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Autophagy is a complex process that encompasses the enclosure of cytoplasmic debris or dysfunctional organelles in membranous vesicles, the autophagosomes, for their elimination in the lysosomes. Autophagy is increasingly recognized as a critical process in macrophages, including microglia, as it finely regulates innate immune functions such as inflammation. A gold-standard method to assess its induction is the analysis of the autophagic flux using as a surrogate the expression of the microtubule-associated light chain protein 3 conjugated to phosphatidylethanolamine (LC3-II) by Western blot, in the presence of lysosomal inhibitors. Therefore, the current definition of autophagy flux actually puts the focus on the degradation stage of autophagy. In contrast, the most important autophagy controlling genes that have been identified in the last few years in fact target early stages of autophagosome formation. From a biological standpoint is therefore conceivable that autophagosome formation and degradation are independently regulated and we argue that both stages need to be systematically analyzed. Here, we propose a simple two-step model to understand changes in autophagosome formation and degradation using data from conventional LC3-II Western blot, and test it using two models of autophagy modulation in cultured microglia: rapamycin and the ULK1/2 inhibitor, MRT68921. Our two-step model will help to unravel the effect of genetic, pharmacological, and environmental manipulations on both formation and degradation of autophagosomes, contributing to dissect out the role of autophagy in physiology and pathology in microglia as well as other cell types.
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Introduction

Autophagy is a complex phenomenon dedicated to eliminate intracellular debris, from protein aggregates to dysfunctional organelles, and is thus essential to maintain cell fitness (1, 2). In the brain, initial studies focused on its major role in neuronal survival (3, 4), but more recent evidence suggests that autophagy also controls health and function of other brain cell types, including microglia, the brain macrophages (1, 5). Autophagy controls several processes in microglia, including metabolic fitness (6), inflammation, phagocytosis of amyloid beta in rodent models of Alzheimer’s disease (7), degradation of extracellular beta-amyloid fibrils (8) and synuclein (9), myelin phagocytosis in acute experimental encephalomyelitis (10), as well as synaptic pruning and social behavior in mice (11). Overall, autophagy is emerging as a major controller of immune cell function, regulating innate and adaptive immune responses (12).

Assessing autophagy is complicated and current guidelines recommend using several complementary methods (13). Nonetheless, the gold standard remains the analysis of the autophagic flux using LC3 (microtubule-associated light chain protein 3). During autophagy, cytosolic LC3 (LC3-I) is conjugated to phosphatidylethanolamine and recruited to the nascent phagophore membranes (LC3-II). The phagophore then encloses cytosolic material or organelles forming a double-membrane autophagosome, which is then redirected towards the lysosome for its enzymatic degradation. The autophagic flux is calculated as the differential amount of LC3-II in the presence/absence of lysosomal inhibitors, such as bafilomycin or chloroquine, among others. As lysosomal degradation is inhibited autophagosomes accumulate and, therefore, the change in LC3-II expression informs about the autophagosomes that would have been degraded, ergo, it is a measure of autophagosome degradation. However, LC3-II Western blot raw data contains information about both autophagosome formation and degradation (Figure 1A).




Figure 1 | Estimation of autophagy flux variations using LC3 turnover assay. (A) Total protein homogenates obtained from microglia under control (EXP-) and experimental conditions (EXP+) are analyzed by Western Blot to evaluate LC3 levels in the presence and absence of lysosomal inhibitors. When autophagy is activated, LC3-I (soluble form) is lipidated to the phophatidylethanolamine of the nascent phagophore forming LC3-II (membrane-bound form). LC3-II accumulates along the extension of the autophagic vacuoles as it closes and is used as an estimate of the number of autophagosomes. Upon fusion with lysosomes, LC3-II levels decrease due to the degradation of the inner autophagosomal membrane simultaneously with the luminal cargo. In the presence of lysosomal inhibitors, no degradation occurs and LC3-II levels are maintained. The subtraction of LC3-II quantities in the presence and absence of lysosomal inhibitors provides an estimate of the autophagosomes that have been degraded during the experimental period of time. (B) Early stages of autophagy, which lead to the de novo formation of autophagosomes, are mainly regulated by ATG proteins. The LC3 family of proteins (ATG8) participate in the formation of autophagosomes and progressively disappear after lysosomal fusion and cargo degradation in autolysosomes. Late stages of autophagy depend on the functionality of lysosomal proteins and enzymes.



Importantly, formation and degradation are regulated by concerted but independent mechanisms: most autophagic-regulatory genes are involved in the early stages of autophagy, as is the case of the ATG family encoding proteins that are mainly involved in autophagosome formation and maturation (1, 14). In contrast, autophagosome degradation largely depends on lysosomal proteins and enzymes (Figure 1B). Therefore, both early and late stages of autophagy should be systematically analyzed to understand the autophagosome turnover in any given condition.



