brittain, J.M.; Weimer, J.; Sultana, R.; Butterfield, A.; Hensley, K. Opening Pandora’s jar: A primer on the putative roles of CRMP2 in a panoply of neurodegenerative, sensory and motor neuron, and central disorders. Future Neurol. 2012, 7, 749–771. [Google Scholar] [CrossRef][Green Version]

	



Brustovetsky, T.; Pellman, J.J.; Yang, X.F.; Khanna, R.; Brustovetsky, N. Collapsin response mediator protein 2 (CRMP2) interacts with N-methyl-D-aspartate (NMDA) receptor and Na+/Ca2+ exchanger and regulates their functional activity. J. Biol. Chem. 2014, 289, 7470–7482. [Google Scholar] [CrossRef][Green Version]

	



Brustovetsky, T.; Khanna, R.; Brustovetsky, N. CRMP2 Is Involved in Regulation of Mitochondrial Morphology and Motility in Neurons. Cells 2021, 10, 2781. [Google Scholar] [CrossRef]

	



Brustovetsky, T.; Khanna, R.; Brustovetsky, N. Involvement of CRMP2 in Regulation of Mitochondrial Morphology and Motility in Huntington’s Disease. Cells 2021, 10, 3172. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, T.; Watanabe, H.; Iwamatsu, A.; Kaibuchi, K. Tubulin and CRMP-2 complex is transported via Kinesin-1. J. Neurochem. 2005, 93, 1371–1382. [Google Scholar] [CrossRef] [PubMed]

	



Mokhtar, S.H.; Kim, M.J.; Magee, K.A.; Aui, P.M.; Thomas, S.; Bakhuraysah, M.M.; Alrehaili, A.A.; Lee, J.Y.; Steer, D.L.; Kenny, R.; et al. Amyloid-beta-dependent phosphorylation of collapsin response mediator protein-2 dissociates kinesin in Alzheimer’s disease. Neural Regen. Res. 2018, 13, 1066–1080. [Google Scholar] [PubMed]

	



Arimura, N.; Hattori, A.; Kimura, T.; Nakamuta, S.; Funahashi, Y.; Hirotsune, S.; Furuta, K.; Urano, T.; Toyoshima, Y.Y.; Kaibuchi, K. CRMP-2 directly binds to cytoplasmic dynein and interferes with its activity. J. Neurochem. 2009, 111, 380–390. [Google Scholar] [CrossRef]

	



Charrier, E.; Reibel, S.; Rogemond, V.; Aguera, M.; Thomasset, N.; Honnorat, J. Collapsin response mediator proteins (CRMPs): Involvement in nervous system development and adult neurodegenerative disorders. Mol. Neurobiol. 2003, 28, 51–64. [Google Scholar] [CrossRef]

	



Cole, A.R.; Knebel, A.; Morrice, N.A.; Robertson, L.A.; Irving, A.J.; Connolly, C.N.; Sutherland, C. GSK-3 phosphorylation of the Alzheimer epitope within collapsin response mediator proteins regulates axon elongation in primary neurons. J. Biol. Chem. 2004, 279, 50176–50180. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yoshimura, T.; Kawano, Y.; Arimura, N.; Kawabata, S.; Kikuchi, A.; Kaibuchi, K. GSK-3beta regulates phosphorylation of CRMP-2 and neuronal polarity. Cell 2005, 120, 137–149. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Uchida, Y.; Ohshima, T.; Sasaki, Y.; Suzuki, H.; Yanai, S.; Yamashita, N.; Nakamura, F.; Takei, K.; Ihara, Y.; Mikoshiba, K.; et al. Semaphorin3A signalling is mediated via sequential Cdk5 and GSK3beta phosphorylation of CRMP2: Implication of common phosphorylating mechanism underlying axon guidance and Alzheimer’s disease. Genes Cells 2005, 10, 165–179. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Hawkes, C.; Qureshi, H.Y.; Kar, S.; Paudel, H.K. Cyclin-dependent protein kinase 5 primes microtubule-associated protein tau site-specifically for glycogen synthase kinase 3beta. Biochemistry 2006, 45, 3134–3145. [Google Scholar] [CrossRef]

	



Takashima, A. GSK-3 is essential in the pathogenesis of Alzheimer’s disease. J. Alzheimers. Dis. 2006, 9, 309–317. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Z.; Zhao, Y.; Zhao, B. Roles of glycogen synthase kinase 3 in Alzheimer’s disease. Curr. Alzheimer Res. 2012, 9, 864–879. [Google Scholar] [CrossRef]

	



Tsai, L.H.; Lee, M.S.; Cruz, J. Cdk5, a therapeutic target for Alzheimer’s disease? Biochim. Biophys. Acta 2004, 1697, 137–142. [Google Scholar] [CrossRef] [PubMed]

	



