

  biomedicines-09-00158




biomedicines-09-00158







Biomedicines 2021, 9(2), 158; doi:10.3390/biomedicines9020158




Article



IGF1R Deficiency Modulates Brain Signaling Pathways and Disturbs Mitochondria and Redox Homeostasis



Susana Cardoso 1,2,3,*[image: Orcid], Icíar P. López 4, Sergio Piñeiro-Hermida 5[image: Orcid], José G. Pichel 4,6[image: Orcid] and Paula I. Moreira 1,3,7,*[image: Orcid]





1



CNC—Center for Neuroscience and Cell Biology, University of Coimbra, 3004–504 Coimbra, Portugal






2



IIIUC—Institute for Interdisciplinary Research, University of Coimbra, 3030-789 Coimbra, Portugal






3



CIBB—Center for Innovative Biomedicine and Biotechnology, University of Coimbra, 3004-504 Coimbra, Portugal






4



Lung Cancer and Respiratory Diseases Unit (CIBIR), Fundación Rioja Salud, 26006 Logroño, Spain






5



Telomeres and Telomerase Group, Molecular Oncology Program, Spanish National Cancer Centre (CNIO), 28029 Madrid, Spain






6



Biomedical Research Networking Center in Respiratory Diseases (CIBERES), ISCIII, 28029 Madrid, Spain






7



Institute of Physiology, Faculty of Medicine, University of Coimbra, 3004-517 Coimbra, Portugal









*



Correspondence: susana.t.cardoso@gmail.com (S.C.); pimoreira@fmed.uc.pt (P.I.M.); Tel.: +351-239-820-190 (S.C.)







Academic Editor: David R. Wallace



Received: 22 December 2020 / Accepted: 3 February 2021 / Published: 6 February 2021



Abstract

:

Insulin-like growth factor 1 receptor (IGF1R)-mediated signaling pathways modulate important neurophysiological aspects in the central nervous system, including neurogenesis, synaptic plasticity and complex cognitive functions. In the present study, we intended to characterize the impact of IGF1R deficiency in the brain, focusing on PI3K/Akt and MAPK/ERK1/2 signaling pathways and mitochondria-related parameters. For this purpose, we used 13-week-old UBC-CreERT2; Igf1rfl/fl male mice in which Igf1r was conditionally deleted. IGF1R deficiency caused a decrease in brain weight as well as the activation of the IR/PI3K/Akt and inhibition of the MAPK/ERK1/2/CREB signaling pathways. Despite no alterations in the activity of caspases 3 and 9, a significant alteration in phosphorylated GSK3β and an increase in phosphorylated Tau protein levels were observed. In addition, significant disturbances in mitochondrial dynamics and content and altered activity of the mitochondrial respiratory chain complexes were noticed. An increase in oxidative stress, characterized by decreased nuclear factor E2-related factor 2 (NRF2) protein levels and aconitase activity and increased H2O2 levels were also found in the brain of IGF1R-deficient mice. Overall, our observations confirm the complexity of IGF1R in mediating brain signaling responses and suggest that its deficiency negatively impacts brain cells homeostasis and survival by affecting mitochondria and redox homeostasis.
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1. Introduction


Insulin-like growth factor type 1 receptor (IGF1R) is an important cellular modulator with essential roles in the regulation of growth, development and metabolism, as well as in cellular processes like proliferation, survival, cell migration and differentiation; affecting nearly every organ system in the body [1,2,3]. Belonging to the family of transmembrane receptor tyrosine kinases (RTKs), where it is also included its highly homologous insulin receptor (IR), IGF1R is a transmembrane heterotetrameric glycoprotein consisting of two extracellular α subunits containing the IGF-binding site and two intracellular β subunits that exhibit tyrosine kinase activity [4]. Upon ligand-binding, IGF1Rs form constitutive homodimers that undergo ligand-dependent conformational changes in the α subunits and autophosphorylation of the β subunits, subsequently leading to the phosphorylation of insulin receptor substrates (IRS). This activity ensues activation of downstream intracellular signaling pathways: (1) the canonical phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) and (2) the mitogen-activated protein (MAP) kinase (also called extracellular signal-regulated kinase; ERK), which ultimately transduce canonical ligand actions to control a number of essential biological outcomes [5,6,7].



Apart from its peripheral effects, IGF1R is present in different areas of the human brain like the hippocampus, prefrontal cortex, amygdala and parahippocampal gyrus, where its signaling fulfills important roles in neuronal development, neurogenesis and function, normal brain physiology and metabolism [8]. By activating downstream signaling cascades, IGF1/IGF1R is shown to participate in brain cell reparation, remodeling and resistance to stress during aging or in response to tissue damage for review see ref [1]. However, contradictions remain, and different transgenic animals have been developed to characterize and evaluate the involvement of the IGF1/IGF1R system in the central nervous system. While classical IGF1R knockout mice die at birth displaying generalized developmental abnormalities with multiorgan failure [9,10,11,12], the recently described UBC-CreERT2; Igf1rfl/fl mutant mice are apparently healthy upon the postnatal induction of tamoxifen-mediated Igf1r gene deletion. Igf1r deletion efficiently occurs in multiple mouse organs, making these mouse mutants a suitable animal model for the study of generalized IGF1R deficiency during postnatal development [13,14]. UBC-CreERT2; Igf1rfl/fl mutant males show diminished total body weight as well as altered organs weights than the respective controls (Igf1rfl/fl) when analyzed at eight weeks of age. In particular, at this age, the brain of these mutants was one of the few organs with a significantly lower weight compared to Igf1rfl/fl mice, a difference that faded out when corrected and expressed as organ-to-body weight ratio [13]. However, the consequences of postnatal IGF1R deficiency in brain tissue homeostasis in this particular animal model have not yet been investigated. In this framework, our main goal was to evaluate and dissect the consequences of IGF1R deficiency in the brain, putting the focus on PI3K/Akt and MAPK/ERK1/2 signaling pathways and mitochondria-related features. For this purpose, brain homogenates from 13-week-old UBC-CreERT2; Igf1rfl/fl mice and respective control mice were used to evaluate key proteins downstream of IGF1R signaling, synaptic integrity, caspases 3 and 9-like activity, mitochondrial dynamics, content and respiratory chain complexes activity, and general brain oxidative status. In brief, we have found that IGF1R deficiency distinctively modulates brain canonical signaling pathways, alters brain redox homeostasis and significantly impacts brain mitochondria content, structure and function, which ultimately will disturb brain homeostasis.




2. Experimental Section


2.1. Material and Reagents


All reagents used were of the highest analytical grade of purity commercially available and all aqueous solutions were prepared in ultrapure (type I) water. Amplex red, horseradish peroxidase type VI-A (HRP), antimycin A, 2,6-dichlorophenolindophenol (DCPIP), coenzyme Q1, bovine serum albumin (BSA), β-nicotinamide adenine dinucleotide (NADH), rotenone, decylubiquinol, n-dodecyl-β-d-maltoside, cytochrome c, 5–5-dithiobis(2-nitrobenzoic acid; DTNB), acetyl-CoA and oxaloacetate were provided by Sigma-Aldrich (St. Louis, MO, USA). Proteases and phosphatases inhibitors were obtained from Roche Applied Science (Amadora, Portugal). Caspase 3 and caspase 9 substrates were obtained from Merck (Lisboa, Portugal). Antibodies were obtained from the following sources: Akt (1:1000, BD Biosciences, San Jose, CA, USA (610861)); pAkt (Ser473) (1:1000, Cell Signaling, Danvers, MA, USA (4051)); CREB (1:750, Cell Signaling, Danvers, MA, USA (9197)); pCREB (Ser133) (1:1000, Millipore, Darmstadt, Germany (06-519)); DRP1 (1:1000, BD Biosciences, San Jose, CA, USA (611113)); pDRP1 (Ser616) (1:1000, Cell Signaling, Danvers, MA, USA (3455)); MAPK (ERK1/2) (1:1000, Cell Signaling, Danvers, MA, USA (9102)); pMAPK (ERK1/2) (Thr202/Tyr204) (1:1000, Cell Signaling, Danvers, MA, USA (4377)); pGSK3β (Ser9) (1:1000, Cell Signaling, Danvers, MA, USA (9336)); pGSK3β (Y216) (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-135653)); GSK3β (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-81462)); IGF-1R β(H60) (1:1000, Santa Cruz Biotechnology (sc-9038)); IR β(4B8) (1:1000, Cell Signaling, Danvers, MA, USA (3025)); ND1 (C-18) (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-20493)); NRF2 (1:1000, Abcam, Cambridge, UK (ab31163)); NRF1 (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-33771)); TFAM (1:750, Santa Cruz Biotechnology, Heidelberg, Germany (sc-23588)); Mfn1 (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-50330)); Mfn2 (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-100560)); MTCO1 (1:1000, Abcam, Cambridge, UK (ab14705)); OPA1 (1:1000, BD Biosciences, San Jose, CA, USA (612607)); PI3K (p110-alpha-C73F8) (1:1000, Cell Signaling, Danvers, MA, USA (4249S)); PSD95 (1:1000, Cell Signaling, Danvers, MA, USA (D27E11)); synaptophysin (1:1000, Sigma-Aldrich, St. Louis, MO, USA (S5768)); SNAP25 (1:1000, Sigma-Aldrich, St. Louis, MO, USA (S5187)); pTau (Ser 396) (1:1000, Santa Cruz Biotechnology, Heidelberg, Germany (sc-101815)); Tau (1:750, Sigma-Aldrich, St. Louis, MO, USA (T9450); actin (1:5000, Sigma-Aldrich, St. Louis, MO, USA (A5441)).