Methods


Cell Culture

The murine microglial BV2 cell line and primary microglia were used to test autophagy modulating compounds. BV2 microglia were grown and maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with Fetal Bovine Serum 10% (FBS, Gibco) and a mixture of antibiotics/antimycotic (1%) including, penicillin, streptomycin, and amphotericin (all from Gibco). For experiments, 1x106 cells adhered to uncoated plastic plates were used. Primary microglia cultures were performed as previously described (15, 16). Postnatal day 0–1 (P0-P1) fms-EGFP mice pup brains were extracted, and the meninges were peeled off. The olfactory bulb and cerebellum were discarded, and the rest of the brain was then mechanically homogenized by careful pipetting and enzymatically digested with papain (20 U/ml, Sigma), and deoxyribonuclease (DNAse; 150 U/µl, Invitrogen) for 15 min at 37°C. The resulting cell suspension was then filtered through a 40 μm nylon cell strainer (Fisher) and transferred to a 50 ml Falcon tube quenched by 5 ml of 20% FBS (Gibco) in HBSS. Afterwards, the cell suspension was centrifuged at 200 g for 5 min, the pellet was resuspended in 1 ml DMEM (Gibco) supplemented with 10% FBS and 1% Antibiotic/Antimycotic (Gibco), and seeded in T75 Poly L-lysine-coated (15 μl/ml, Sigma) culture flasks at a density of two brains per flask. Medium was changed the day after and then every 3–4 days, always enriched with Granulocyte Macrophage Colony Stimulating Factor (5 ng/ml GM-CSF, Sigma). After confluence (at 37°C, 5% CO2 for approximately 14 d), microglia cells were harvested by shaking at 100–150 rpm, 37°C, 4 h. Isolated cells were counted and plated at a density of 2x106 cells/well on poly-l-lysine-coated plastic plates. BV2 and primary microglia were allowed to settle for at least 24 h before experiments.



Drug Treatments

BV2 microglia were treated with rapamycin 100 nM (Fisher Scientific) for 6 h in the presence and absence of bafilomycin 100 nM (SelleckChem) for autophagy induction. Primary microglia were treated with the autophagy inhibitor MRT68921 1, 10, or 30 µM (Sigma) for 3 or 6 h with or without bafilomycin 100 nM (SelleckChem).



Protein Extraction and Western Blot

Microglia were directly lysed in plastic plates with RIPA buffer containing protease inhibitor cocktail (100x) (ThermoFisher). The cell suspension was then sonicated for 5s and centrifuged (10,000 g, 10 min) to obtain solubilized protein in the supernatant. Sample protein content was quantified in triplicates by BCA (Bicinchoninic Acid) assay kit (ThermoFisher) at 590 nm using a microplate reader (Synergy HT, BioTek). β-mercaptoethanol denatured proteins (15–20 ug) were loaded onto 14% Tris-glycine polyacrylamide gels (ThermoFisher) and run at 120V for 90min. Protein samples were then blotted to nitrocellulose membranes (0.45 µm pore size) (ThermoFisher) at 200 mA for 90 min or using the Trans-Blot Turbo Mini Nitrocellulose Transfer Pack (Bio-Rad). Transfer efficiency was verified by Ponceau S (Sigma) staining. For immunoblotting, membranes were rinsed in Tris Buffered Saline containing 0.1% Tween 20 (Sigma) (TBS-T) and then blocked for 1 h in TBS-T containing 5% powder milk. Membranes were afterwards incubated with rabbit primary antibody to LC3 (1:3,000, NB100-2220, Novus Biologicals), and mouse primary antibody to β-actin (1:5,000, Sigma), in TBS-T containing 4% Bovine Serum Albumin (BSA) overnight (4°C, shaker). Next day, membranes were rinsed and incubated with Horseradish Peroxidase (HRP) conjugated anti-rabbit (1:5,000) and anti-mouse (1:5,000) secondary antibodies (Cell Signaling) for the rapamycin blot or with the fluorescent StarBright Blue 700 anti-mouse (1:5,000) and StarBright Blue 700 anti-rabbit (1:5,000) secondary antibodies (Bio-Rad) for the MRT68921 blots in TBS-T containing 5% powder milk. After rinsing membranes, protein was visualized by Enhanced ChemiLuminescence (ECL) using Supersignal West Femto Maximum Sensitivity Substrate (ThermoFisher) for the rapamycin blot or by immunofluorescence for the MRT68921 blots, in a ChemiDoc imaging system (BioRad). Band intensity was quantified using the Gel Analyzer method of Fiji software.



Statistics

Statistical analysis was performed with SigmaPlot. Normality and homoscedasticity were assessed prior to analysis. Raw LC3 data was initially analyzed by two-way ANOVA, but since an interaction between treatment (rapamycin, MRT68921) and bafilomycin was found, the global effect of the treatment was subsequently analyzed by one-way ANOVA. In addition, flux, and formation and degradation rates were analyzed by one-tail Student t-test (Figures 5A, B) or by one-way ANOVA followed by a Holm-Sidak posthoc test (Figure 5C). Formation and degradation rates were compared to one using a one-tail Student t-test. Data is shown as mean ± SEM. Only tests with p <0.05 are considered significantly different; tests with p <0.1 are reported to have a tendency.




