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Abstract

:

Norepinephrine (NE) neurons and extracellular NE exert some protective effects against a variety of insults, including methamphetamine (Meth)-induced cell damage. The intimate mechanism of protection remains difficult to be analyzed in vivo. In fact, this may occur directly on target neurons or as the indirect consequence of NE-induced alterations in the activity of trans-synaptic loops. Therefore, to elude neuronal networks, which may contribute to these effects in vivo, the present study investigates whether NE still protects when directly applied to Meth-treated PC12 cells. Meth was selected based on its detrimental effects along various specific brain areas. The study shows that NE directly protects in vitro against Meth-induced cell damage. The present study indicates that such an effect fully depends on the activation of plasma membrane β2-adrenergic receptors (ARs). Evidence indicates that β2-ARs activation restores autophagy, which is impaired by Meth administration. This occurs via restoration of the autophagy flux and, as assessed by ultrastructural morphometry, by preventing the dissipation of microtubule-associated protein 1 light chain 3 (LC3) from autophagy vacuoles to the cytosol, which is produced instead during Meth toxicity. These findings may have an impact in a variety of degenerative conditions characterized by NE deficiency along with autophagy impairment.
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1. Introduction


A bulk of studies indicate that the integrity of norepinephrine (NE) transmission in the brain is fundamental to provide neuroprotection. In fact, NE protects against neurotoxicity [1,2,3,4,5,6] and neurodegeneration [7,8], including Parkinson’s disease [1,9,10], Alzheimer’s disease [11,12], epileptic seizures [13,14,15,16,17,18,19], brain ischemia [20,21,22], and psychostimulants [2,6].



In this study, we specifically consider the protection of NE against methamphetamine (Meth)-induced toxicity as previously shown in vivo in the course of genetic and pharmacological manipulation of the NE system [2,6,23,24].



Although a protective role of NE is relevant, the mechanisms responsible for such an effect remain elusive. A number of studies hypothesize that in vivo complex neural networks may mediate the protective effects of NE, which would indirectly affect neuronal survival [4,24]. This is compatible with the sub-cortical origin of this neurotransmitter from a number of brainstem reticular nuclei [25,26], which project throughout wide areas of the forebrain affecting glia, vessels, and neurons [4,26]. On the other hand, NE may directly protect by specifically acting on target neurons. In order to test whether NE directly protects target cells in the present study, we used a model of neurotoxicity, which is well characterized and consists in administering in vitro Meth to PC12 cells [27,28,29]. In this model, the effects of NE were assessed by measuring the amount of cell loss and cell alterations. Once a direct protection was observed, the study proceeds to analyze whether NE needs to enter within PC12 cells or it rather protects by activating specific adrenergic receptors (ARs). Thus, specific NE uptake inhibitors (NETs), desmethylimipramine (DMI), as well as ARs agonist and antagonists were administered alone, or in combination with NE, (i) to disclose a protective role for intracellular NE and/or (ii) to decipher which receptor subtype(s) is involved. Once pharmacological studies led to identifying the putative receptor mediating NE-induced protection, pharmacological analysis was combined with specific RNA receptor silencing to validate findings. In the second part of the study, the subcellular mechanisms triggered by specific ARs activation were investigated in order to comprehend the intracellular events stimulated by NE, which leads to neuroprotection. Since Meth is known to alter PC12 cell viability by deranging the ubiquitous autophagy pathway, which is key in maintaining cell survival, autophagy was specifically investigated. In detail, a recent study shows that Meth toxicity in PC12 cells dissipates the specific autophagy protein LC3 from autophagy vacuoles [30,31]. Therefore, we analyzed whether NE prevents the dissipation of LC3 from autophagy vacuoles induced by Meth and whether it rescues the impairment of the autophagy flux induced by Meth [32]. In fact, when counteracting the autophagy impairment with classic autophagy activators, Meth-induced LC3 dissipation is prevented along with restoration of a normal autophagy flux, and a full protection against Meth toxicity is obtained [30]. In this part of the study, the stoichiometric compartmentalization of LC3 within autophagy vacuoles was investigated along with the progression of the autophagy flux. Meth was administered in combination with various doses of NE or ARs agonists and antagonists as well as NE uptake blockers. In addition, the expression of β2-ARs was silenced.