Shukla, V.; Skuntz, S.; Pant, H.C. Deregulated Cdk5 activity is involved in inducing Alzheimer’s disease. Arch. Med. Res. 2012, 43, 655–662. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gu, Y.; Hamajima, N.; Ihara, Y. Neurofibrillary tangle-associated collapsin response mediator protein-2 (CRMP-2) is highly phosphorylated on Thr-509, Ser-518, and Ser-522. Biochemistry 2000, 39, 4267–4275. [Google Scholar] [CrossRef] [PubMed]

	



Cole, A.R.; Noble, W.; van, A.L.; Plattner, F.; Meimaridou, R.; Hogan, D.; Taylor, M.; LaFrancois, J.; Gunn-Moore, F.; Verkhratsky, A.; et al. Collapsin response mediator protein-2 hyperphosphorylation is an early event in Alzheimer’s disease progression. J. Neurochem. 2007, 103, 1132–1144. [Google Scholar] [CrossRef] [PubMed]

	



Soutar, M.P.; Thornhill, P.; Cole, A.R.; Sutherland, C. Increased CRMP2 phosphorylation is observed in Alzheimer’s disease; does this tell us anything about disease development? Curr. Alzheimer Res. 2009, 6, 269–278. [Google Scholar] [CrossRef] [PubMed]

	



Petratos, S.; Li, Q.X.; George, A.J.; Hou, X.; Kerr, M.L.; Unabia, S.E.; Hatzinisiriou, I.; Maksel, D.; Aguilar, M.I.; Small, D.H. The beta-amyloid protein of Alzheimer’s disease increases neuronal CRMP-2 phosphorylation by a Rho-GTP mechanism. Brain 2008, 131, 90–108. [Google Scholar] [CrossRef][Green Version]

	



Quach, T.T.; Moutal, A.; Khanna, R.; Deems, N.P.; Duchemin, A.M.; Barrientos, R.M. Collapsin Response Mediator Proteins: Novel Targets for Alzheimer’s Disease. J. Alzheimers. Dis. 2020, 77, 949–960. [Google Scholar] [CrossRef]

	



Rembutsu, M.; Soutar, M.P.; van, A.L.; Gourlay, R.; Hastie, C.J.; McLauchlan, H.; Morrice, N.A.; Cole, A.R.; Sutherland, C. Novel procedure to investigate the effect of phosphorylation on protein complex formation in vitro and in cells. Biochemistry 2008, 47, 2153–2161. [Google Scholar] [CrossRef]

	



Smirnova, E.; Griparic, L.; Shurland, D.L.; van der Bliek, A.M. Dynamin-related protein Drp1 is required for mitochondrial division in mammalian cells. Mol. Biol. Cell 2001, 12, 2245–2256. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sheng, Z.-H. Mitochondrial trafficking and anchoring in neurons: New insight and implications. J. Cell Biol. 2014, 204, 1087–1098. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Moutal, A.; Francois-Moutal, L.; Perez-Miller, S.; Cottier, K.; Chew, L.A.; Yeon, S.K.; Dai, J.; Park, K.D.; Khanna, M.; Khanna, R. (S)-Lacosamide Binding to Collapsin Response Mediator Protein 2 (CRMP2) Regulates CaV2.2 Activity by Subverting Its Phosphorylation by Cdk5. Mol. Neurobiol. 2015, 53, 1959–1976. [Google Scholar] [CrossRef]

	



Wilson, S.M.; Moutal, A.; Melemedjian, O.K.; Wang, Y.; Ju, W.; Francois-Moutal, L.; Khanna, M.; Khanna, R. The functionalized amino acid (S)-Lacosamide subverts CRMP2-mediated tubulin polymerization to prevent constitutive and activity-dependent increase in neurite outgrowth. Front Cell Neurosci. 2014, 8, 196. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Borchelt, D.R.; Thinakaran, G.; Eckman, C.B.; Lee, M.K.; Davenport, F.; Ratovitsky, T.; Prada, C.M.; Kim, G.; Seekins, S.; Yager, D.; et al. Familial Alzheimer’s disease-linked presenilin 1 variants elevate Abeta1-42/1-40 ratio in vitro and in vivo. Neuron 1996, 17, 1005–1013. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Trushina, E.; Nemutlu, E.; Zhang, S.; Christensen, T.; Camp, J.; Mesa, J.; Siddiqui, A.; Tamura, Y.; Sesaki, H.; Wengenack, T.M.; et al. Defects in mitochondrial dynamics and metabolomic signatures of evolving energetic stress in mouse models of familial Alzheimer’s disease. PLoS ONE 2012, 7, e32737. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Noterman, M.F.; Chaubey, K.; Lin-Rahardja, K.; Rajadhyaksha, A.M.; Pieper, A.A.; Taylor, E.B. Dual-process brain mitochondria isolation preserves function and clarifies protein composition. Proc. Natl. Acad. Sci. USA 2021, 118, e2019046118. [Google Scholar] [CrossRef] [PubMed]

	