Modeling Autophagosome Formation and Degradation

Here we propose a simple two-step model to analyze autophagy, in which the net number of autophagosomes (i.e., the autophagosome pool) at any given time is treated as a black box to which there is an input (formation) and an output (degradation) (Figure 2A). The formation phase encompasses phagophore formation, cargo sequestration, and autophagosome closure, and the degradation phase summarizes the lysosomal fusion and the enzymatic degradation of the autophagosome contents. Nonetheless, the precise definition of formation/degradation in each experimental setup depends on the physiological process blocked by the particular lysosomal inhibitor used: fusion inhibitors, such as vinblastine, which blocks transport of autophagosomes by microtubules; protease inhibitors, such as E64d and leupeptin; or proton pump inhibitors, such as bafilomycin. This conceptual frame can be easily modeled by a simple equation in which the size of the autophagosome (APh) pool in a given time point depends on the number of autophagosomes in the steady-state (ss) plus the number of autophagosomes formed minus the autophagosomes degraded in a certain period of time:

	




Figure 2 | A two-step model of autophagy to analyze formation and degradation of autophagosomes. (A) The model represents the autophagosomes as a box with an input (autophagosome formation, purple dots) and an output (autophagosome degradation, green dots) that determines the autophagosome net turnover. A1–A3 represent different possible scenarios with no changes (A1), an increase (A2) and a decrease (A3) in the autophagosome net turnover. (B) Graph representing the amount of LC3-II (au, arbitrary units) in two experimental conditions representing (EXP- and EXP+) in the presence or absence of the lysosomal inhibitor bafilomycin (BAF- and BAF+), and the formulas used to calculate formation, degradation, and net turnover. The dotted red arrows mark the LC3-II raw data values used to calculate the formation and degradation rates and ratios. (C) Simulated raw LC3-II data (au) (left) used to calculate the formation and degradation rates and ratios (right) used in the graphs shown in (B, D, E). (D, E) Graphs representing the rate of change of formation, degradation and net turnover between the two experimental conditions.



The ratio between degradation and formation is the net autophagic turnover, which is a measure of the relative velocity of autophagosome formation versus degradation. A given stimulus could act proportionally both on the formation and the degradation, maintaining the size of the APh pool and resulting in a constant net turnover ratio (Figure 2A1). However, under some conditions, the regulation of the formation and degradation of autophagosomes may be dissociated: an increased degradation would decrease the size of the APh pool and increase the net turnover (Figure 2A2); and an increased formation would increase the size of the APh pool and decrease the net turnover (Figure 2A3). Thus, we propose that to understand the complexity of the biology underneath the autophagosome turnover we need to analyze separately formation, degradation, and the net autophagic turnover.

This analysis can be performed using the data available in conventional LC3 assays by Western blot. In this type of analysis, cells or tissue from two experimental conditions (EXP-: control and EXP+: experimental stimulus) are incubated in the presence or absence of lysosomal inhibitors such as bafilomycin (BAF- and BAF+) for a certain period of time. Protein from these four conditions is extracted and the expression of LC3-II is analyzed by Western blot and, ideally, normalized to reference proteins such as actin (13). In addition, the complementary normalization of LC3-II to LC3-I may facilitate the understanding of the full picture of the autophagy response (13).

In the basal condition (EXP-), the amount of LC3-II in the absence of lysosomal inhibitors (BAF-) represents the APh pool in the steady state, analogous to taking a snapshot of the autophagic process (Figure 2B). The difference between the amount of LC3-II in cells incubated with and without lysosomal inhibitors (BAF+ – BAF-) in the basal condition represents the autophagosomes that have disappeared (i.e., the degradation phase), which is what is conventionally called autophagic flux. To calculate the autophagosomes that have formed, our model stems from the assumption that in the basal condition autophagy is at an equilibrium because formation and degradation occur at the same speed:

	

Thus, in the basal condition (EXP-) the autophagosomes that have formed are identical to the autophagosomes that have degraded, and thus are also represented by the amount of LC3-II with and without lysosomal inhibitors (BAF+ – BAF-) (Figures 2B, C).

In the experimental condition (EXP+), the amount of LC3-II in the absence of lysosomal inhibitors (BAF- in EXP+) represents the size of the APh pool under the stimulus. Again, degradation can be calculated as the difference in LC3-II with and without lysosomal inhibitors [(BAF+ in EXP+) – (BAF- in EXP+)]. Formation can be calculated as the difference between the amount of LC3-II in the presence of lysosomal inhibitors minus the size of the initial APh pool in steady-state conditions [(BAF+ in EXP+) - (BAF- in EXP-)] (Figures 2B, C). This procedure allows us to calculate the formation and degradation of autophagosomes in control and experimental conditions (Figure 2D). To then compare whether the stimulus acts proportionally in both formation and degradation, we can calculate the ratio between experimental and basal conditions (EXP+/EXP-) for both formation and degradation (Figure 2E). Finally, to compare the relative magnitude of degradation compared to formation, we can calculate the ratio between both as the net turnover ratio (Figure 2E), which has a value of one in basal conditions, because autophagosome formation and degradation occur at the same rate (red dotted line in Figure 2E).



Dissecting Out Autophagosome Formation and Degradation

This model allows us to discriminate and quantify different potential biological scenarios that may affect autophagosome formation, degradation, or both. For instance, a typical autophagic stimulus would be expected to proportionally increase autophagosome formation and degradation, maintaining a balanced autophagy (Figure 3A1). Examples of this scenario are treatment with the well-known autophagy activator rapamycin, an inhibitor of the mTORC1 complex (Mechanistic Target Of Rapamycin Complex 1) (17); or activation of the transcription factor-EB (TFEB), which coordinately regulates the biogenesis of autophagosomes and lysosomes (18), maintaining the equilibrium between formation and degradation.