Due to a powerful and ubiquitous effect of the autophagy machinery in modulating cell damage [29,32,33,34,35,36], its potential involvement in NE-induced protection was not investigated so far, and it represents the key point of the present experimental work.



To sum up, the present study addresses the following core questions:




	(i)

	
whether NE directly protects against Meth-induced toxicity;




	(ii)

	
whether such an effect is achieved through specific plasma membrane ARs activation, or




	(iii)

	
whether NE needs to be taken up in the cell to exert protection;




	(iv)

	
whether NE-induced protection counteracts the derangement of specific autophagy compartments and autophagy flux induced by Meth.










2. Results


2.1. Pilot Dose–Response Curves on Cell Viability to Select Specific Doses of NE and Meth to Be Administered in the Body of the Study


Norepinephrine (NE), when applied at different concentrations within the nM range, which corresponds to the Ki for binding at various ARs (0.5 nM, 5 nM, 50 nM), does not affect PC12 cells viability assessed with different methods (Trypan Blue, TB, graph of Supplementary Figure S1A), hematoxylin and eosin (H&E, graph of Supplementary Figure S1B), and Fluoro-Jade B (FJB, graph of Supplementary Figure S1C). This pilot dose–response was carried out to assess the toxic dose of Meth to be used in these experiments. In fact, it is well known that depending on the experimental conditions, the toxicity induced by Meth in PC12 cells may significantly vary. In order to test these findings in a wide range of doses, in a few trials, we measured the effects of a dose of 5 μM, 50 μM, 100 μM, and up to 2 mM (the latter being well beyond the range of a Meth-dependent specific toxicity). A reliable consistency along various procedures was detected, showing that the dose of 50 μM Meth reaches a plateau of toxicity (roughly 25%) which is no further increased up to 2 mM (Figure 1).



In detail, the plateau for cell death was confirmed at the dose of 50 μM Meth along various procedures, TB (graph of Figure 1A), H&E (graph of Figure 1B), FJB (graph of Figure 1C), and WST-1 (graph of Figure 1D), caspase 3 immunofluorescence (Supplementary Figure S2), and transmission electron microscopy (TEM, Supplementary Figure S3), which is the gold standard to detect apoptosis and necrosis. These pilot experiments were crucial to assess which dose of Meth was appropriate to probe the protective effects of NE. It is remarkable that although the variability is documented across different studies of Meth-induced toxicity as reported above, this does not depend on variation in the cell cycle. In fact, in these preliminary experiments, similar results were obtained when PC12 cells were synchronized following 72 h of starvation. In this case, Meth was specifically administered when 78% of the cells were in the G0/G1 phase as shown by cytofluorometry (Supplementary Figures S4–S6); nonetheless, the amount of Meth-induced toxicity was similar.




2.2. NE Does Protect against Meth-Induced PC12 Cell Death


When assessing this key point of the study, the combined administration of NE and Meth was carried out for various Meth doses, each one already used in previous pilot experiments (Figure 1 and Supplementary Figure S1). In fact, we wish to assess a dose–response for NE-induced protection against Meth toxicity. As reported in the previous paragraph, the administration of NE alone, at different concentrations within the nM range (0.5 nM, 5 nM, and 50 nM) did not alter cell viability. Thus, we measured the protective potential of NE against toxicity produced by various doses of Meth. This experimental approach was applied here to check whether NE protection against Meth toxicity was achieved even when rising Meth concentration up to an amount, way in excess, to that needed to produce selective toxicity (Meth, 2 mM). As reported in graphs of Supplementary Figure S7 and representative Figure 2 and Figure 3, we found that even for the highest doses of Meth, NE, at the dose of 5 nM and 50 nM, fully protects. In contrast, the dose of NE 0.5 nM did not provide any protection against Meth toxicity (Figure 2 and Figure 3). Data concerning all the doses measured with all methods are reported in the graphs of Supplementary Figure S7A–D).



This indicates that a dose of 5 nM NE exerts full protection against Meth-induced toxicity. Therefore, a dose of 5 nM of NE, and a dose of 50 μM of Meth, were selected for the following experiments.