Kushnareva, Y.E.; Wiley, S.E.; Ward, M.W.; Andreyev, A.Y.; Murphy, A.N. Excitotoxic injury to mitochondria isolated from cultured neurons. J. Biol. Chem. 2005, 280, 28894–28902. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dubinsky, J.M. Intracellular calcium levels during the period of delayed excitotoxicity. J. Neurosci. 1993, 13, 623–631. [Google Scholar] [CrossRef][Green Version]

	



Brustovetsky, T.; Bolshakov, A.; Brustovetsky, N. Calpain activation and Na(+)/Ca(2+) exchanger degradation occur downstream of calcium deregulation in hippocampal neurons exposed to excitotoxic glutamate. J. Neurosci. Res. 2010, 88, 1317–1328. [Google Scholar] [PubMed][Green Version]

	



Brittain, J.M.; Chen, L.; Wilson, S.M.; Brustovetsky, T.; Gao, X.; Ashpole, N.M.; Molosh, A.I.; You, H.; Hudmon, A.; Shekhar, A.; et al. Neuroprotection against traumatic brain injury by a peptide derived from the collapsin response mediator protein 2 (CRMP2). J. Biol. Chem. 2011, 286, 37778–37792. [Google Scholar] [CrossRef][Green Version]

	



Chi, X.X.; Schmutzler, B.S.; Brittain, J.M.; Wang, Y.; Hingtgen, C.M.; Nicol, G.D.; Khanna, R. Regulation of N-type voltage-gated calcium channels (Cav2.2) and transmitter release by collapsin response mediator protein-2 (CRMP-2) in sensory neurons. J. Cell Sci. 2009, 122, 4351–4362. [Google Scholar] [CrossRef][Green Version]

	



Brustovetsky, T.; Li, V.; Brustovetsky, N. Stimulation of glutamate receptors in cultured hippocampal neurons causes Ca2+-dependent mitochondrial contraction. Cell Calcium 2009, 46, 18–29. [Google Scholar] [CrossRef][Green Version]

	



Moutal, A.; Chew, L.A.; Yang, X.; Wang, Y.; Yeon, S.K.; Telemi, E.; Meroueh, S.; Park, K.D.; Shrinivasan, R.; Gilbraith, K.B.; et al. (S)-lacosamide inhibition of CRMP2 phosphorylation reduces postoperative and neuropathic pain behaviors through distinct classes of sensory neurons identified by constellation pharmacology. Pain 2016, 157, 1448–1463. [Google Scholar] [CrossRef][Green Version]

	



Trinchese, F.; Liu, S.; Ninan, I.; Puzzo, D.; Jacob, J.P.; Arancio, O. Cell cultures from animal models of Alzheimer’s disease as a tool for faster screening and testing of drug efficacy. J. Mol. Neurosci. 2004, 24, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Shalbuyeva, N.; Brustovetsky, T.; Bolshakov, A.; Brustovetsky, N. Calcium-dependent spontaneously reversible remodeling of brain mitochondria. J. Biol. Chem. 2006, 281, 37547–37558. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bossy-Wetzel, E.; Petrilli, A.; Knott, A.B. Mutant huntingtin and mitochondrial dysfunction. Trends Neurosci. 2008, 31, 609–616. [Google Scholar] [CrossRef][Green Version]

	



Cho, D.H.; Nakamura, T.; Lipton, S.A. Mitochondrial dynamics in cell death and neurodegeneration. Cell Mol. Life Sci. 2010, 67, 3435–3447. [Google Scholar] [CrossRef]

	



Tonnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimers. Dis. 2017, 57, 1105–1121. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gao, J.; Wang, L.; Liu, J.; Xie, F.; Su, B.; Wang, X. Abnormalities of Mitochondrial Dynamics in Neurodegenerative Diseases. Antioxidants 2017, 6, 25. [Google Scholar] [CrossRef][Green Version]

	



Roy, M.; Reddy, P.H.; Iijima, M.; Sesaki, H. Mitochondrial division and fusion in metabolism. Curr. Opin. Cell Biol. 2015, 33, 111–118. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yu, T.; Sheu, S.S.; Robotham, J.L.; Yoon, Y. Mitochondrial fission mediates high glucose-induced cell death through elevated production of reactive oxygen species. Cardiovasc. Res. 2008, 79, 341–351. [Google Scholar] [CrossRef][Green Version]

	



Bossy-Wetzel, E.; Barsoum, M.J.; Godzik, A.; Schwarzenbacher, R.; Lipton, S.A. Mitochondrial fission in apoptosis, neurodegeneration and aging. Curr. Opin. Cell Biol. 2003, 15, 706–716. [Google Scholar] [CrossRef] [PubMed]

	



Aliev, G.; Obrenovich, M.E.; Reddy, V.P.; Shenk, J.C.; Moreira, P.I.; Nunomura, A.; Zhu, X.; Smith, M.A.; Perry, G. Antioxidant therapy in Alzheimer’s disease: Theory and practice. Mini. Rev. Med. Chem. 2008, 8, 1395–1406. [Google Scholar] [CrossRef]