Figure 3 | Theoretical examples of variations in the formation of autophagosomes that lead to balanced or unbalanced autophagy. (A) Example of a balanced flux with proportional increase in autophagosome formation and degradation. The model of balanced flux with equal formation (purple dots) and degradation (green dots) (A1), the raw LC3-II/actin Western blot data (A2), the conventional autophagy flux (A3), the formation and degradation rates (A4), and the formation, degradation, and net ratios (A5) are shown. The red dotted line represents the threshold of one to determine a significant change (over 1, basal conditions) in the formation, degradation and net turnover ratios. (B, C) Show examples with similar conventional flux (B1, C1), which are in fact derived from dissimilar raw LC3-II/actin Western blot data (B2, C2). In (B) Our model would reveal increased autophagosome formation rate and no changes in degradation rate (B3), leading to an increased formation ratio and reduced net ratio (B4), and an unbalanced autophagy (B5). In contrast, in (C) our model would reveal decreased autophagosome formation rate and no changes in degradation rate (C3), leading to an increased formation ratio and reduced net ratio (C4), and an unbalanced autophagy (C5).



To exemplify this scenario, we simulated raw LC3-II Western blot data from a canonical autophagy stimulus (Figure 3A2), and from here we calculated the classic autophagy flux, showing the expected increase (Figure 3A3). We then applied our model to the raw data and observed that the canonical autophagic stimulus increased both formation and degradation (Figure 3A4). Importantly, both formation and degradation ratios were similar and, as a result, the net autophagy ratio was constant (Figure 3A5), implying a maintenance of the net autophagic turnover but at a higher rate/velocity, that could be possibly maintained in the long term.

In contrast, there are other biological scenarios that are not so easily discriminated using the conventional calculation of the autophagy flux (Figures 3B, C). Examples of these scenarios are situations in which autophagosome formation is increased (Figure 3B) or decreased (Figure 3C), without concomitantly affecting degradation. For instance, overexpression of ATG proteins or accumulation of intracellular debris would lead to increased autophagosome formation. But if lysosomal efficiency (i.e., degradation) is not proportionally increased, autophagosomes will stall in the lysosomes without degrading the autophagic cargo, leading to a decreased net turnover ratio and increased autophagosome pool. This effect has been for example observed in cells that overexpress Atg5 but whose lysosomal function is compromised (19). In this case, calculation of the autophagy flux would not reveal any changes (Figures 3B1, C1), although the raw LC3-II data is evidently different (Figures 3B2, C2). Our model would help to quantify the specific effect on formation (Figures 3B3, C3), and the alteration of the net autophagy ratio (Figures 3B4, C4), revealing an unbalanced autophagy (Figures 3B5, C5), and a potentially catastrophic situation for the cell that could not possibly be maintained over time.

Other biological scenarios that cannot be discriminated using conventional analysis of the autophagy flux are shown in Figures 4, 5. Some stimuli may selectively increase autophagosome degradation without affecting their formation coordinately (Figure 4A), or even reducing it (Figure 4B). For example, enhanced lysosomal biogenesis or lysosomal enzymes efficiency might lead to increased autophagosome degradation, resulting in an increased net turnover ratio and reduced autophagosome pool size. This imbalance has been reported in mice genetically deficient for the cathepsin inhibitor cystatin B, which exhibit enhanced lysosomal proteolysis (20). Whereas in this case the calculation of the autophagy flux would suggest an enhanced autophagy, our model would reveal the imbalance between formation and degradation, suggesting that in fact cellular debris would not be removed any faster from the cytoplasm.




Figure 4 | Theoretical examples of increased autophagosome degradation that lead to unbalanced autophagy. (A, B) show examples with similar conventional flux (A1, B1), derived from apparently similar raw LC3-II/actin Western blot data (A2, B2). In (A) our model would reveal an increased autophagosome degradation rate and no changes in the formation rate (A3), leading to an increased degradation ratio and net ratio (A4), and an unbalanced autophagy (A5). In contrast, in (B) our model would reveal decreased autophagosome formation rate but increased degradation (B3), leading to decreased formation ratio, increased degradation ratio, and a strong increase in the net ratio (C4), ultimately resulting in a highly unbalanced autophagy (B5).






Figure 5 | Theoretical examples of decreased autophagosome degradation that lead to unbalanced autophagy. (A, B) show examples with similar conventional flux (A1, B1), derived from apparently similar raw LC3-II/actin Western blot data (A2, B2). In (A) our model would reveal a decreased autophagosome degradation rate and no changes in the formation rate (A3), leading to a reduced degradation ratio and net ratio (A4), and an unbalanced autophagy (A5). In contrast, in (B) our model would reveal increased autophagosome formation rate but decreased degradation (B3), leading to increased formation ratio, reduced degradation ratio, and a strong reduction in the net ratio (C4), ultimately resulting in a highly unbalanced autophagy (B5).