2.2. Animals


The present work was performed in brain tissue homogenates from 13-week-old male UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl mutant mice [13]. Brains were dissected from 5 h-fasted animals (6:00 to 11:00 a.m.) before sacrifice, snap-frozen in liquid nitrogen and kept at −80 °C until further analysis. As described, these transgenic mice were generated by mating UBC-CreERT2 transgenic with Igf1rfl/fl mutant mice. Briefly, UBC-CreERT2 mice express a Cre-ERT2 fusion protein composed of Cre recombinase and a mutant form of the estrogen receptor with a triple mutation, which is selectively activated in the presence of tamoxifen. Igf1rfl/fl mice contain loxP sites flanking exon 3 of the IGF1R gene. Both UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl transgenic littermates were treated with tamoxifen at four weeks of age. Cre-ERT2 recombinase expression is induced after tamoxifen administration, and consequent excision of the floxed exon of the Igf1r gene occurs only in UBC-CreERT2; Igf1rfl/fl mice (gene knockout). The floxed allele remained undeleted in Igf1rfl/fl (control) mice, but also in some cells of UBC-CreERT2; Igf1rfl/fl animals, where the deletion occurred with different grades of mosaicism depending on tissue and cell types [13]. All experiments and animal procedures were carried out in accordance with the European Communities Council Directive on animal experiments (EU Directive 2010/63/EU, 22 September 2010) and were approved and revised by the Institutional Animal Care and Use Committee (IACUC) from the Center for Biomedical Research of La Rioja, Spain (ref. 03/12).




2.3. Sample Preparation and Western Blot


Mouse brains (whole brain minus the cerebellum) were homogenized in ice-cold lysis buffer (25 mM HEPES-Na, 2 mM MgCl2, 1 mM EDTA, and 1 mM EGTA) supplemented with 0.1 M phenylmethanesulfonylfluoride (PMSF), 2 mM dithiothreitol (DTT), and a cocktail of proteases and phosphatases inhibitors. The homogenates were incubated on ice for 15 min, frozen and thawed 3 times to favor disruption, centrifuged at 14,000× rpm for 10 min at 4 °C, and the resulting supernatant collected and stored at −80 °C. The amount of protein content in the samples was analyzed by the BCA protein assay using the Pierce™ BCA protein assay kit (Fisher Scientific, Loures, Portugal). For the Western blot, samples were resolved by electrophoresis in 10 and 15% SDS–polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes. After electrophoresis, proteins were transferred to PVDF membranes, and blocked membranes (1 h in 5% BSA and 0.1% Tween in TBS at room temperature) were incubated overnight at 4 °C with specific antibodies. The proteins were detected separately with specific secondary antibodies. β-actin was used as a loading control. The enhanced chemifluorescent (ECF) detection system (VWR International, Lisboa, Portugal) and Versa Doc or Chemi Doc imaging systems (Bio-Rad, Hercules, CA, USA) were used, and band density was obtained with the Quantity One Software or Image Lab Software, respectively (Bio-Rad, Hercules, CA, USA).




2.4. Measurement of Intracellular Reactive Oxygen Species (ROS)


The accumulation of ROS was quantified fluorometrically following the Amplex red–horseradish peroxidase (HRP) method, as described previously [15], with some modifications. Once in the cell, the horseradish peroxidase catalyzes H2O2-dependent oxidation of non-fluorescent Amplex red into fluorescent resorufin red. Briefly, 50 μg of brain tissue homogenates prepared in ice-lysis buffer without DTT were placed in Krebs buffer and loaded with 50 μM Amplex red reagent and 0.2 U/mL horseradish peroxidase and incubated for 30 min at 37 °C, protected from light. Sample fluorescence corresponding to H2O2 generation was then monitored for 30 min with 30 s intervals, at 37 °C, with 560 nm excitation and 590 nm emission wavelengths, using a Microplate Spectrofluorometer Gemini EM (Molecular Devices, San Jose, CA, USA). Experiments were performed in duplicate, and Amplex red fluorescence was determined from obtained slopes by subtracting minimal and maximal absorbance values. Further, a control without a sample was performed and subtracted from each value to discard background interference. Amplex red fluorescence was expressed as a percentage of control.




2.5. Measurement of Aconitase Activity


Aconitase activity was determined according to Krebs and Holzach [16] and adapted to be spectrophotometrically determined in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). Briefly, brain protein extracts previously homogenated in ice-cold lysis buffer without DTT were diluted in 150 μL buffer containing 50 mM Tris-HCl and 100 mM MnCl2 (pH = 7.4), frozen and thawed 2 times and centrifuged for 3 min at 14,000× rpm. Aconitase activity was determined in samples supernatants by monitoring at 240 nm the cis-aconitase after the addition of 20 mM isocitrate, at 25 °C. The activity of aconitase was calculated using a molar coefficient of 3.6 mM−1⋅cm−1 and expressed as U/mg protein/min. One unit was defined as the amount of enzyme necessary to produce 1 M cis-aconitate per minute.




2.6. Measurement of Caspase 3 and Caspase 9-Like Activity


Caspase 3 and caspase 9 activation was measured using a colorimetric method. Briefly, 50 µg of brain tissue homogenate was incubated at 37 °C for 2 h in 25 mM HEPES, pH 7.5 containing 0.1% CHAPS, 10% sucrose, 2 mM DTT, and 40 μM Ac-DEVD-pNA for the determination of caspase 3 and with 40 μM Ac-LEHD-pNA for the determination of caspase 9. The caspase-like activity was determined by measuring substrate cleavage at 405 nm in a microplate spectrophotometer SpectraMax Plus384 (Molecular Devices, San Jose, CA, USA), and values were expressed as a percentage of control.




2.7. Measurement of Brain Mitochondrial Enzymatic Activities


All assays described below follow microplate adaptations of previous well-established standard methods for the evaluation of mitochondrial enzyme activities [17,18,19,20]. Of note, for those assays, brain tissue was homogenized in ice-cold lysis buffer without DTT, and mitochondrial respiratory chain complexes activities were corrected and normalized with the citrate synthase activity, an enzyme of the tricarboxylic acid cycle [21].



2.7.1. Mitochondrial Respiratory Chain Complexes Activities


NADH-decylubiquinone oxidoreductase (mitochondrial complex I) activity was determined by a method previously described by Long et al. [18], with some modifications. This assay involves decylubiquinone as the electron acceptor and NADH as a donor. Briefly, 50 μg of total brain homogenate was placed in reaction buffer containing: 25 mM KH2PO4 (pH 7.5), 5 mM MgCl2, 0.3 mM KCN, 4 μM antimycin A, 3 mg/mL BSA, 60 μM coenzyme Q1 and 160 μM DCPIP and baseline readings continuously performed for 3 min with 30 s intervals, at 600 nm, in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). The reaction began with the addition of 100 μM freshly prepared NADH, and readings were continuously recorded for 6 min with 30 s intervals. Finally, 10 μM rotenone (a specific inhibitor of complex I) was added, and reading was continuously performed for 6 min. Enzyme activity was calculated through the mean of slopes obtained during the linear phase and determined as the difference between the activities in the absence and presence of rotenone. A molar extinction coefficient (ε)600 = 19.1 mM−1⋅cm−1 was applied, and complex I activity was expressed as nmol/min/mg protein.



NADH-cytochrome c oxidoreductase (mitochondrial complexes I + III) activity was determined following the increase in absorbance at 550 nm resulting from the reduction of freshly prepared cytochrome c, as previously described [21]. The assay involves oxidized cytochrome c as an electron acceptor and NADH as an electron donor. Briefly, 50 µg of total brain homogenate was incubated for 2 min in 100 mM phosphate buffer (KH2PO4; pH 7.4), at 30 °C, followed by the addition of 50 mM Tris-HCl (pH 8.0) medium supplemented with 6 mg/mL BSA, 40 µM oxidized cytochrome c and 240 µM KCN. Baseline readings were performed for 4 min with 30 s intervals at 30 °C, and the reaction was started with the addition of 0.1 mM NADH. Activity reading was continuously performed for 6 min with 30 s intervals at 550 nm in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). Rotenone (4 µM) was added to access the rotenone sensitive activity, and monitoring was performed for 6 additional min. Complexes I + III activity was calculated through the mean of slopes obtained during the linear phase and determined as the difference between basal activity in the absence and presence of rotenone. A ε550 = 19.6 mM−1⋅cm−1 was applied, and enzymatic activity was expressed as nmol/min/mg protein.



Succinate-ubiquinol cytochrome c oxidoreductase (mitochondrial complexes II + III) activity was determined following the increase in absorbance at 550 nm resulting from the reduction of freshly prepared cytochrome c, the electrons acceptor, and succinate, the electrons donor, as reported elsewhere [21]. Briefly, 50 µg of total brain homogenate was pre-incubated for 5 min, at 37 °C, in 100 mM phosphate reaction buffer (pH 7.4), 1 mM KCN and 500 mM succinate. Reading was initiated by adding the pre-incubated mixture to microplates wells containing 100 mM phosphate reaction buffer (pH 7.4), 0.3 mM EDTA and 100 µM oxidized cytochrome c, and continuous activity was measured for 5 min with 30 s intervals at 37 °C. Antimycin A (40 µM) was then added, and reading was continuously measured for 5 min with 30 s intervals, at 37 °C, at 550 nm in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). Complexes II + III activity was calculated through the mean of slopes obtained during the linear phase and determined as the difference between basal activity in the absence and presence of antimycin A. A ε550 = 19.2 mM−1⋅cm−1 was applied, and enzymatic activity was expressed as nmol/min/mg protein.