	



Reddy, P.H.; Tripathi, R.; Troung, Q.; Tirumala, K.; Reddy, T.P.; Anekonda, V.; Shirendeb, U.P.; Calkins, M.J.; Reddy, A.P.; Mao, P.; et al. Abnormal mitochondrial dynamics and synaptic degeneration as early events in Alzheimer’s disease: Implications to mitochondria-targeted antioxidant therapeutics. Biochim. Biophys. Acta 2012, 1822, 639–649. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Reddy, P.H.; Manczak, M.; Yin, X. Mitochondria-Division Inhibitor 1 Protects Against Amyloid-beta induced Mitochondrial Fragmentation and Synaptic Damage in Alzheimer’s Disease. J. Alzheimers. Dis. 2017, 58, 147–162. [Google Scholar] [CrossRef][Green Version]

	



Reddy, P.H.; Manczak, M.; Kandimalla, R. Mitochondria-targeted small molecule SS31: A potential candidate for the treatment of Alzheimer’s disease. Hum. Mol. Genet. 2017, 26, 1483–1496. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kandimalla, R.; Manczak, M.; Pradeepkiran, J.A.; Morton, H.; Reddy, P.H. A partial reduction of Drp1 improves cognitive behavior and enhances mitophagy, autophagy and dendritic spines in a transgenic tau mouse model of Alzheimer disease. Hum. Mol. Genet. 2021, 31, 1788–1805. [Google Scholar] [CrossRef] [PubMed]

	



Calkins, M.J.; Reddy, P.H. Amyloid beta impairs mitochondrial anterograde transport and degenerates synapses in Alzheimer’s disease neurons. Biochim. Biophys. Acta 2011, 1812, 507–513. [Google Scholar] [CrossRef] [PubMed]

	



Goshima, Y.; Nakamura, F.; Strittmatter, P.; Strittmatter, S.M. Collapsin-induced growth cone collapse mediated by an intracellular protein related to UNC-33. Nature 1995, 376, 509–514. [Google Scholar] [CrossRef] [PubMed]

	



Hensley, K.; Venkova, K.; Christov, A.; Gunning, W.; Park, J. Collapsin response mediator protein-2: An emerging pathologic feature and therapeutic target for neurodisease indications. Mol. Neurobiol. 2011, 43, 180–191. [Google Scholar] [CrossRef] [PubMed]

	



Arimura, N.; Inagaki, N.; Chihara, K.; Menager, C.; Nakamura, N.; Amano, M.; Iwamatsu, A.; Goshima, Y.; Kaibuchi, K. Phosphorylation of collapsin response mediator protein-2 by Rho-kinase. Evidence for two separate signaling pathways for growth cone collapse. J. Biol. Chem. 2000, 275, 23973–23980. [Google Scholar] [CrossRef][Green Version]

	



Arimura, N.; Menager, C.; Kawano, Y.; Yoshimura, T.; Kawabata, S.; Hattori, A.; Fukata, Y.; Amano, M.; Goshima, Y.; Inagaki, M.; et al. Phosphorylation by Rho kinase regulates CRMP-2 activity in growth cones. Mol. Cell Biol. 2005, 25, 9973–9984. [Google Scholar] [CrossRef][Green Version]

	



Uchida, Y.; Ohshima, T.; Yamashita, N.; Ogawara, M.; Sasaki, Y.; Nakamura, F.; Goshima, Y. Semaphorin3A signaling mediated by Fyn-dependent tyrosine phosphorylation of collapsin response mediator protein 2 at tyrosine 32. J. Biol. Chem. 2009, 284, 27393–27401. [Google Scholar] [CrossRef][Green Version]

	



Ryan, K.A.; Pimplikar, S.W. Activation of GSK-3 and phosphorylation of CRMP2 in transgenic mice expressing APP intracellular domain. J. Cell Biol. 2005, 171, 327–335. [Google Scholar] [CrossRef][Green Version]

	



Khanna, R.; Moutal, A.; Perez-Miller, S.; Chefdeville, A.; Boinon, L.; Patek, M. Druggability of CRMP2 for Neurodegenerative Diseases. ACS Chem. Neurosci. 2020, 11, 2492–2505. [Google Scholar] [CrossRef]

	



Yang, Z.; Kuboyama, T.; Tohda, C. A Systematic Strategy for Discovering a Therapeutic Drug for Alzheimer’s Disease and Its Target Molecule. Front Pharmacol. 2017, 8, 340. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Williamson, R.; van, A.L.; Mann, D.M.; Platt, B.; Plattner, F.; Bedford, L.; Mayer, J.; Howlett, D.; Usardi, A.; Sutherland, C.; et al. CRMP2 hyperphosphorylation is characteristic of Alzheimer’s disease and not a feature common to other neurodegenerative diseases. J. Alzheimers. Dis. 2011, 27, 615–625. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schmitz, C.; Rutten, B.P.; Pielen, A.; Schafer, S.; Wirths, O.; Tremp, G.; Czech, C.; Blanchard, V.; Multhaup, G.; Rezaie, P.; et al. Hippocampal neuron loss exceeds amyloid plaque load in a transgenic mouse model of Alzheimer’s disease. Am. J. Pathol. 2004, 164, 1495–1502. [Google Scholar] [CrossRef] [PubMed]