Another scenario in which our model may prove useful is one where autophagosome degradation is reduced but formation is maintained (Figure 5A) or even increased (Figure 5B). An example of this scenario is a pathological condition where dysfunctional organelles accumulate and the cell tries to enclose them in autophagosomes but lysosomal functionality is compromised, for instance because lysosomes are defective or engaged in other degradation pathways such as phagocytosis or endocytosis. This effect could be observed in Parkinson’s disease (PD) dopaminergic neurons, which contain LC3-positive Lewy bodies, and have stalled autophagosomes, and lysosomal depletion (21). This complex effect cannot be fully understood by simply analyzing the reduction in the autophagy flux but would be instead clearly described by our two-step model.



Testing the Model in Vitro

We have directly tested our model with experimental data using two well-characterized autophagy modulators: the autophagy inducer rapamycin, which inhibits mTORC1 (22); and the autophagy inhibitor MRT68921, which blocks ULK1/2 (unc-51-like kinases 1/2) (22, 23). Both mTORC1 and ULK1/2 are early checkpoints of canonical autophagy: mTORC1 transduces signals from energy and damage sensors and is inhibited under stressful situations, releasing ULK1/2 (unc-51-like kinase 1/2) by a series of phosphorylation and dephosphorylation events to initiate the autophagy cascade (1, 14). As a cell model we used cultures of microglia (BV2 cells or primary cultures) and analyzed the amount of LC3-II by Western blot as a measurement of the size of the autophagosome pool.

In BV2 microglia rapamycin (6 h, 100 nM) showed the expected response and a tendency to increased LC3-II flux (Figure 6A). In addition, our model uncovered a parallel increase in formation and degradation of autophagosomes, resulting in a constant size of the APh pool and no changes in the net autophagosome turnover. Thus, rapamycin allowed the maintenance of the equilibrium between formation and degradation (Figure 6A), indicating a sustained autophagy that the cell can maintain over time.




Figure 6 | Validation of the two-step model with autophagy modulating compounds. (A) Autophagy induction assessed after treatment with rapamycin (100 nM, 6 h) in the presence and absence of Bafilomycin (100 nM) in the BV2 microglia cell line. A representative blot, the raw data obtained, and the calculations of flux, autophagosome formation and degradation, and net turnover ratios are shown. Data is presented as % over control (LC3-II/actin). (B, C) Autophagy inhibition assessed after treatment with MRT68921 (30 μM, 3 h in (B); 1 and 10 μM, 6 h in (C) in the presence and absence of Bafilomycin (100 nM) in mouse primary microglia. A representative blot, the raw data obtained, and the calculations of flux, autophagosome formation and degradation, and net turnover ratios are shown. Data is presented as % over control (LC3-II/actin). Data represent mean ± SEM of 3 independent experiments. #represents p < 0.1, *represents p < 0.05 and ** represents p < 0.01 by one tailed Student t-test (A, B), or Holm-Sidak after a significant effect of the treatment was found with 1-way ANOVA (C).



On the other hand, MRT68921 (3 h, 30 μM) resulted in the expected decrease in the LC3-II flux in primary microglia (Figure 6B). However, analysis with our model revealed that only degradation was reduced whereas autophagosome formation remained constant (Figure 6B). This data is in apparent contradiction with the described role of MRT in blocking the autophagy pre-initiation complex (22, 23). To address this discrepancy, we used a second paradigm of MRT68921 with a longer treatment and lower dosage (6 h, 1–10 μM; Figure 6C), and observed that the upstream effect of inhibition of autophagosome formation with MRT 10µM translated into a similar decrease in degradation (Figure 6C). Therefore, our model proves useful to discriminate the effect of experimental manipulations on the formation and/or degradation of autophagosomes.



Future Directions

Autophagy is a complex multi-step phenomenon and its assessment is a complicated task that requires using complimentary methods, as most current guidelines recommend (13, 24). Visualization of double-membrane autophagosomes by transmission electron microscopy, live imaging of LC3 acidification using ratiometric analysis of fluorophores, or analysis of substrate degradation should corroborate the data obtained by analysis of LC3-II expression as a proxy for autophagosome formation and degradation. It is also important to note that autophagy is a time-dependent process and, as such, its dynamics should be assessed over time (25). In addition, LC3-II immunoblotting assays have several limitations, such as the reference protein used to normalize LC3-II values, the timing and concentration of the lysosomal inhibitor used, or the intrinsic nonlinear detection of proteins by enhanced chemoluminescence (ECL) (26). The most widely used method to asses autophagy is, nonetheless, the analysis of the LC3-II flux in the presence of lysosomal inhibitors. However, the complexities associated to interpreting LC3-II flux have been thoroughly pointed out before, in the quest for an optimal “autophagomometer” (26). One of the key points is that autophagosomes formation and degradation are spatially and temporally dissociated (27) and that therefore they need to be assessed independently.

To address this issue, we here propose a simple conceptual frame to help interpreting LC3-II flux experiments. Our two-step model conceives the steady-state levels of LC3-II as an indirect measure of the pool of autophagosomes present when the snap-shot is taken. Assuming that in the basal condition the cells or tissue of interest are in some sort of equilibrium, the amount of autophagosomes formed and degraded should be roughly the same. Thus, the autophagosome pool can be treated as a black box to which the input (formation) and output (degradation) are identical, and can be estimated as the difference between LC3-II levels in the presence and absence of lysosomal inhibitors. In the experimental condition, degradation can be similarly calculated as the difference between LC3-II levels in the presence and absence of lysosomal inhibitors (i.e., the conventional LC3-II flux). In addition, we propose that the formation of autophagosomes in the experimental condition can be estimated by subtracting the steady-state autophagosome pool to the autophagosomes that have accumulated in the presence of lysosomal inhibitors. This model allows us to dissect out the effects of the experimental conditions to autophagosome formation and degradation. In addition, it also allows us to understand the net changes in the size of the autophagosomal pool that are the result of maintaining (or not) the net turnover ratio at equilibrium.