Ubiquinol cytochrome c oxidoreductase (mitochondrial complex III) activity was assayed following the increase in absorbance at 550 nm resulting from the reduction of cytochrome c [21]. The protocol involves oxidized cytochrome c, the electrons acceptor, and decylubiquinol, the electrons donor. Briefly, 50 µg of total brain homogenate was placed in a reaction buffer containing 25 mM KH2PO4 (pH 7.5), 3.75 µM rotenone, 0.025% Tween-20 and 0.20 mM decylubiquinol. Basal reading was performed for 3 min with 30 s intervals, at 37 °C, in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). Enzymatic activity was initiated with the addition of 75 µM oxidized cytochrome c, and continuous reading was performed for 3 min with 30 s intervals. Finally, 2.5 µM antimycin A was added, and monitoring was performed for 3 additional min. Complex III activity was calculated through the mean of slopes obtained during the linear phase and determined as the difference between basal activity in the absence and presence of rotenone. A ε550 = 19.2 mM−1⋅cm−1 was applied, and enzymatic activity was expressed as nmol/min/mg protein.



Cytochrome c oxidase (mitochondrial complex IV) activity was determined by a method previously described [22] with some modifications. Briefly, 50 μg of total brain homogenate was incubated, at 37 °C, in reaction buffer containing 50 mM KH2PO4 (pH 7.0), 4 μM antimycin A and 0.05% n-dodecyl-β-d-maltoside and reading was performed for 3 min with 30 s intervals in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA). Enzymatic activity was followed by a decrease in absorbance of reduced cytochrome c at 550 nm, upon addition of 7.2 μM of freshly prepared reduced cytochrome c for 6 min with 30 s intervals. Complex IV activity was calculated through the mean of slopes obtained during the linear phase and determined as the difference between basal activity in the absence and presence of 10 mM of KCN (a specific inhibitor of complex IV). A ε550 = 19.1 mM−1⋅cm−1 was applied, and mitochondrial complex IV activity was expressed as nmol/min/mg protein.




2.7.2. Mitochondrial Citrate Synthase Activity


To evaluate mitochondrial citrate synthase activity, 50 µg of protein was added to 100 mM Tris-HCl (pH 8) reaction buffer containing 0.1% Triton X-100, 200 µM DTNB, 200 µM acetyl-CoA, and baseline was measured at 412 nm for 3 min with 30 s intervals, at 30 °C. The reaction was started with 100 µM oxaloacetate and followed spectrophotometrically in a SpectraMax Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA) for 6 min by measuring the increase in absorbance at 412 nm (=13.6 mM/cm) resulting from the reduction of DTNB. Results were expressed as nmol/min/mg protein, and mitochondrial respiratory chain complexes activities were normalized by dividing the enzymatic activity rates corresponding to each mitochondrial complex respiratory chain enzyme by the rate of citrate synthase activity [21].





2.8. Statistical Analysis


Results are presented as mean ± SEM of the indicated number of experiments. After assessing the normality distribution of the groups using GraphPad Prism Software Inc. (La Jolla, CA, USA), data were analyzed by Student’s unpaired t-test or by Mann–Whitney U test where indicated. A p value < 0.05 was considered significant unless otherwise specified.





3. Results


3.1. Characterization of UBC-CreERT2; Igf1rfl/fl Mutant Mice


To study the effects of IGF1R deficiency in the postnatal mouse brain, we used the UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl mutant mice that were treated with tamoxifen at four weeks of age to induce Igf1r gene deletion in animals with the UBC-CreERT2; Igf1rfl/fl genotype [13]. Brains were dissected from 13-week-old, fasted males of both genotypes. Brain weights of UBC-CreERT2; Igf1rfl/fl mutant mice (n = 14) were significantly lower (89.63%) than those of Igf1rfl/fl controls (n = 11), despite total mouse body weights and the ratio brain/body weight, were not found significantly different at this age (Supplementary Materials). We next surveyed the protein levels of IGF1R and its highly homologous IR in whole-brain extracts (minus the cerebellum) from mice of both genotypes. As found in western immunoblot analysis, the generalized IGF1R deletion evoked a significant decrease in IGF1R protein levels in brains extracts of UBC-CreERT2; Igf1rfl/fl mutants (~45%) (Figure 1a), thus confirming the validity of this mouse model to study the impact of IGF1R deficiency in the brain. Interestingly, the IGF1R downregulation was accompanied by a significant increase in IR protein levels (~125%) (Figure 1b), which could represent a compensatory mechanism to activate downstream signaling cascades.




3.2. IGF1R Deficiency Activates PI3K/AKT and Downregulates ERK1/2 Signaling Pathways


Several lines of evidence have demonstrated that IGF1R mediated actions against various neurotoxic cues involve the PI3K/Akt and MAPK/ERK1/2 signaling pathways [23,24]. To determine whether decreased IGF-1R levels compromise signaling in brain tissue, we started by performing immunoblotting densitometric analysis of the catalytic subunit of PI3K, the P13K (p110) protein, and its downstream mediators. We found a significant increase of P13K (p110) protein levels (Figure 2a) as well as of the phosphorylation levels of intracellular serine/threonine kinase Akt, which transduces IGF1R signaling, in brain tissue from UBC-CreERT2; Igf1rfl/fl mutants (Figure 2b). On the other hand, a significant decrease in the pERK/ERK ratio was found in brain tissue from UBC-CreERT2; Igf1rfl/fl mutants (Figure 2c). Altogether these results suggest that IGF1R deficiency impacts the canonical distal pathways that, in this particular mice model, are accompanied by an increase in IR protein levels, representing a compensatory mechanism to promote the activation of the pro-survival pathway PI3K/Akt.




3.3. IGF1R Deficiency Evokes a Dual Regulation of Brain GSKβ Activity and Increases Tau Phosphorylation


Akt kinase activation is known to have a strong antiapoptotic action and be directly involved in the phosphorylation of many substrates, including glycogen synthase kinase-3β (GSK3β) at Ser9 [25,26], inhibiting its activity and inhibition of caspase activity, leading to cell survival. According to that, our data show that concomitant with Akt activation, the brain tissue of IGF1R KO mice presented a significant increase in pGSK3β (Ser9) (Figure 3a) and no alterations in caspase-3 and caspase-9-like activities (Figure 3d,e, respectively). These observations suggest that IGF1R deficiency activates PI3K/Akt activation inhibiting GSK3β, probably to preserve brain cells homeostasis and survival.



GSK3β is a multifunctional protein kinase particularly abundant in the brain where it is involved in the regulation of several critical processes, including cell proliferation, cell survival, gene expression, cellular architecture, neural development and plasticity [27]. In particular, GSK3β activation, due to reduced pGSK3βSer9 [28], but also through increased phosphorylation of GSK3β at Y216 [29], has been strongly implicated in the phosphorylation of Tau microtubule-associated protein at the majority of its serine/threonine sites that cause associated toxicities in Alzheimer’s disease (AD). Here, we found that concomitant with an increased level of pGSK3β (Ser9), the brain tissue of IGF1R deficient mice also displayed a significant increase in the pGSK3β (Y216)/GSK3β ratio (Figure 3b), which represents the active form of the enzyme. To further confirm GSK3β activation, we also performed an immunoblotting analysis of Tau phosphorylation at the Ser396, the most favorable target site of GSK3β. The densitometric analysis of blots revealed a significant increase in pTau protein to total Tau protein ratio (Figure 3c). Of note, a significant decrease in the total form of GSK3β and a significant increase in the total levels of Tau protein normalized with actin protein was also detected in brain tissue of mutant mice (Supplementary Materials). These data suggest that in the brains of IGF1R deficient mice, GSK3β activation is dually regulated and can also occur in a PI3K/Akt-independent manner leading to increased phosphorylation of Tau.




3.4. Effects of IGF1R Deficiency on Synaptic Plasticity Markers


It is well-known that IGF1/IGF1R signaling can alter the activity of proteins directly involved in synaptic plasticity [30]. To ascertain the consequences of diminished levels of brain IGF1R protein levels, key pre- and postsynaptic integrity markers were assessed by immunoblotting. Brain tissue from UBC-CreERT2; Igf1rfl/fl mutants present a significant increase in the protein levels of the presynaptic marker SNAP25 (Figure 4a), whereas synaptophysin (Figure 4b) and the postsynaptic marker PSD-95 (Figure 4c) remained statistically unchanged. Notably, a significant decrease was found in the ratio pCREB/CREB (Figure 4d). Activation of CREB is widely implicated in neuronal survival and has long been known to be important for the formation of memories. On the opposite, CREB signaling dysfunction is associated with several neurodegenerative diseases, including AD [31] and brain injury models [32]. These results confirm that IGF1Rs deficiency modulates the expression of key regulators of brain higher functions.




3.5. IGF1R Deficiency Promotes the Dysregulation of Brain Oxidative Stress Response


Under normal conditions, cells possess several lines of defense working synergistically to protect them against free radical-induced damage. As outlined in previous studies, IGF1R signaling through PI3K/Akt and ERK activation is shown to have a strong involvement in cellular protection against oxidative stress [33]. In particular, both pathways were shown to act as upstream mediators of nuclear factor erythroid 2-related factor 2 activation (NRF2) [34,35], a well-known transcription factor involved in the protection against oxidative damage [36]. Our analysis revealed that NRF2 protein levels were significantly decreased in brain tissue from UBC-CreERT2; Igf1rfl/fl mutants (Figure 5a). We also found a significant decrease in aconitase activity (Figure 5b), which is a key redox sensor of the cells and regarded as a reliable marker of oxidative damage, as well as an increase in H2O2 levels in extracts obtained from the brains of mutant mice (Figure 5c). These observations indicate that IGF1R deficiency evokes a significant increase in brain oxidative stress, supporting its involvement in brain cell redox state.