	



Wirths, O.; Bayer, T.A. Neuron loss in transgenic mouse models of Alzheimer’s disease. Int. J. Alzheimers. Dis. 2010, 2010, 723782. [Google Scholar] [CrossRef][Green Version]

	



Comes, G.; Manso, Y.; Escrig, A.; Fernandez-Gayol, O.; Sanchis, P.; Molinero, A.; Giralt, M.; Carrasco, J.; Hidalgo, J. Influence of Transgenic Metallothionein-1 on Gliosis, CA1 Neuronal Loss, and Brain Metal Levels of the Tg2576 Mouse Model of Alzheimer’s Disease. Int. J. Mol. Sci. 2017, 18, 251. [Google Scholar] [CrossRef][Green Version]

	



Calhoun, M.E.; Wiederhold, K.H.; Abramowski, D.; Phinney, A.L.; Probst, A.; Sturchler-Pierrat, C.; Staufenbiel, M.; Sommer, B.; Jucker, M. Neuron loss in APP transgenic mice. Nature 1998, 395, 755–756. [Google Scholar] [CrossRef] [PubMed]

	



Baldassarro, V.A.; Marchesini, A.; Giardino, L.; Calza, L. Vulnerability of primary neurons derived from Tg2576 Alzheimer mice to oxygen and glucose deprivation: Role of intraneuronal amyloid-beta accumulation and astrocytes. Dis. Model. Mech. 2017, 10, 671–678. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wang, W.; Yin, J.; Ma, X.; Zhao, F.; Siedlak, S.L.; Wang, Z.; Torres, S.; Fujioka, H.; Xu, Y.; Perry, G.; et al. Inhibition of mitochondrial fragmentation protects against Alzheimer’s disease in rodent model. Hum. Mol. Genet. 2017, 26, 4118–4131. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Baek, S.H.; Park, S.J.; Jeong, J.I.; Kim, S.H.; Han, J.; Kyung, J.W.; Baik, S.H.; Choi, Y.; Choi, B.Y.; Park, J.S.; et al. Inhibition of Drp1 Ameliorates Synaptic Depression, Abeta Deposition, and Cognitive Impairment in an Alzheimer’s Disease Model. J. Neurosci. 2017, 37, 5099–5110. [Google Scholar] [CrossRef][Green Version]

	



Manczak, M.; Calkins, M.J.; Reddy, P.H. Impaired mitochondrial dynamics and abnormal interaction of amyloid beta with mitochondrial protein Drp1 in neurons from patients with Alzheimer’s disease: Implications for neuronal damage. Hum. Mol. Genet. 2011, 20, 2495–2509. [Google Scholar] [CrossRef]

	



Manczak, M.; Reddy, P.H. Abnormal interaction between the mitochondrial fission protein Drp1 and hyperphosphorylated tau in Alzheimer’s disease neurons: Implications for mitochondrial dysfunction and neuronal damage. Hum. Mol. Genet. 2012, 21, 2538–2547. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Misko, A.; Jiang, S.; Wegorzewska, I.; Milbrandt, J.; Baloh, R.H. Mitofusin 2 is necessary for transport of axonal mitochondria and interacts with the Miro/Milton complex. J. Neurosci. 2010, 30, 4232–4240. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guo, X.; Macleod, G.T.; Wellington, A.; Hu, F.; Panchumarthi, S.; Schoenfield, M.; Marin, L.; Charlton, M.P.; Atwood, H.L.; Zinsmaier, K.E. The GTPase dMiro is required for axonal transport of mitochondria to Drosophila synapses. Neuron 2005, 47, 379–393. [Google Scholar] [CrossRef][Green Version]

	



Stowers, R.S.; Megeath, L.J.; Gorska-Andrzejak, J.; Meinertzhagen, I.A.; Schwarz, T.L. Axonal transport of mitochondria to synapses depends on milton, a novel Drosophila protein. Neuron 2002, 36, 1063–1077. [Google Scholar] [CrossRef][Green Version]

	



Pilling, A.D.; Horiuchi, D.; Lively, C.M.; Saxton, W.M. Kinesin-1 and Dynein are the primary motors for fast transport of mitochondria in Drosophila motor axons. Mol. Biol. Cell 2006, 17, 2057–2068. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Isono, T.; Yamashita, N.; Obara, M.; Araki, T.; Nakamura, F.; Kamiya, Y.; Alkam, T.; Nitta, A.; Nabeshima, T.; Mikoshiba, K.; et al. Amyloid-β25–35 induces impairment of cognitive function and long-term potentiation through phosphorylation of collapsin response mediator protein 2. Neurosci. Res. 2013, 77, 180–185. [Google Scholar] [CrossRef]