2.3. Effects of Various Agonists and Antagonists Acting on AR on Meth-Induced PC12 Cell Death


Once the protective effects of NE were established in a simple cell line, in the absence of brain circuitries, the key point was to decipher which AR known to be expressed on these cells [37] was involved in neuroprotection and whether NE may exert dual effects based on the concomitant activation of different ARs. Therefore, we assessed the effects of various α1-AR and β-AR agonists and antagonists in participating or fully producing protection, or even worsening Meth toxicity. As expected, phenylephrine (α1-AR agonist) at the standard dose of 10 μM alone did not affect cell mortality nor it did when co-administered with NE (graph in Supplementary Figure S8A for TB; graph in Supplementary Figure S8B for H&E; graph in Supplementary Figure S8C for FJB). Similarly, phenylephrine administration at the dose of 10 μM did not affect Meth-induced toxicity (same graphs of Supplementary Figure S8). Thus, α1-AR stimulation does not change Meth toxicity.



As expected, the administration of prazosin (a selective antagonist at α1-AR) at the dose of 15 μM neither reduced nor worsened Meth-induced cell death (graphs in Supplementary Figure S8A for TB; graph in Supplementary Figure S8B for H&E; graph in Supplementary Figure S8C for FJB). Similarly, prazosin did not modify the protective effects of NE against Meth toxicity (all the graphs in Supplementary Figure S8).



The administration of isoproterenol (a β-AR non-selective agonist) at 400 μM does not induce any effect on baseline cell death (graphs of Supplementary Figure S9). However, it prevents cell death induced by Meth, either when administered alone, or in combination with NE. The amount of such a neuroprotective effect is similar to that induced by NE alone on Meth toxicity. This suggests that β-AR stimulation fully protects against Meth-induced toxicity and mediates the protection induced by NE.



This is confirmed by the non-selective β-AR antagonist propranolol. When co-administered with NE, propranolol (50 μM) prevents the protective effects induced by NE on Meth-induced cell death, while in cells concomitantly exposed to propranolol and Meth, the toxicity of Meth is not affected (Supplementary Figure S9). This latter finding suggests that the amount of cell death induced by Meth at such a dose cannot be further worsened neither by increasing the dose of Meth (as shown previously in Figure 1) nor by blocking the ongoing protections supposedly triggered by stimulating β-AR. In line with this, propranolol alone does not significantly increase baseline cell mortality compared with control cells, which suggests that baseline activity on β-AR does not protect these cells from their inherent, spontaneous vulnerability. As expected, the protective effects of isoproterenol on Meth-induced toxicity were occluded by the concomitant administration of propranolol (Supplementary Figure S9C).



Thus, β-AR fully protects against Meth-induced toxicity, thereby mimicking the effects of NE.



Once the role of β-AR was documented, the study specifically focused on which subtype of β-AR was responsible for protection. We observed that the selective β2-AR antagonist butoxamine (10 μM) completely occludes the protective effects of NE on Meth-induced toxicity (graphs of Figure 4 and representative pictures of Figure 5 and Figure 6). Pre-administration of butoxamine alone does not modify the toxicity induced by Meth. This is consistent with the pilot study showing that in the present experimental conditions, such a dose of Meth produces full toxicity. These data were confirmed by pre-administering the selective β2-AR agonist salbutamol (5 nM), which in fact fully protects against Meth toxicity, similarly to NE (Figure 4, Figure 5 and Figure 6). Altogether, these data indicate that β2-ARs are the sub-type of ARs, which are sufficient to replicate NE-induced protection against Meth-induced toxicity.




2.4. Is There a Protective Role for Intracellular NE?


Data obtained so far demonstrate that NE directly counteracts Meth toxicity. In addition, these data show that this effect fully relies on the activation of β2-AR. Nonetheless, when considering these ad interim conclusions, it remains unquestioned the issue of extracellular versus intracellular NE. In fact, when adding NE or specific ligands for ARs to the cell culture, a potential penetration of NE within the cell could contribute to neuroprotection or it may counteract a bigger or even an opposite effect. Therefore, we administered the selective NET blocker, DMI, alone or in combination with NE, to measure its effects in Meth-induced toxicity.



DMI did not alter NE-induced protection against Meth toxicity (Figure 7, Figure 8 and Figure 9). Nonetheless, when DMI (100 nM) was co-administered with Meth, a full protection against Meth toxicity was observed, which is likely to depend on the increase in extracellular NE provided by this NET inhibitor (Figure 7, Figure 8 and Figure 9).



It needs to be considered that both NE and DMI administered alone produce a full protection against Meth toxicity, which is in line with the rise of extracellular NE produced by DMI in PC12 cell lines, which exceeds 10 nM. Both protections were abolished by pre-administering the β2-AR antagonist butoxamine (Figure 7). These findings confirm the specific protective effects of β2-ARs.