3.6. IGF1R Deficiency Promotes Alterations on Brain Mitochondrial Respiratory Chain Components


Among other aspects of cellular homeostasis, IGF1R signaling is known to have important roles in mitochondrial function [37,38,39]. Following this rationale and the above-mentioned observations, our next task was to decipher the implications of IGF1R deficiency on mitochondrial homeostasis. For that, key markers of mitochondrial biogenesis and mitochondria DNA (mtDNA)-encoded subunits of respiratory chain complexes were assessed by Western blot analysis. It is known that mitochondrial biogenesis is regulated by several transcription factors such as mitochondrial transcription factor A (TFAM), which is responsible for transcription of genes encoded by mtDNA and is essential for mtDNA maintenance, and also by NRF1 and NRF2, both involved in the regulation of the expression of key components of the mitochondrial transcription and translation machinery that are necessary for the production of respiratory subunits encoded by mtDNA [40]. In this respect, we evaluated the protein levels of two important electron transport chain subunits, both encoded by mtDNA, the NADH dehydrogenase subunit 1 (ND1) and the mitochondrial-encoded cytochrome c oxidase 1 (MTCO1), which are subunits of respiratory complex I and IV, respectively. Whereas IGF1R deficiency did not evoke alterations in NRF1 and TFAM protein contents (Figure 6a,b), ND1 expression levels were increased (Figure 6c), and MTCO1 protein levels were decreased (Figure 6d) in brain tissue from UBC-CreERT2; Igf1rfl/fl mutant mice. Considering that ND1 and MTCO1 can be regarded as indirect indicators of activity and quantity of mtDNA [40], our observations suggest that IGF1R brain signaling modulates levels and/or function of mitochondrial respiratory chain subunits, which can contribute to altered mitochondrial respiratory chain activity.




3.7. IGF1R Deficiency Affects the Activity of Brain Mitochondrial Respiratory Chain


To verify the functional impact of the alterations found on respiratory chain components, we next sought to evaluate the activity of brain mitochondrial respiratory chain enzymatic complexes. In agreement with the results shown in Figure 6, we found a significant impact of IGF1R deficiency on the activity of brain mitochondrial complexes. In detail, mutant mice present an increased activity of mitochondrial complexes I, I + III (not statistically significant in the last, p = 0.0552) and II + III (Figure 7a–c, whereas the activity of complexes III and IV were decreased (Figure 7d,e), although the latter in a non-statistically significant manner (p = 0.1121). Citrate synthase activity, used as a quantitative enzyme marker of mitochondrial content and function to normalize mitochondrial respiratory chain complexes activity, was decreased in the brains of UBC-CreERT2; Igf1rfl/fl mutant mice (Supplementary Materials). These observations suggest that the IGF1R deficiency has a strong impact on brain mitochondrial respiratory chain functioning and overall mitochondria activity.




3.8. IGF1R Deficiency Decreases Brain Mitochondrial Fusion


Mitochondria are dynamic organelles that undergo continuous fission and fusion, and the balance of these opposing processes regulates mitochondrial morphology. Fission is regulated by dynamin-related protein 1 (DRP1), whereas fusion is regulated by optic atrophy 1 (Opa1) and mitofusin (Mfn) 1 and 2 [41]. Recent studies indicate that IGF1R is able to influence mitochondrial dynamics [38,42]. To further understand the impact of IGF1R deficiency on brain mitochondrial dynamics, brain lysates were used to assess fission and fusion protein levels (Figure 8). Densitometric quantification of the Western blots revealed a significant decrease in the protein levels of Mfn1 (Figure 8b), whereas Mfn2 (Figure 8c), OPA1 (Figure 8a), and activated mitochondrial fission protein pDRP1 remained statistically unchanged (Figure 8d). As described, fission leads to the formation of small, rounded mitochondria, whereas fusion forms extended tubular interconnected mitochondrial networks to allow efficient mixing of mitochondrial content and maintain mitochondrial functionality [41]. These observations suggest that IGF1R deficiency disrupts mitochondrial phenotype towards more fragmented mitochondria, thereby impacting mitochondrial function.





4. Discussion


IGF1/IGF1R signaling route is an evolutionarily ancient pathway essential for normal development, growth, and survival [43]. Nevertheless, the observations concerning the involvement of IGF1R signaling and brain function are controversial [44]. Some studies suggest that IGF1/IGF1R signaling is neuroprotective [7,45,46], while others report brain beneficial effects mediated by the genetic reduction of IGF1R levels [47,48,49]. In the present study, by using the recently developed UBC-CreERT2; Igf1rfl/fl mutants, we observed that generalized IGF1R deficiency activates IR/PI3K/Akt and inhibits MAPK/ERK1/2/CREB signaling pathways. Further, GSK3β activation was found to be regulated in a PI3K/Akt-dependent and -independent manner, ultimately leading to an increased Tau phosphorylation, a pathological feature of AD and other tauopathies. IGF1R depleted brains also presented altered mitochondrial respiratory chain enzymatic complexes content and activity, altered mitochondrial dynamics towards a decreased fusion and increased oxidative stress. These observations suggest that the deficiency in IGF1R signaling, despite the tentative compensatory response characterized by the activation of the pro-survival PI3K/Akt branch, is associated with disturbances in mitochondria and redox homeostasis, reinforcing the important role of the crosstalk between IGF1/IGF1R signaling and mitochondria in central nervous system homeostasis.



Generalized deletion of Igf1r mediated by tamoxifen (administrated to 4-week-old mice) diminished IGF1R protein content in brains of adult UBC-CreERT2; Igf1rfl/fl males (13-weeks-old) and caused a significant reduction in brain size of mutant mice without significantly affecting total body weight. Reduced brain size in these mutants has been previously reported when they were analyzed early in development at the age of 8 weeks [13]. In accordance, François et al. [50] have also reported differential diminished brain weight in mutant UBIKOR mice in which ubiquitous IGF1R depletion had been induced by tamoxifen in adulthood. Notably, the authors found that the cognitive and behavioral performance of those mutant mice remained unaffected [50]. In a similar manner, mice with IGF1R suppression, specifically in forebrain neurons, demonstrated a well-preserved brain structure and function, including memory performance, and with neuronal features that even improved, notably synaptic transmission in hippocampal neurons [49]. Consistently, others found that IGF1R knockout neurons presented reduced apical soma and developed leaner dendrites, without alterations in dendrite complexity or axon integrity, important for normal neuronal function [48]. In our animal model of IGF1R deficiency, we detected a distinct pattern of synaptic features characterized by a significant increase in the protein levels of SNAP25 and no significant alterations in the protein levels of synaptophysin and PSD-95. In addition, a significant decrease in CREB activation was found. Through the activity of the downstream effector PI3K/Akt, IGF1R-mediated signaling is described to be involved in synapse development and plasticity [51], in the regulation of PSD95 expression in dendritic spines [52,53] and in the excitatory/inhibitory neurotransmission balance in the brain [54]. Further, both PI3K/Akt and ERK1/2 were shown to target CREB phosphorylation at the Ser133, promoting its activation [55,56]. Looking at our data, it can be suggested that despite the reduced brain size of IFG1R mutants, the compensatory activation of the IR/PI3K/Akt pathway upholds synaptic structure while CREB activation is downregulated due to the decreased activity of the upstream MAP/ERK1/2 pathway. Considering that CREB is of utmost importance for memory formation and consolidation [57], it can be assumed that the decreased ERK1/2/CREB signaling will compromise the cognitive and memory processes of IGF1R mutant mice.



The link between the IGF1/IGF1R axis and brain pathologies, particularly AD, has been the topic of significant interest in recent years, with several studies advocating that the modulation of the IGF1R can alter AD-related pathological features, the deposition of amyloid β-peptide (Aβ) and hyperphosphorylated Tau protein. For instance, ablation and/or inhibition of IGF1R from adult neurons was shown to alleviate AD pathology and associated cognitive deficits in transgenic mouse models of the disease [48,58,59]. Contrariwise, others reported a diminished Aβ accumulation on AD brains after IGF1 treatment, while IGF1R inhibition aggravated both behavioral and pathological AD symptoms in mice [60,61]. Herein, we found that the deficiency of IGF1R caused increased levels of Tau phosphorylation, which was accompanied by an increase in the active form (tyrosine 216 phosphorylation; Y216) as well as an increase in the inactive (serine 9 phosphorylation; Ser9) forms of GSK3β; also called as Tau protein kinase I. Widely known as a downstream substrate of the PI3K/Akt branch, its signaling inactivates GSK3β on Ser9, which becomes unable to phosphorylate the Tau protein [62]. More recently, the active form of the enzyme, which represents half or more of the total GSK3β in cultured cells [63], was also demonstrated to contribute to Tau phosphorylation in neuroblastoma cells exposed to Aβ [29] and to have a contributory role in the pathogenesis of Parkinson’s and Huntington´s diseases by influencing Tau protein phosphorylation [64,65]. Coincident to these observations, we also noticed a significant decrease in the protein levels of total GSK3β, suggesting that the majority of GSK3β was phosphorylated, either in the active or inactive form. This may indicate that GSK3β is dually regulated in the brains of IGF1R KO mice and that pGSK3β(Y216) has a contributory role in Tau phosphorylation in this model, which can further trigger a cascade of deleterious events in brain cells.