	



Yamashita, N.; Ohshima, T.; Nakamura, F.; Kolattukudy, P.; Honnorat, J.; Mikoshiba, K.; Goshima, Y. Phosphorylation of CRMP2 (collapsin response mediator protein 2) is involved in proper dendritic field organization. J. Neurosci. 2012, 32, 1360–1365. [Google Scholar] [CrossRef][Green Version]

	



Mileusnic, R.; Rose, S.P. The memory enhancing effect of the APP-derived tripeptide Ac-rER is mediated through CRMP2. J. Neurochem. 2011, 118, 616–625. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 12 01287 g001 550] 





Figure 1. CRMP2 is hyperphosphorylated at Ser 522 and Thr 509/514, but total CRMP2 is unchanged in postmortem brain tissues of AD patients (AD, red circles) compared to brain tissues from control non-AD individuals (Control, blue circles). In (A), Western blotting of brain lysates from AD patients and unaffected individuals. Western blotting was performed with anti-pCRMP2 antibodies for pSer 522 and pThr 509/514, total CRMP2, and GAPDH as a loading control. Molecular weights (kilodalton, kDa) are shown on the left side of the blots. In (B), statistical summary of Western blotting data. Phosphorylation of CRMP2 at Ser 522 and Thr 509/514 was normalized per total CRMP2 expression and data are linked to the left Y-axis; a.u., arbitrary units. Total CRMP2 expression was normalized per GAPDH and data are linked to the right Y-axis. Data are mean ± SD, *** p < 0.001, N = 4. Data were analyzed by parametric one-way analysis of variance (ANOVA) with Holm–Sidak post-test. 
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Figure 2. CRMP2 is hyperphosphorylated at Ser 522 and Thr 509/514, but total CRMP2 is unchanged in lysates of brain cortices of APP/PS1 mice compared to lysates from WT littermates. In (A), representative immunoblots. (S)-LCM significantly reduced CRMP2 phosphorylation. Lanes 1–3, WT mice; lanes 4–6, AD mice; lanes 7–9, AD mice treated with (S)-LCM. (S)-LCM was delivered by oral gavage (10 mg/kg body weight for 7 days prior to analysis). AD mice received a vehicle (Veh, 10 μL DMSO in 0.2 mL saline daily for 7 days before the test). In (B–D), statistical summaries. Green circles, wild-type (WT) mice; red circles, AD mice treated with a vehicle; blue circles, AD mice treated with (S)-LCM. Data are mean ± SD, ** p < 0.01, *** p < 0.001, N = 3 biological replicates. Data were analyzed by parametric one-way analysis of variance (ANOVA) with Holm–Sidak post-test. 
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Figure 3. Hyperphosphorylation of CRMP2 at Ser 522, Thr 509/514, Tyr 32, Thr 555, and hyperphosphorylation of Drp1 at Ser 616 in cultured cortical neurons from APP/PS1 mice compared to neurons from WT littermates. (S)-LCM (10 µM for 7 days) significantly reduced CRMP2 phosphorylation at Ser 522 and Thr 509/514, but not at Thr 555 and Tyr 32 or at Ser 616 of Drp1. Cortical neurons were isolated from P1 APP/PS1 (AD) and WT mice of both sexes and cultured for 12–14 days in vitro (12–14 DIV). In (A), representative immunoblots. (B–G), statistical summaries based on densitometry data. Where shown, neurons were exposed to 10 µM (S)-LCM for the last 7 days before the experiments. β-actin and GAPDH are loading controls. Here and in other experiments with (S)-LCM applied to cultured neurons, 0.01% DMSO was used as a vehicle (Veh). Green circles, neurons from wild-type (WT) mice; red circles, neurons from AD mice treated with a vehicle; blue circles, neurons from AD mice treated with (S)-LCM. Data are mean ± SD, ** p < 0.01, *** p < 0.001, N = 4 separate experiments with neurons from different platings. Data were analyzed by parametric one-way analysis of variance (ANOVA) with Holm–Sidak post-test. 
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Figure 4. CRMP2 colocalization with mitochondria in mouse cultured cortical neurons. CRMP2 was stained with anti-CRMP2 antibody (A). Mitochondria were visualized using mitochondrially targeted enhanced yellow fluorescent protein (mito-eYFP) (B). Overlay of CRMP2 and mitochondrial images (C), yellow). In (D), CRMP2 is attached to synaptic mitochondria isolated from brain cortices of C57BL/6;C3H mice. H, homogenate; C, cytosol; Mtc, mitochondria. LAMP1, Calnexin, MEK1/2, COX IV, and Histone H3 are lysosomal, ER, cytosolic, mitochondrial, and nuclear markers, respectively. Cultured cortical neurons (14 DIV) were produced from postnatal day 1 (P1) wild-type C57BL/6;C3H mice, a background for APP/PS1 mice. Representative data from N = 5 biological repeats is shown. 