We have tested the two-step model using pharmacological autophagy modulators such as the autophagy inducer rapamycin and the autophagy inhibitor MRT68921 in microglia. As expected, rapamycin enhanced autophagy flux increasing both autophagosome formation and degradation at the concentration (100 nM) and time point (6 h) tested. However, the autophagy inhibitor MRT68921 exhibited concentration and time-dependent differential effects. At a medium concentration (10 μM) and long time-point (6 h), MRT68921 decreased both autophagosome formation and degradation, in line with the inhibitory effects described over ULK1/2 kinase activity, while no effect was observed at a lower concentration (1 μM). Nevertheless, at high concentration (30 µM) and short time-point (3h), MRT68921 selectively decreased autophagosome degradation while maintaining their formation. This was an unexpected result since MRT68921 inhibits ULK1/2 kinase, a protein mainly known for its role in autophagy initiation (28). However, ULK1/2 kinase also regulates the recruitment of other autophagy-related proteins for the productive formation of autophagosomes (23, 29). Thus, inhibition of ULK1/2 kinase activity at high concentrations and short time-points could preferentially affect autophagosome degradation activity, maintaining residual autophagy initiation activities, leading to the formation of LC3-II positive stalled phagophores and LC3-II accumulation after inhibitor treatment (23). Overall, using pharmacological modulators of autophagy, we demonstrate that our two-step model is able to accurately measure the selective changes that may occur in autophagosome formation and/or degradation in microglia after exposure of autophagy modulating stimuli.

Nonetheless, our two-step model has several limitations that should be considered. The most important one is the assumption that autophagy (formation and degradation) are at equilibrium in the basal condition. This equilibrium implies coordinated control mechanisms that would be necessary to maintain autophagy in the long term (30), but each cell type may have different regulation mechanisms under different metabolic constraints (31), and would depend on experimental conditions such as cell density. Another important point is that autophagosome formation and degradation are not independent phenomena, as assumed in our model. For instance, it is obvious that if the lysosomal pool is not a limiting factor, the degradation will directly depend on the formation. In addition, feed-back mechanisms may link excessive lysosomal degradation with a subsequent reduction in autophagosome formation (32). In spite of these limitations, our model can provide a more expanded insight into the complexity of the autophagy process than simply analyzing the autophagic flux. In summary, we here show that using the LC3 turnover assay, our two-step model helps to systematically determine changes in autophagosome formation vs degradation, the net turnover and the size of the autophagosome pool to obtain a more comprehensive understanding of autophagy.

Due to the universal nature of LC3 turnover assays, our two-step model is useful to estimate changes in autophagosome formation and degradation in virtually all mammalian cell types, including microglia. As autophagy has emerged as a regulator of a plethora of microglial functions (1) related to regulation of metabolic status, inflammation, and phagocytosis (6, 7, 10), our two-step model may provide a simple framework to understand the basic dynamics of microglial autophagy in health and disease.



Data Availability Statement

Requests to access the datasets should be directed to AS, amanda.sierra@achucarro.org.



Ethics Statement

The animal study was reviewed and approved by Comité de Ética en Experimentación Animal (CEEA), University of the Basque Country EHU/UPV.



Author Contributions

AS and AP-Z conceived the idea and wrote the manuscript. VS-T performed experiments and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the Spanish Ministry of Science and Innovation (https://www.ciencia.gob.es/) with FEDER funds (RTI2018-099267-B-I00) and a Tatiana Foundation project (P-048-FTPGB 2018) to AS. VS-T holds a predoctoral fellowship from the Basque Government.



Abbreviations

APh, Autophagosome; ATG, Autophagy-related protein; BAF, Bafilomycin A1; BCA, Bicinchoninic Acid; DegR, Degradation ratio; DMEM, Dulbecco’s Modified Eagle Medium; ECL, Enhanced Chemoluminescence; EXP-, basal condition; EXP+, experimental condition; FBS, Fetal Bovine Serum; FormR, Formation ratio; GM-CSF, Granulocyte-Macrophage Colony Stimulating Factor; LC3-II, microtubule-associated light chain protein 3 conjugated to phosphatidylethanolamine; mTORC1, Mechanistic Target of Rapamycin Complex 1; NetR, Net ratio; PD, Parkinson’s disease; ss, steady-state; TBS-T, Tris Buffered Saline containing 0.1% Tween 20; TFEB, transcription factor-EB; ULK1/2, unc-51-like kinases 1/2.