Compared to other organs, the brain has high-energy requirements and oxygen consumption. However, it also presents a high content in transition metals and poor antioxidant defenses, being highly vulnerable to damage under conditions of metabolic and oxidative stresses [66]. To counteract these drawbacks, compelling findings disclose an important role of IGF1R/IR intracellular signaling pathways as mediators of brain protection against oxidative stress in diverse injury contexts [67,68,69]. Effects that seem to include reduction of caspases 3 and 9 activation, expression of uncoupling protein 3, stimulation of transcription factors involved in the regulation of antioxidant enzymes (e.g., NRF2 and FOXO) and modulation of mitochondrial functions [37,41,70,71]. In close agreement, our study shows that reduced IGF1R protein levels had a significant impact on brain oxidative status by increasing H2O2 levels as well as by decreasing NRF2 protein expression and aconitase activity, both known as vulnerable targets of oxidative stress [34,35]. Noteworthy, we also found major effects on brain mitochondrial respiratory chain components and activity in IGF1R deficient mice. As observed, IGF1R deficient mice have increased expression of mt-ND1, a protein component of mitochondrial complex I, in parallel to higher activities of mitochondrial complexes I, I + III (p = 0.0552) and II + III. Surprisingly, we also noticed a diminished expression of mitochondrial complex IV MTCO1 component, in parallel with a tendency to reduced activity of complex IV (p = 0.1121). As the entry point for most electrons into the mitochondria respiratory chain, complex I play a central role in oxidative phosphorylation and has been suggested as the rate-limiting step in overall electron transfer [72]. Therefore, it seems that in brain tissue of IGF1R deficient mice, mitochondrial respiration and electron transfer are uncoupled, i.e., occur at a higher rate through complex I to complexes II +III, but interrupted at complex III not proceeding to complex IV. Ultimately, this will be transduced in a decreased mitochondrial respiratory function and altered phosphorylation system activity. In a similar manner, the loss of IGF1R in cultured astrocytes altered mitochondrial complex I activity and increased mitochondrial ROS production inducing sensitivity to H2O2 and cytotoxicity, which resulted in an impaired ability to provide support and protection for neurons under conditions of stress and an impaired metabolism [73,74].



Under normal physiological conditions, mitochondria function and bioenergetics are tightly regulated by structural rearrangements of the organelle, including the remodeling of cristae morphology and elongation or fragmentation of the tubular network organization. For a review, see ref [75]. In this process, mitochondrial fusion is crucial for the maintenance of respiratory capacity in tissues that have high metabolic activity, like the brain [76]. Herein, we show that along with a dysfunctional activity and content of the mitochondrial respiratory chain, brain mitochondria of IGF1R KO mice have an impaired expression of the Mfn1, a critical protein for the mitochondrial fusion process. Such alterations would result in less efficient mitochondria in the brain tissue of the IGF1R KO mice. In close agreement, Pyakurel et al. [77] revealed that Mfn1 is specifically phosphorylated by the MAP/ERK pathway, thereby modulating its participation in apoptosis and mitochondrial fusion in primary cortical neurons. More recently, suppression of IGF1R signaling was found to affect mitochondria dynamics, causing the accumulation of elongated mitochondria in cancer cell lines [38]. These core findings confirm mitochondria as a key target of IGF1R signaling that is likely to influence responses to therapeutic strategies directed to IGF1R.



Noteworthy, although our data demonstrate that a significant reduction of IGF1R expression in UBC-CreERT2; Igf1rfl/fl mice brain perturbs this organ, the absence of the protein may impact the brain differently. It was previously reported that in this mice model, the activity of Cre to delete exon 3 in the IGF1R gene occurs with different levels of mosaicism in different cell types and seems to vary among tissues/organs [13]. For instance, by Western blot analysis has been observed a 10–20% reduction of IGF1R protein levels in the lungs [14,78], whereas, in adipose tissue and liver, that reduction was 60–80% and 65%, respectively (unpublished data). Further, the accessibility of tamoxifen to different organs and its metabolism in the mouse brain is described to be age, strain- and dose-dependent, which can affect the tamoxifen-dependent recombination rate and the success of the gene silencing [79]. Furthermore, our study does not clarify in which type of brain cells the deficiency of IGF1R occurred. Future studies should focus on the exact localization of the IGF1R in the different cells of the brain, which will give more detailed information about the role of IGF1R in specific brain cells and regions. Nevertheless, independently of the local and brain cells in which IGF1R is reduced, it must be taken into consideration that there is a crosstalk between different brain cells and, independently of the cell type that is more affected, brain alterations described in this paper represents the result of brain cells interaction and adaptation.




5. Conclusions


In summary, we have confirmed the importance and complexity of IGF1R signaling in the regulation of brain homeostasis. Our data show that canonical signaling pathways are distinctively modulated and that IRs can, in part, compensate for the absence of IGF1Rs and activate a pro-survival response that may prevent caspases activation but be insufficient to abrogate oxidative stress. Significant disturbances in synaptic integrity and plasticity markers and an increased Tau protein phosphorylation were also observed in the brains with deficient levels of IGF1R. In addition, mitochondria were found to be strongly affected in this animal model showing a dysfunctional respiratory chain activity, impaired expression of proteins involved in mitochondrial dynamics and an altered mitochondrial content.



Collectively, these data suggest that IGF1/IGF1R signaling is crucial for brain homeostasis and, for this reason, interventions that affect IGF1R must be carefully considered to avoid brain dysfunction.
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The following are available online at https://www.mdpi.com/2227-9059/9/2/158/s1, Figure S1: Body and brain weights of UBC-CreERT2; Igf1rfl/fl mutants and control male mice at 13 weeks of age. (a) Bodyweight; (b) brain weight and (c) brain/body weight ratio. Graphs show mean ± SEM of 14 UBC-CreERT2; Igf1rfl/fl mutant mice and of 11 Igf1rfl/fl controls. Data were analyzed by Mann–Whitney U test, and a * p < 0.05 was considered as a statistically significant difference. Figure S2: Effects of Igf1r gene deficiency on (a) total levels of GSK3β and (b) total levels of Tau protein. Graphs show mean ± SEM of the quantification of samples from 6–10 mice per genotype normalized to control mice. Representative immunoblots are shown below the graph. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. * p < 0.05; ** p < 0.01 were considered as statistically significant differences. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S3: Effects of Igf1r gene deficiency on citrate synthase activity. Graph show means ± SEM of citrate synthase activity determined in 6 mice per genotype as described in the materials and methods section. A * p < 0.05 was considered as a statistically significant difference. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S4: uncropped Western blot images of IGF1R protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S5: uncropped Western blot images of IR protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S6: uncropped Western blot image of P13K(p110α) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S7: uncropped Western blot images of Akt protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S8: uncropped Western blot images of pAkt protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S9: uncropped Western blot image of pERK(1/2) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S10: uncropped Western blot image of ERK(1/2) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S11: uncropped Western blot image of pGSK3β(Ser9) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S12: uncropped Western blot image of pGSK3β(Y16) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S13: uncropped Western blot image of GSK3β protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S14: uncropped Western blot images of pTau(Ser396) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S15: uncropped Western blot images of Tau protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S16: uncropped Western blot images of SNAP25 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S17: uncropped Western blot images of synaptophysin protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S18: uncropped Western blot images of PSD95 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S19: uncropped Western blot images of pCREB(Ser133) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S20: uncropped Western blot images of CREB protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S21: uncropped Western blot image of NRF2 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S22: uncropped Western blot image of NRF1 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S23: uncropped Western blot images of TFAM protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S24: uncropped Western blot images of ND1 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S25: uncropped Western blot images of MTCO1 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S26: uncropped Western blot images of OPA1 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S27: uncropped Western blot images of Mfn1 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S28: uncropped Western blot images of Mfn2 protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. Figure S29: uncropped Western blot images of pDRP1 (Ser616) protein levels in brain tissue of Igf1rfl/fl and UBC-CreERT2 mice. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice.





Author Contributions


Conceptualization, J.G.P., P.I.M. and S.C.; methodology, J.G.P., I.P.L. and S.P.-H.; validation, I.P.L., S.P.-H. and S.C.; formal analysis, I.P.L., S.P.-H. and S.C.; investigation, I.P.L., S.P.-H. and S.C.; resources, J.G.P. and P.I.M.; writing—original draft preparation, S.C.; writing—review and editing, J.G.P., P.I.M. and S.C.; visualization, S.C.; supervision, J.G.P. and P.I.M.; funding acquisition, J.G.P. and P.I.M. All authors have read and agreed to the published version of the manuscript.




Funding


The authors’ work was supported by the European Regional Development Fund (ERDF), through the Centro 2020 Regional Operational Program, the COMPETE 2020—Operational Programme for Competitiveness and Healthy Aging 2020 (CENTRO-01-0145-FEDER-000012) and by national funds by FCT—Foundation for Science and Technology under the project PEst-C/SAU/LA0001/2013-2014 and strategic project UIDB/04539/2020, and by grants from the Spanish Government (MICINN, PGC2018-097397-B-I00), and the Fundación Rioja Salud (Gobierno de La Rioja, 6FRS-ABC006) to J.G.P. (both co-funded by European Regional Development Fund, ERDF/FEDER).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki. All experiments and animal procedures were carried out in accordance with the European Communities Council Directive on animal experiments (EU Directive 2010/63/EU, 22 September 2010) and were approved and revised by the Institutional Animal Care and Use Committee (IACUC ) Institutional Ethics Committee from the Center for Biomedical Research of La Rioja, Spain (ref. 03/12).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We are grateful to J. Brüning (University of Cologne, Germany) and E. Brown (UPENN School of Medicine, PA) for providing Igf1rfl/fl and UBC-CreERT2 mouse lines, respectively. S.P.-H. thanks the Sistema Riojano de Innovacion (Gobierno de La Rioja, Spain) for a PhD grant. S.C. has a postdoctoral researcher contract DL57/2016 #SFRH/BPD/95770/2013 from FCT—Foundation for Science and Technology.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wrigley, S.; Arafa, D.; Tropea, D. Insulin-Like Growth Factor 1: At the Crossroads of Brain Development and Aging. Front. Cell Neurosci. 2017, 11, 14. [Google Scholar] [CrossRef] [PubMed]

	



Puglielli, L. Aging of the brain, neurotrophin signaling, and Alzheimer’s disease: Is IGF1-R the common culprit? Neurobiol. Aging 2008, 29, 795–811. [Google Scholar] [CrossRef]

	