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Figure 5. CRMP2 interacts with Drp1, Miro 2, and Mitofusin 2 in cultured cortical neurons (14 DIV) from APP/PS1 (AD) and WT mice. In AD neurons, CRMP2 interaction with Drp1, Miro 2, and Mitofusin 2 was disrupted. (S)-LCM) precluded CRMP2 dissociation from these proteins. In (A), immunoprecipitation (IP) of CRMP2 with Miro 2, Drp1, and Mitofusin 2 using pull-down procedure with anti-CRMP2 antibody followed by immunoblotting with anti-Miro 2, anti-Drp1, and anti-Mitofusin 2 antibodies. In (B), IP of Miro 2, Drp1, and Mitofusin 2 with CRMP2 using pull-down procedure with anti-Miro 2, anti-Drp1, and anti-Mitofusin 2 antibodies followed by immunoblotting with anti-CRMP2 antibody. Cells were exposed to either a vehicle (Veh, 0.01% DMSO) or 10 µM (S)-LCM for 7 days prior to analysis. Cortical neurons were isolated from P1 APP/PS1 (AD) and WT mice of both sexes and cultured for 12–14 days in vitro (12–14 DIV). For the input, 5% of total protein was used in the immunoprecipitation procedure. Representative data from N = 5 biological repeats is shown. 
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Figure 6. Altered mitochondrial morphology and motility in cortical neurons in culture from APP/PS1 mice. (S)-LCM improved mitochondrial morphology and traffic. In (A–F), mitochondria in cultured cortical neurons (12–14 DIV) visualized with mito-eYFP and imaged with a spinning-disk confocal microscopy. Mitochondrial morphology was analyzed using 3D reconstruction of serial images (z-stacks). In Insets, the organelles are demonstrated at doubled magnification. In (A), neuron from WT mice; in (B), neuron from APP/PS1 mice, these neurons were treated with a vehicle (Veh, 0.01% DMSO) for 7 days before imaging; in (C), APP/PS1 neuron incubated with 10 μM (S)-LCM for 7 days before imaging; in (D–F), mitochondrial traffic in neurites of WT neuron (D), APP/PS1 neuron treated with a vehicle (Veh, 0.01% DMSO) for 7 days before imaging (E), and APP/PS1 neuron treated with 10 μM (S)-LCM for 7 days before imaging (F). Here, and in Figure 7, vertical traces represent immobile mitochondria, angled traces represent trafficking organelles. The bands with mitochondrial fluorescent images demonstrate the organelles at the beginning of experiments. Motility of mitochondria was documented for five minutes at 37 °C. In (G), the length of neuronal mitochondria in µm. Here, and in Figure 7, one hundred randomly selected mitochondria from 10–12 cells from three different platings were assessed employing Imaris Measurement Pro 6.4 software (Bitplane, South Windsor, CT, USA) [17,18,49]. In (H), fractions of moving organelles and mitochondria trafficking in retrograde and anterograde directions shown as percentage of total number of analyzed mitochondria. Green circles, neurons from wild-type (WT) mice; red circles, neurons from AD mice treated with a vehicle; blue circles, neurons from AD mice treated with (S)-LCM. Data are mean ± SD, * p < 0.05, *** p < 0.001, N = 5 separate experiments with neurons from different platings. Data were analyzed by nonparametric Kruskal–Wallis ANOVA on ranks followed by Tukey test. 
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Figure 7. CRMP2 ablation using siRNA-augmented mitochondrial fragmentation and reduced mitochondrial motility in cultured cortical neurons (12–14 DIV) from WT mice. The results of representative experiments with cultured cortical neurons are shown. Neurons were isolated from P1 wild-type C57BL/6;C3H mice. In (A), phase-contrast bright-field image. In (B–D), typical immunochemistry staining is shown. (B), CRMP2 immunostaining. (C), visualization of mitochondria with mito-eYFP. (D), overlapped mitochondria and CRMP2 images. Arrows, neuron with successful transfection. Delivery of anti-CRMP2 siRNA (ACTCCTTCCTCGTG TACATTT) led to ablation of CRMP2 (B). In (E–G), mitochondrial morphology in cultured cortical neurons is shown. In (E), scramble siRNA did not change mitochondrial morphology. In (F), anti-CRMP2 siRNA resulted in an increased mitochondrial fission. In (G), a neuron with deleted CRMP2 and treated with 10 μM (S)-LCM for 7 days; mitochondria remained fragmented. Mito-eYFP was used to visualize mitochondria in live neurons. Mitochondrial morphology was assessed employing z-stacks of serial images and 3D reconstruction. In (H–J), representative kymographs illustrating mitochondrial motility are shown. Mitochondrial traffic was documented for 5 min at 37 °C. In (H), mitochondrial motility in a neuron treated with scramble siRNA. In (I), CRMP2 ablation with siRNA was accompanied by reduced mitochondrial traffic. In (J), a neuron with deleted CRMP2 and treated with 10 μM (S)-LCM for 7 days; mitochondrial traffic remained suppressed. In (K), the length of neuronal mitochondria in µm. In (L), fractions of moving organelles and mitochondria trafficking in retrograde and anterograde directions shown as percentage from total number of analyzed mitochondria. In (K,L), data are mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, N = 5 separate experiments with neurons from different platings. Green circles, neurons transfected with scramble siRNA; red circles, neurons transfected with anti-CRMP2 siRNA; blue circles, neurons transfected with anti-CRMP2 siRNA and treated with (S)-LCM. Data were analyzed by nonparametric Kruskal–Wallis ANOVA on ranks followed by Tukey test. 