References

1. Plaza-Zabala, A, Sierra-Torre, V, and Sierra, A. Autophagy and Microglia: Novel Partners in Neurodegeneration and Aging. Int J Mol Sci (2017) 18(3):598. doi: 10.3390/ijms18030598

2. Levine, B, and Kroemer, G. Biological Functions of Autophagy Genes: A Disease Perspective. Cell (2019) 176(1):11–42. doi: 10.1016/j.cell.2018.09.048

3. Hara, T, Nakamura, K, Matsui, M, Yamamoto, A, Nakahara, Y, Suzuki-Migishima, R, et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature (2006) 441(7095):885–9. doi: 10.1038/nature04724

4. Komatsu, M, Waguri, S, Chiba, T, Murata, S, Iwata, J-I, Tanida, I, et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature (2006) 441(7095):880–4. doi: 10.1038/nature04723

5. Sung, K, and Jimenez-Sanchez, M. Autophagy in Astrocytes and its Implications in Neurodegeneration. J Mol Biol (2020) 432(8):2605–21. doi: 10.1016/j.jmb.2019.12.041

6. Ulland, TK, Song, WM, Huang, SC-C, Ulrich, JD, Sergushichev, A, Beatty, WL, et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s Disease. Cell (2017) 170(4):649–63.e13. doi: 10.1016/j.cell.2017.07.023

7. Heckmann, BL, Teubner, BJW, Tummers, B, Boada-Romero, E, Harris, L, Yang, M, et al. LC3-Associated Endocytosis Facilitates β-Amyloid Clearance and Mitigates Neurodegeneration in Murine Alzheimer’s Disease. Cell (2019) 178(3):536–51.e14. doi: 10.1016/j.cell.2019.05.056

8. Cho, M-H, Cho, K, Kang, H-J, Jeon, E-Y, Kim, H-S, Kwon, H-J, et al. Autophagy in microglia degrades extracellular β-amyloid fibrils and regulates the NLRP3 inflammasome. Autophagy (2014) 10(10):1761–75. doi: 10.4161/auto.29647

9. Choi, I, Zhang, Y, Seegobin, SP, Pruvost, M, Wang, Q, Purtell, K, et al. Microglia clear neuron-released α-synuclein via selective autophagy and prevent neurodegeneration. Nat Commun (2020) 11(1):1386. doi: 10.1038/s41467-020-15119-w

10. Berglund, R, Guerreiro-Cacais, AO, Adzemovic, MZ, Zeitelhofer, M, Lund, H, Ewing, E, et al. Microglial autophagy–associated phagocytosis is essential for recovery from neuroinflammation. Sci Immunol (2020) 5(52):eabb5077. doi: 10.1126/sciimmunol.abb5077

11. Kim, HJ, Cho, MH, Shim, WH, Kim, JK, Jeon, EY, Kim, DH, et al. Deficient autophagy in microglia impairs synaptic pruning and causes social behavioral defects. Mol Psychiatry (2017) 22(11):1576–84. doi: 10.1038/mp.2016.103

12. Shibutani, ST, Saitoh, T, Nowag, H, Münz, C, and Yoshimori, T. Autophagy and autophagy-related proteins in the immune system. Nat Immunol (2015) 16(10):1014–24. doi: 10.1038/ni.3273

13. Klionsky, DJ, Abdelmohsen, K, Abe, A, Abedin, MJ, Abeliovich, H, Acevedo Arozena, A, et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy (2016) 12(1):1–222. doi: 10.1080/15548627.2015.1100356

14. Mercer, TJ, Gubas, A, and Tooze, SA. A molecular perspective of mammalian autophagosome biogenesis. J Biol Chem (2018) 293(15):5386–95. doi: 10.1074/jbc.R117.810366

15. Abiega, O, Beccari, S, Diaz-Aparicio, I, Nadjar, A, Layé, S, Leyrolle, Q, et al. Neuronal Hyperactivity Disturbs ATP Microgradients, Impairs Microglial Motility, and Reduces Phagocytic Receptor Expression Triggering Apoptosis/Microglial Phagocytosis Uncoupling. PloS Biol (2016) 14(5):e1002466. doi: 10.1371/journal.pbio.1002466

16. Beccari, S, Diaz-Aparicio, I, and Sierra, A. Quantifying Microglial Phagocytosis of Apoptotic Cells in the Brain in Health and Disease. Curr Protoc Immunol (2018) 122(1):e49. doi: 10.1002/cpim.49

17. Civiletto, G, Dogan, SA, Cerutti, R, Fagiolari, G, Moggio, M, Lamperti, C, et al. Rapamycin rescues mitochondrial myopathy via coordinated activation of autophagy and lysosomal biogenesis. EMBO Mol Med (2018) 10(11):e8799. doi: 10.15252/emmm.201708799

18. Settembre, C, Di Malta, C, Polito, VA, Arencibia, MG, Vetrini, F, Erdin, S, et al. TFEB Links Autophagy to Lysosomal Biogenesis. Science (2011) 332(6036):1429. doi: 10.1126/science.1204592

19. Pyo, J-O, Yoo, S-M, Ahn, H-H, Nah, J, Hong, S-H, Kam, T-I, et al. Overexpression of Atg5 in mice activates autophagy and extends lifespan. Nat Commun (2013) 4(1):2300. doi: 10.1038/ncomms3300