Ogundele, O.M.; Pardo, J.; Francis, J.; Goya, R.G.; Lee, C.C. A Putative Mechanism of Age-Related Synaptic Dysfunction Based on the Impact of IGF-1 Receptor Signaling on Synaptic CaMKIIalpha Phosphorylation. Front. Neuroanat. 2018, 12, 35. [Google Scholar] [CrossRef]

	



Annunziata, M.; Granata, R.; Ghigo, E. The IGF system. Acta Diabetol. 2011, 48, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Werther, G.A.; Abate, M.; Hogg, A.; Cheesman, H.; Oldfield, B.; Hards, D.; Hudson, P.; Power, B.; Freed, K.; Herington, A.C. Localization of insulin-like growth factor-I mRNA in rat brain by in situ hybridization--relationship to IGF-I receptors. Mol. Endocrinol. 1990, 4, 773–778. [Google Scholar] [CrossRef] [PubMed]

	



Russo, V.C.; Gluckman, P.D.; Feldman, E.L.; Werther, G.A. The insulin-like growth factor system and its pleiotropic functions in brain. Endocr. Rev. 2005, 26, 916–943. [Google Scholar] [CrossRef]

	



Cheng, C.M.; Reinhardt, R.R.; Lee, W.H.; Joncas, G.; Patel, S.C.; Bondy, C.A. Insulin-like growth factor 1 regulates developing brain glucose metabolism. Proc. Natl. Acad. Sci. USA 2000, 97, 10236–10241. [Google Scholar] [CrossRef] [PubMed]

	



Werner, H.; LeRoith, D. Insulin and insulin-like growth factor receptors in the brain: Physiological and pathological aspects. Eur. Neuropsychopharmacol. 2014, 24, 1947–1953. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.P.; Baker, J.; Perkins, A.S.; Robertson, E.J.; Efstratiadis, A. Mice carrying null mutations of the genes encoding insulin-like growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell 1993, 75, 59–72. [Google Scholar] [CrossRef]

	



D’Ercole, A.J.; Ye, P.; Gutierrez-Ospina, G. Use of transgenic mice for understanding the physiology of insulin-like growth factors. Horm. Res. 1996, 45 (Suppl. 1), 5–7. [Google Scholar] [CrossRef]

	



Epaud, R.; Aubey, F.; Xu, J.; Chaker, Z.; Clemessy, M.; Dautin, A.; Ahamed, K.; Bonora, M.; Hoyeau, N.; Fléjou, J.-F.; et al. Knockout of insulin-like growth factor-1 receptor impairs distal lung morphogenesis. PLoS ONE 2012, 7, e48071. [Google Scholar] [CrossRef] [PubMed]

	



Scolnick, J.A.; Cui, K.; Duggan, C.D.; Xuan, S.; Yuan, X.B.; Efstratiadis, A.; Ngai, J. Role of IGF signaling in olfactory sensory map formation and axon guidance. Neuron 2008, 57, 847–857. [Google Scholar] [CrossRef] [PubMed]

	



Lopez, I.P.; Rodriguez-de la Rosa, L.; Pais, R.S.; Pineiro-Hermida, S.; Torrens, R.; Contreras, J.; Varela-Nieto, I.; Pichel, J.G. Differential organ phenotypes after postnatal Igf1r gene conditional deletion induced by tamoxifen in UBC-CreERT2; Igf1r fl/fl double transgenic mice. Transgenic Res. 2015, 24, 279–294. [Google Scholar] [CrossRef]

	



Piñeiro-Hermida, S.; Gregory, J.A.; López, I.P.; Torrens, R.; Ruíz-Martínez, C.; Adner, M.; Pichel, J.G. Attenuated airway hyperresponsiveness and mucus secretion in HDM-exposed Igf1r-deficient mice. Allergy 2017, 72, 1317–1326. [Google Scholar] [CrossRef]

	



Zhou, M.; Diwu, Z.; Panchuk-Voloshina, N.; Haugland, R.P. A stable nonfluorescent derivative of resorufin for the fluorometric determination of trace hydrogen peroxide: Applications in detecting the activity of phagocyte NADPH oxidase and other oxidases. Anal. Biochem. 1997, 253, 162–168. [Google Scholar] [CrossRef]

	



Krebs, H.A.; Holzach, O. The conversion of citrate into cis-aconitate and isocitrate in the presence of aconitase. Biochem. J. 1952, 52, 527–528. [Google Scholar] [CrossRef] [PubMed]

	



Birch-Machin, M.A.; Turnbull, D.M. Assaying mitochondrial respiratory complex activity in mitochondria isolated from human cells and tissues. Methods Cell Biol. 2001, 65, 97–117. [Google Scholar] [CrossRef]

	



Long, J.; Ma, J.; Luo, C.; Mo, X.; Sun, L.; Zang, W.; Liu, J. Comparison of two methods for assaying complex I activity in mitochondria isolated from rat liver, brain and heart. Life Sci. 2009, 85, 276–280. [Google Scholar] [CrossRef]

	



Luo, C.; Long, J.; Liu, J. An improved spectrophotometric method for a more specific and accurate assay of mitochondrial complex III activity. Clin. Chim. Acta 2008, 395, 38–41. [Google Scholar] [CrossRef]

	



Spinazzi, M.; Casarin, A.; Pertegato, V.; Ermani, M.; Salviati, L.; Angelini, C. Optimization of respiratory chain enzymatic assays in muscle for the diagnosis of mitochondrial disorders. Mitochondrion 2011, 11, 893–904. [Google Scholar] [CrossRef]

	



Barrientos, A.; Fontanesi, F.; Diaz, F. Evaluation of the mitochondrial respiratory chain and oxidative phosphorylation system using polarography and spectrophotometric enzyme assays. Curr. Protoc. Hum. Genet. 2009. [Google Scholar] [CrossRef]

	



Brautigan, D.L.; Ferguson-Miller, S.; Margoliash, E. Mitochondrial cytochrome c: Preparation and activity of native and chemically modified cytochromes c. Methods Enzymol. 1978, 53, 128–164. [Google Scholar] [CrossRef]

	



Bondy, C.A.; Cheng, C.M. Signaling by insulin-like growth factor 1 in brain. Eur. J. Pharmacol. 2004, 490, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



Laviola, L.; Natalicchio, A.; Giorgino, F. The IGF-I signaling pathway. Curr. Pharm. Des. 2007, 13, 663–669. [Google Scholar] [CrossRef]

	



Chong, Z.Z.; Li, F.; Maiese, K. Activating Akt and the brain’s resources to drive cellular survival and prevent inflammatory injury. Histol. Histopathol. 2005, 20, 299–315. [Google Scholar] [CrossRef] [PubMed]

	



Uchiyama, T.; Engelman, R.M.; Maulik, N.; Das, D.K. Role of Akt signaling in mitochondrial survival pathway triggered by hypoxic preconditioning. Circulation 2004, 109, 3042–3049. [Google Scholar] [CrossRef]

	



Jaworski, T.; Banach-Kasper, E.; Gralec, K. GSK-3beta at the Intersection of Neuronal Plasticity and Neurodegeneration. Neural Plast. 2019, 2019, 4209475. [Google Scholar] [CrossRef]

	



Hernandez, F.; Lucas, J.J.; Avila, J. GSK3 and tau: Two convergence points in Alzheimer’s disease. J. Alzheimers Dis. 2013, 33 (Suppl. 1), S141–S144. [Google Scholar] [CrossRef]

	



Noel, A.; Barrier, L.; Ingrand, S. The Tyr216 phosphorylated form of GSK3beta contributes to tau phosphorylation at PHF-1 epitope in response to Abeta in the nucleus of SH-SY5Y cells. Life Sci. 2016, 158, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Deak, F.; Sonntag, W.E. Aging, synaptic dysfunction, and insulin-like growth factor (IGF)-1. J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67, 611–625. [Google Scholar] [CrossRef]

	



Bartolotti, N.; Segura, L.; Lazarov, O. Diminished CRE-Induced Plasticity is Linked to Memory Deficits in Familial Alzheimer’s Disease Mice. J. Alzheimers Dis. 2016, 50, 477–489. [Google Scholar] [CrossRef] [PubMed]

	



Xing, J.; Han, D.; Xu, D.; Li, X.; Sun, L. CREB Protects against Temporal Lobe Epilepsy Associated with Cognitive Impairment by Controlling Oxidative Neuronal Damage. Neurodegener. Dis. 2019, 19, 225–237. [Google Scholar] [CrossRef] [PubMed]

	



Rai, S.N.; Dilnashin, H.; Birla, H.; Singh, S.S.; Zahra, W.; Rathore, A.S.; Singh, B.K.; Singh, S.P. The Role of PI3K/Akt and ERK in Neurodegenerative Disorders. Neurotox. Res. 2019, 35, 775–795. [Google Scholar] [CrossRef]

	



Yu, R.; Chen, C.; Mo, Y.Y.; Hebbar, V.; Owuor, E.D.; Tan, T.H.; Kong, A.N. Activation of mitogen-activated protein kinase pathways induces antioxidant response element-mediated gene expression via a Nrf2-dependent mechanism. Int. J. Biol. Chem. 2000, 275, 39907–39913. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Wang, H.; Zhou, J.; Dai, W.; Zhu, Y.; Zhou, Y.; Wang, X.; Zhou, M. Baicalin provides neuroprotection in traumatic brain injury mice model through Akt/Nrf2 pathway. Drug Des. Dev. Ther. 2018, 12, 2497–2508. [Google Scholar] [CrossRef]

	



Buendia, I.; Michalska, P.; Navarro, E.; Gameiro, I.; Egea, J.; Leon, R. Nrf2-ARE pathway: An emerging target against oxidative stress and neuroinflammation in neurodegenerative diseases. Pharmacol. Ther. 2016, 157, 84–104. [Google Scholar] [CrossRef]

	