Figure 7. CRMP2 ablation using siRNA-augmented mitochondrial fragmentation and reduced mitochondrial motility in cultured cortical neurons (12–14 DIV) from WT mice. The results of representative experiments with cultured cortical neurons are shown. Neurons were isolated from P1 wild-type C57BL/6;C3H mice. In (A), phase-contrast bright-field image. In (B–D), typical immunochemistry staining is shown. (B), CRMP2 immunostaining. (C), visualization of mitochondria with mito-eYFP. (D), overlapped mitochondria and CRMP2 images. Arrows, neuron with successful transfection. Delivery of anti-CRMP2 siRNA (ACTCCTTCCTCGTG TACATTT) led to ablation of CRMP2 (B). In (E–G), mitochondrial morphology in cultured cortical neurons is shown. In (E), scramble siRNA did not change mitochondrial morphology. In (F), anti-CRMP2 siRNA resulted in an increased mitochondrial fission. In (G), a neuron with deleted CRMP2 and treated with 10 μM (S)-LCM for 7 days; mitochondria remained fragmented. Mito-eYFP was used to visualize mitochondria in live neurons. Mitochondrial morphology was assessed employing z-stacks of serial images and 3D reconstruction. In (H–J), representative kymographs illustrating mitochondrial motility are shown. Mitochondrial traffic was documented for 5 min at 37 °C. In (H), mitochondrial motility in a neuron treated with scramble siRNA. In (I), CRMP2 ablation with siRNA was accompanied by reduced mitochondrial traffic. In (J), a neuron with deleted CRMP2 and treated with 10 μM (S)-LCM for 7 days; mitochondrial traffic remained suppressed. In (K), the length of neuronal mitochondria in µm. In (L), fractions of moving organelles and mitochondria trafficking in retrograde and anterograde directions shown as percentage from total number of analyzed mitochondria. In (K,L), data are mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, N = 5 separate experiments with neurons from different platings. Green circles, neurons transfected with scramble siRNA; red circles, neurons transfected with anti-CRMP2 siRNA; blue circles, neurons transfected with anti-CRMP2 siRNA and treated with (S)-LCM. Data were analyzed by nonparametric Kruskal–Wallis ANOVA on ranks followed by Tukey test.
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Figure 8. Drp1 recruitment to mitochondria isolated from cultured cortical neurons from WT and APP/PS1 mice. In (A), the representative immunoblots with anti-Drp1 and anti-VDAC1 antibodies. VDAC1 was a loading control. Where indicated, neurons from APP/PS1 mice were treated with a vehicle (Veh, 0.01% DMSO) or with 10 μM (S)-LCM for 7 days before the experiment. In (B), statistical summary of these experiments. The data are shown as a ratio of Drp1/VDAC1. Green circles, neurons from wild-type (WT) mice; red circles, neurons from AD mice treated with a vehicle; blue circles, neurons from AD mice treated with (S)-LCM.Data are mean ± SD, *** p < 0.001, N = 5 separate experiments with neurons from different platings. Data were analyzed by parametric one-way analysis of variance (ANOVA) with Holm–Sidak post-test. a.u., arbitrary units. 
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Figure 9. Apoptotic and necrotic cell death in cortical neurons in culture from APP/PS1 (AD) mice and WT littermates (WT). Neurons were cultured in vitro for 21 days and then stained with Hoechst 33342 (blue, nuclear marker), YO-PRO-1 (green, apoptosis marker), and propidium iodide (red, necrosis marker), respectively. (A,B), bright-field and fluorescent images of WT neurons. (C,D), bright-field and fluorescent images of AD neurons treated with a vehicle (Veh, 0.01% DMSO) for seven days before cell death assay. (E,F), phase-contrast bright-field and fluorescence images of AD neurons incubated with 10 µM (S)-LCM for seven days before cell death assay [18]. In (G,H), statistical summary of cell death in AD and WT neurons. Green circles, neurons from wild-type (WT) mice; red circles, neurons from AD mice treated with a vehicle; blue circles, neurons from AD mice treated with (S)-LCM. Data are mean ± SD, * p < 0.05, ** p < 0.01, N = 5 separate experiments with neurons from different platings. Data were analyzed by nonparametric Kruskal–Wallis ANOVA on ranks followed by Tukey test. 
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