20. Yang, D-S, Stavrides, P, Mohan, PS, Kaushik, S, Kumar, A, Ohno, M, et al. Reversal of autophagy dysfunction in the TgCRND8 mouse model of Alzheimer’s disease ameliorates amyloid pathologies and memory deficits. Brain (2011) 134(1):258–77. doi: 10.1093/brain/awq341

21. Dehay, B, Bové, J, Rodríguez-Muela, N, Perier, C, Recasens, A, Boya, P, et al. Pathogenic Lysosomal Depletion in Parkinson’s Disease. J Neurosci (2010) 30(37):12535. doi: 10.1523/JNEUROSCI.1920-10.2010

22. Morel, E, Mehrpour, M, Botti, J, Dupont, N, Hamaï, A, Nascimbeni, AC, et al. Autophagy: A Druggable Process. Annu Rev Pharmacol Toxicol (2017) 57(1):375–98. doi: 10.1146/annurev-pharmtox-010716-104936

23. Petherick, KJ, Conway, OJL, Mpamhanga, C, Osborne, SA, Kamal, A, Saxty, B, et al. Pharmacological Inhibition of ULK1 Kinase Blocks Mammalian Target of Rapamycin (mTOR)-dependent Autophagy. J Biol Chem (2015) 290(18):11376–83. doi: 10.1074/jbc.C114.627778

24. Mizushima, N, Yoshimori, T, and Levine, B. Methods in mammalian autophagy research. Cell (2010) 140(3):313–26. doi: 10.1016/j.cell.2010.01.028

25. Martin, KR, Barua, D, Kauffman, AL, Westrate, LM, Posner, RG, Hlavacek, WS, et al. Computational model for autophagic vesicle dynamics in single cells. Autophagy (2013) 9(1):74–92. doi: 10.4161/auto.22532

26. Rubinsztein, DC, Cuervo, AM, Ravikumar, B, Sarkar, S, Korolchuk, VI, Kaushik, S, et al. In search of an “autophagomometer”. Autophagy (2009) 5(5):585–9. doi: 10.4161/auto.5.5.8823

27. Börlin, CS, Lang, V, Hamacher-Brady, A, and Brady, NR. Agent-based modeling of autophagy reveals emergent regulatory behavior of spatio-temporal autophagy dynamics. Cell Commun Signal (2014) 12:56. doi: 10.1186/s12964-014-0056-8

28. Wong, P-M, Puente, C, Ganley, IG, and Jiang, X. The ULK1 complex. Autophagy (2013) 9(2):124–37. doi: 10.4161/auto.23323

29. Turco, E, Fracchiolla, D, and Martens, S. Recruitment and Activation of the ULK1/Atg1 Kinase Complex in Selective Autophagy. J Mol Biol (2020) 432(1):123–34. doi: 10.1016/j.jmb.2019.07.027

30. Shen, H-M, and Mizushima, N. At the end of the autophagic road: an emerging understanding of lysosomal functions in autophagy. Trends Biochem Sci (2014) 39(2):61–71. doi: 10.1016/j.tibs.2013.12.001

31. Nwadike, C, Williamson, LE, Gallagher, LE, Guan, J-L, and Chan, EYW. AMPK Inhibits ULK1-Dependent Autophagosome Formation and Lysosomal Acidification via Distinct Mechanisms. Mol Cell Biol (2018) 38(10):e00023–18. doi: 10.1128/MCB.00023-18

32. Yu, L, McPhee, CK, Zheng, L, Mardones, GA, Rong, Y, Peng, J, et al. Termination of autophagy and reformation of lysosomes regulated by mTOR. Nature (2010) 465(7300):942–6. doi: 10.1038/nature09076



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Plaza-Zabala, Sierra-Torre and Sierra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-620602-g005.jpg
Formation >> oegradston

° e 908 °






OEBPS/Images/M2.jpg
. coaiim.
APh Formation = APh Degradation
AP quitivium = APhy,





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Assessing Autophagy in Microglia: A Two-Step Model to Determine Autophagosome Formation, Degradation, and Net Turnover

      

        		

          Introduction

        



        		

          Methods

        

          		

            Cell Culture

          



          		

            Drug Treatments

          



          		

            Protein Extraction and Western Blot

          



          		

            Statistics

          



        



        



        		

          Modeling Autophagosome Formation and Degradation

        



        		

          Dissecting Out Autophagosome Formation and Degradation

        



        		

          Testing the Model in Vitro

        



        		

          Future Directions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-620602-g003.jpg
M

Baanced
autophagy






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-620602-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/M1.jpg





OEBPS/Images/fimmu.2020.620602_cover.jpg
, frontiers
in Immunology

Assessing Autophagy in Microglia:
A Two-Step Model to Determine
Autophagosome Formation,
Degradation, and Net Turnover





OEBPS/Images/fimmu-11-620602-g002.jpg
AP poo (seady-state) = BAF .
Degradation =(BAF* - BAF) gxp.
Formation = Degradstion

[ow—
Ao ot b - e
Cordsion0AF- 88

| rometone st -5t






OEBPS/Images/fimmu-11-620602-g004.jpg
4 P Oeo
Mo piich
4
A
Rawdata

Famn omoaen Fame o

A5 Fomaton < Degradation BS5  romuen << Degradation

Unbatanced 3 Unbatanced e
0g0 [ {]

autophagy





OEBPS/Images/fimmu-11-620602-g006.jpg