Naia, L.; Ferreira, I.L.; Cunha-Oliveira, T.; Duarte, A.I.; Ribeiro, M.; Rosenstock, T.R.; Laço, M.N.; Ribeiro, M.J.; Oliveira, C.R.; Saudou, F.; et al. Activation of IGF-1 and insulin signaling pathways ameliorate mitochondrial function and energy metabolism in Huntington’s Disease human lymphoblasts. Mol. Neurobiol. 2015, 51, 331–348. [Google Scholar] [CrossRef]

	



Riis, S.; Murray, J.B.; O’Connor, R. IGF-1 Signalling Regulates Mitochondria Dynamics and Turnover through a Conserved GSK-3beta-Nrf2-BNIP3 Pathway. Cells 2020, 9, 147. [Google Scholar] [CrossRef]

	



Sadaba, M.C.; Martin-Estal, I.; Puche, J.E.; Castilla-Cortazar, I. Insulin-like growth factor 1 (IGF-1) therapy: Mitochondrial dysfunction and diseases. Biochim. Biophys. Acta 2016, 1862, 1267–1278. [Google Scholar] [CrossRef]

	



Scarpulla, R.C. Nuclear control of respiratory chain expression by nuclear respiratory factors and PGC-1-related coactivator. Ann. N. Y. Acad. Sci. 2008, 1147, 321–334. [Google Scholar] [CrossRef]

	



Balog, J.; Mehta, S.L.; Vemuganti, R. Mitochondrial fission and fusion in secondary brain damage after CNS insults. J. Cereb. Blood Flow Metab. 2016, 36, 2022–2033. [Google Scholar] [CrossRef]

	



Wang, S.Q.; Yang, X.Y.; Cui, S.X.; Gao, Z.H.; Qu, X.J. Heterozygous knockout insulin-like growth factor-1 receptor (IGF-1R) regulates mitochondrial functions and prevents colitis and colorectal cancer. Free Radic. Biol. Med. 2019, 134, 87–98. [Google Scholar] [CrossRef] [PubMed]

	



Hakuno, F.; Takahashi, S.I. IGF1 receptor signaling pathways. J. Mol. Endocrinol. 2018, 61, T69–T86. [Google Scholar] [CrossRef]

	



Gubbi, S.; Quipildor, G.F.; Barzilai, N.; Huffman, D.M.; Milman, S. 40 YEARS of IGF1: IGF1: The Jekyll and Hyde of the aging brain. J. Mol. Endocrinol. 2018, 61, T171–T185. [Google Scholar] [CrossRef]

	



Sosa, L.; Dupraz, S.; Laurino, L.; Bollati, F.; Bisbal, M.; Caceres, A.; Pfenninger, K.H.; Quiroga, S. IGF-1 receptor is essential for the establishment of hippocampal neuronal polarity. Nat. Neurosci. 2006, 9, 993–995. [Google Scholar] [CrossRef]

	



Dupraz, S.; Grassi, D.; Karnas, D.; Nieto Guil, A.F.; Hicks, D.; Quiroga, S. The insulin-like growth factor 1 receptor is essential for axonal regeneration in adult central nervous system neurons. PLoS ONE 2013, 8, e54462. [Google Scholar] [CrossRef]

	



Cohen, E.; Paulsson, J.F.; Blinder, P.; Burstyn-Cohen, T.; Du, D.; Estepa, G.; Adame, A.; Pham, H.M.; Holzenberger, M.; Kelly, J.W.; et al. Reduced IGF-1 signaling delays age-associated proteotoxicity in mice. Cell 2009, 139, 1157–1169. [Google Scholar] [CrossRef]

	



Gontier, G.; George, C.; Chaker, Z.; Holzenberger, M.; Aïd, S. Blocking IGF Signaling in Adult Neurons Alleviates Alzheimer’s Disease Pathology through Amyloid-β Clearance. J. Neurosci. 2015, 35, 11500–11513. [Google Scholar] [CrossRef]

	



De Magalhaes Filho, C.D.; Kappeler, L.; Dupont, J.; Solinc, J.; Villapol, S.; Denis, C.; Nosten-Bertrand, M.; Billard, J.M.; Blaise, A.; Tronche, F.; et al. Deleting IGF-1 receptor from forebrain neurons confers neuroprotection during stroke and upregulates endocrine somatotropin. J. Cereb. Blood Flow Metab. 2017, 37, 396–412. [Google Scholar] [CrossRef] [PubMed]

	



François, J.C.; Aïd, S.; Chaker, Z.; Lacube, P.; Xu, J.; Fayad, R.; Côté, F.; Even, P.; Holzenberger, M. Disrupting IGF Signaling in Adult Mice Conditions Leanness, Resilient Energy Metabolism, and High Growth Hormone Pulses. Endocrinology 2017, 158, 2269–2283. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.G.; Zhao, N.; Campion, B.K.; Nguyen, M.M.; Selleck, S.B. Akt regulates glutamate receptor trafficking and postsynaptic membrane elaboration at the Drosophila neuromuscular junction. Dev. Neurobiol. 2013, 73, 723–743. [Google Scholar] [CrossRef] [PubMed]

	



Akama, K.T.; McEwen, B.S. Estrogen stimulates postsynaptic density-95 rapid protein synthesis via the Akt/protein kinase B pathway. J. Neurosci. 2003, 23, 2333–2339. [Google Scholar] [CrossRef]

	



Yoshii, A.; Constantine-Paton, M. BDNF induces transport of PSD-95 to dendrites through PI3K-AKT signaling after NMDA receptor activation. Nat. Neurosci. 2007, 10, 702–711. [Google Scholar] [CrossRef] [PubMed]

	



Dyer, A.H.; Vahdatpour, C.; Sanfeliu, A.; Tropea, D. The role of Insulin-Like Growth Factor 1 (IGF-1) in brain development, maturation and neuroplasticity. Neuroscience 2016, 325, 89–99. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.M.; Cho, S. Enhanced ERK dependent CREB activation reduces apoptosis in staurosporine-treated human neuroblastoma SK-N-BE(2)C cells. Neurosci. Lett. 2006, 402, 190–194. [Google Scholar] [CrossRef]

	



Du, K.; Montminy, M. CREB is a regulatory target for the protein kinase Akt/PKB. J. Biol. Chem. 1998, 273, 32377–32379. [Google Scholar] [CrossRef]

	



Ortega-Martinez, S. A new perspective on the role of the CREB family of transcription factors in memory consolidation via adult hippocampal neurogenesis. Front. Mol. Neurosci. 2015, 8, 46. [Google Scholar] [CrossRef]

	



George, C.; Gontier, G.; Lacube, P.; Francois, J.C.; Holzenberger, M.; Aid, S. The Alzheimer’s disease transcriptome mimics the neuroprotective signature of IGF-1 receptor-deficient neurons. Brain 2017, 140, 2012–2027. [Google Scholar] [CrossRef]

	



Sohrabi, M.; Floden, A.M.; Manocha, G.D.; Klug, M.G.; Combs, C.K. IGF-1R Inhibitor Ameliorates Neuroinflammation in an Alzheimer’s Disease Transgenic Mouse Model. Front. Cell Neurosci. 2020, 14, 200. [Google Scholar] [CrossRef]

	



Carro, E.; Trejo, J.L.; Gomez-Isla, T.; LeRoith, D.; Torres-Aleman, I. Serum insulin-like growth factor I regulates brain amyloid-beta levels. Nat. Med. 2002, 8, 1390–1397. [Google Scholar] [CrossRef]

	



Carro, E.; Trejo, J.L.; Spuch, C.; Bohl, D.; Heard, J.M.; Torres-Aleman, I. Blockade of the insulin-like growth factor I receptor in the choroid plexus originates Alzheimer’s-like neuropathology in rodents: New cues into the human disease? Neurobiol. Aging 2006, 27, 1618–1631. [Google Scholar] [CrossRef]

	



Balaraman, Y.; Limaye, A.R.; Levey, A.I.; Srinivasan, S. Glycogen synthase kinase 3beta and Alzheimer’s disease: Pathophysiological and therapeutic significance. Cell Mol. Life Sci. 2006, 63, 1226–1235. [Google Scholar] [CrossRef] [PubMed]

	



Krishnankutty, A.; Kimura, T.; Saito, T.; Aoyagi, K.; Asada, A.; Takahashi, S.I.; Ando, K.; Ohara-Imaizumi, M.; Ishiguro, K.; Hisanaga, S.I. In vivo regulation of glycogen synthase kinase 3beta activity in neurons and brains. Sci. Rep. 2017, 7, 8602. [Google Scholar] [CrossRef] [PubMed]

	



Credle, J.J.; George, J.L.; Wills, J.; Duka, V.; Shah, K.; Lee, Y.C.; Rodriguez, O.; Simkins, T.; Winter, M.; Moechars, D.; et al. GSK-3beta dysregulation contributes to parkinson’s-like pathophysiology with associated region-specific phosphorylation and accumulation of tau and alpha-synuclein. Cell Death Differ. 2015, 22, 838–851. [Google Scholar] [CrossRef]

	



L’Episcopo, F.; Drouin-Ouellet, J.; Tirolo, C.; Pulvirenti, A.; Giugno, R.; Testa, N.; Caniglia, S.; Serapide, M.F.; Cisbani, G.; et al. GSK-3beta-induced Tau pathology drives hippocampal neuronal cell death in Huntington’s disease: Involvement of astrocyte-neuron interactions. Cell Death Dis. 2016, 7, e2206. [Google Scholar] [CrossRef]

	



Bélanger, M.; Allaman, I.; Magistretti, P.J. Brain energy metabolism: Focus on astrocyte-neuron metabolic cooperation. Cell Metab. 2011, 14, 724–738. [Google Scholar] [CrossRef]

	



Newbern, J.; Taylor, A.; Robinson, M.; Li, L.; Milligan, C.E. Decreases in phosphoinositide-3-kinase/Akt and extracellular signal-regulated kinase 1/2 signaling activate components of spinal motoneuron death. J. Neurochem. 2005, 94, 1652–1665. [Google Scholar] [CrossRef] [PubMed]

	



Duarte, A.I.; Santos, P.; Oliveira, C.R.; Santos, M.S.; Rego, A.C. Insulin neuroprotection against oxidative stress is mediated by Akt and GSK-3beta signaling pathways and changes in protein expression. Biochim. Biophys. Acta 2008, 1783, 994–1002. [Google Scholar] [CrossRef]

	



Genis, L.; Dávila, D.; Fernandez, S.; Pozo-Rodrigálvarez, A.; Martínez-Murillo, R.; Torres-Aleman, I. Astrocytes require insulin-like growth factor I to protect neurons against oxidative injury. Version 2. F1000Res 2014, 3, 28. [Google Scholar] [CrossRef] [PubMed]

	



Puche, J.E.; García-Fernández, M.; Muntané, J.; Rioja, J.; González-Barón, S.; Castilla Cortazar, I. Low doses of insulin-like growth factor-I induce mitochondrial protection in aging rats. Endocrinology 2008, 149, 2620–2627. [Google Scholar] [CrossRef]

	



Watamoto, Y.; Futawaka, K.; Hayashi, M.; Matsushita, M.; Mitsutani, M.; Song, Z.; Koyama, R.; Fukuda, Y.; Nushida, A.; et al. Insulin-like growth factor-1 directly mediates expression of mitochondrial uncoupling protein 3 via forkhead box O4. Growth Horm. IGF Res. 2019, 46–47, 24–35. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, L.K.; Lu, J.; Bai, Y. Mitochondrial respiratory complex I: Structure, function and implication in human diseases. Curr. Med. Chem. 2009, 16, 1266–1277. [Google Scholar] [CrossRef] [PubMed]

	



Ratcliffe, L.E.; Vázquez Villaseñor, I.; Jennings, L.; Heath, P.R.; Mortiboys, H.; Schwartzentruber, A.; Karyka, E.; Simpson, J.E.; Ince, P.G.; Garwood, C.J.; et al. Loss of IGF1R in Human Astrocytes Alters Complex I Activity and Support for Neurons. Neuroscience 2018, 390, 46–59. [Google Scholar] [CrossRef]

	



Logan, S.; Pharaoh, G.A.; Marlin, M.C.; Masser, D.R.; Matsuzaki, S.; Wronowski, B.; Yeganeh, A.; Parks, E.E.; Premkumar, P.; Farley, J.A.; et al. Insulin-like growth factor receptor signaling regulates working memory, mitochondrial metabolism, and amyloid-β uptake in astrocytes. Mol. Metab. 2018, 9, 141–155. [Google Scholar] [CrossRef] [PubMed]

	



Detmer, S.A.; Chan, D.C. Functions and dysfunctions of mitochondrial dynamics. Nat. Rev. Mol. Cell Biol. 2007, 8, 870–879. [Google Scholar] [CrossRef]

	



Flippo, K.H.; Strack, S. Mitochondrial dynamics in neuronal injury, development and plasticity. J. Cell Sci. 2017, 130, 671–681. [Google Scholar] [CrossRef]

	



Pyakurel, A.; Savoia, C.; Hess, D.; Scorrano, L. Extracellular regulated kinase phosphorylates mitofusin 1 to control mitochondrial morphology and apoptosis. Mol. Cell 2015, 58, 244–254. [Google Scholar] [CrossRef]

	



Pineiro-Hermida, S.; Lopez, I.P.; Alfaro-Arnedo, E.; Torrens, R.; Iniguez, M.; Alvarez-Erviti, L.; Ruíz-Martínez, C.; Pichel, J.G. IGF1R deficiency attenuates acute inflammatory response in a bleomycin-induced lung injury mouse model. Sci. Rep. 2017, 7, 4290. [Google Scholar] [CrossRef] [PubMed]

	



Valny, M.; Honsa, P.; Kirdajova, D.; Kamenik, Z.; Anderova, M. Tamoxifen in the Mouse Brain: Implications for Fate-Mapping Studies Using the Tamoxifen-Inducible Cre-loxP System. Front. Cell Neurosci. 2016, 10, 243. [Google Scholar] [CrossRef]








[image: Biomedicines 09 00158 g001 550] 





Figure 1. Effects of Igf1r gene deficiency on brain insulin-like growth factor 1 receptor (IGF1R) and insulin receptor (IR) protein levels. (a) Western blot analyses of IGF1Rβ protein levels. (b) Western blot analyses of IRβ protein levels. Bars in graphs represent the mean ± SEM of the quantification of samples from 8 mice per genotype obtained from each protein band density (upper blots) and normalized with β-actin levels (lower blots) with respect to control mice. Representative immunoblots for β-actin are shown as the loading control. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. ** p < 0.01 and **** p < 0.0001 were considered as statistically significant differences. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. 
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Figure 2. Effects of IGF1R deficiency on brain IGF1R-mediated downstream signaling pathways. (a) Western blot analyses of P13K (p110α) protein levels after normalization with β-actin. (b) Western blot analyses of the ratio between phosphorylated and total levels of Protein kinase B/Akt (pAkt/total Akt) and (c) phosphorylated and total levels of extracellular-signal-regulated kinase (pERK/total ERK). Graphs show mean ± SEM of the quantification of samples from 6 (a,c) and 8 (b) mice per genotype normalized to control mice. Representative immunoblots with β-actin as loading control are shown below the graphs. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. A * p < 0.05 was considered as a statistically significant difference. Igf1rfl/f—control mice; UBC-CreERT2—mutant mice. 
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Figure 3. Effects of Igf1r gene deficiency on downstream targets of PI3K/Akt signaling. (a) Western blot analyses of the ratio between pGSK3β(Ser9)/total GSK3β, (b) pGSK3β(Y216)/total GSK3β and (c) pTau (Ser396)/totalTau protein levels. (d) Caspase-3 activity was determined using the fluorogenic substrate Ac-DEVD-pNA. Assay was performed in duplicate and expressed as percentage of control. (e) Caspase-9 activity was determined using the fluorogenic substrate Ac-LEHD-pNA. Assay was performed in duplicate and expressed as percentage of control. Graphs show mean ± SEM of the quantification of samples from 6–10 mice per genotype normalized to control mice. When apply, representative immunoblots are shown below the graph. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. * p < 0.05; ** p < 0.01 were considered as statistically significant differences. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. 
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Figure 4. Effects of IGF1R deficiency on markers of neuronal plasticity and synaptic integrity. (a) Western blot analyses on SNAP25, (b) synaptophysin, (c) postsynaptic density protein 95 (PSD95) and (d) cAMP response element-binding (CREB) protein levels. Bars in graphs represent the mean ± SEM of the quantification of samples from 9–10 mice per genotype normalized to control mice. Representative immunoblots with β-actin as loading control are shown below the graphs. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. A * p < 0.05 was considered as a statistically significant difference. Igf1rfl/fl—control mice; UBC-CreERT2l—mutant mice. 
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Figure 5. Effects of IGF1R deficiency on brain oxidative status. (a) Western blot analyses on nuclear factor E2-related factor 2 (NRF2) protein levels. A representative immunoblot with β-actin as loading control is shown below the graph. (b) Aconitase activity, (c) H2O2 levels determined using the Amplex red–horseradish peroxidase (HRP) method. Bars in graphs represent the mean ± SEM values of samples from 6 mice per genotype. Values in A and C are normalized with respect to control mice. * p < 0.05; ** p < 0.01 were considered as statistically significant differences. Igf1rfl/—control mice; UBC-CreERT2—mutant mice. 
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Figure 6. Effects of IGF1R deficiency on mitochondrial biogenesis and protein levels of brain mitochondrial genes. (a) Western blot analyses of nuclear factor E2-related factor 1 (NRF1), (b) mitochondrial transcription factor A (TFAM), (c) NADH dehydrogenase subunit 1 (ND1) and (d) mitochondrial-encoded cytochrome c oxidase 1 (MTCO1) protein levels. Bars represent the mean ± SEM of the quantification of samples from 6–9 mice per genotype after normalization with β-actin levels and respect to Igf1rfl/fl control mice. Representative immunoblots for each protein and their respective β-actin results are shown below the graphs. Dotted lines on Western blot images symbolize some removed interspacing lanes for a side-by-side display of samples from both groups. A * p < 0.05 was considered as a statistically significant difference. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. 
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Figure 7. Effects of IGF1R deficiency on the activity of brain mitochondria respiratory chain complexes. (a) Mitochondrial complex I activity (n = 5 animals per genotype). (b) Mitochondrial complex I + III activity (n = 5–6 mice per genotype). (c) Mitochondrial complex II + III activity (n = 6 mice per genotype). (d) Mitochondrial complex III activity (n = 5–6 mice per genotype). (e) Mitochondrial complex IV activity (n = 5–6 mice per genotype). Bars in graphs represent the mean ± SEM normalized to citrate synthase activity. * p < 0.05; ** p < 0.01; *** p < 0.001 were considered as statistically significant differences. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. 
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Figure 8. Effects of IGF1R deficiency on brain mitochondria dynamics. (a) Western blot analyses of OPA1, (b) Mfn1, (c) Mfn2 and (d) pDRP1 (Ser616) protein levels. Bars represent the mean ± SEM of the quantification of samples from 8 mice per genotype after normalization with β-actin levels and respect to Igf1rfl/fl control mice. Representative immunoblots for each protein and their respective β-actin results are shown below the graphs. A * p < 0.05 was considered as a statistically significant difference. Igf1rfl/fl—control mice; UBC-CreERT2—mutant mice. 
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