In line with this, the protective effects of NE and DMI did not cumulate, which indicates a similar mechanism of protection, which is saturated either by NE (5 nM) or DMI (100 nM) (Figure 7). Consistently, the selective β2-AR antagonist butoxamine fully suppresses the protective effects of both DMI and NE on Meth-induced toxicity. These findings are consistent along various procedures (TB, H&E, FJB, Figure 7A–C and Figure 9), which indicates that NE-induced protection is fully based on the activation of plasma membrane β2-ARs.



As a further proof, these findings were challenged by transfecting cells by silencing RNA (siRNA) for β2-ARs. The efficacy of transfection was very high (over 75%) as shown by Supplementary Figure S10 (immunoblotting) and S11 (immunogold). Silencing β2-ARs suppresses the neuroprotective effects of NE against Meth toxicity (Figure 10 and Figure 11). Consistently, even DMI-induced protection was lost in β2-ARs silenced cells (cell death: 25.2% ± 2.7% in Meth-treated WT cells, 25.0% ± 3.1% in β2-ARs siRNA NE + Meth-treated cells).




2.5. NE Counteracts Meth-Induced Dissipation of LC3 from Autophagy Vacuoles


The administration of Meth 50 μM inhibits the autophagy flux, as indicated by the increase in the levels of the autophagy markers LC3-II and p62 (Figure 12). This is concomitant with an increase in autophagy vacuoles, LC3 particles, and LC3-positive vacuoles (Figure 13, Figure 14 and Figure 15). This is due to an inhibition of autophagy progression.



This significant increase in whole cell stoichiometrically counted LC3 immunogold particles (Figure 13B) and LC3-positive autophagy vacuoles (Figure 13C) following Meth does not occur in parallel. In fact, a strong decrease in the ratio of LC3 within vacuoles and LC3 within the cytosol is counted (Figure 13D and representative Figure 15). Thus, Meth dissipates LC3 particles from autophagy vacuoles toward the whole cell (Figure 13). Remarkably, NE fully reverts this effect (Figure 12A and Figure 13D).



In fact, the administration of a fully protective dose of NE re-establishes the ratio between vacuoles and cytosol for LC3 (Figure 13D and representative Figure 15). In detail, NE induces a polarization of LC3 within vacuoles, which surpasses that counted in control cells. This recruitment of LC3 within vacuoles is contingency-dependent, since it does not occur when it is not needed. In fact, when administered alone, NE does not produce a compartmentalization, and it only slightly increases unstained autophagy vacuoles (Figure 13A and representative Figure 14); the polarization of LC3 only occurs in the presence of a stressful insult. In particular, following exposure to NE alone, the number of autophagy-like vacuoles increases compared with control cells (Figure 13B and representative Figure 14). However, NE in the absence of Meth does not induce a parallel increase in total LC3 particles and LC3-positive vacuoles per cells (Figure 13B and representative Figure 14). This re-allocation of LC3 within autophagy vacuoles produced by NE in Meth-treated cells is concomitant with an NE-induced burst in the autophagy flux, despite NE alone not being effective in speeding autophagy flux in baseline condition (Figure 16). It is likely that in baseline conditions, the ratio of LC3 compartmentalization is just fine to grant an adequate effect, and adding NE in baseline conditions does not produce any additional effect to such a steady condition.




2.6. β2-AR Activity Counteracts Meth-Induced LC3 Dissipation


After showing the specificity for β2-AR to counteract Meth-induced toxicity (see Section 2.3), and following the demonstration of the fine ultrastructural mechanisms responsible for NE-induced protection against Meth toxicity, we questioned whether the sub-cellular findings detected at ultrastructural morphometry were confirmed following the stimulation of β2-ARs.



Administration of the selective β2-AR agonist salbutamol mimics the re-allocation of LC3 compartmentalization operated by NE (Figure 13D and representative Figure 17 and Figure 18). Contrary wise, the β2-AR antagonist butoxamine prevents NE from counteracting Meth-induced LC3 dissipation (Figure 13D). Thus, the block of β2-ARs reverts the effects of NE on LC3 compartmentalization within autophagy vacuoles.



Butoxamine alone induces a slight, non-significant increase of total LC3 particles per cell, which occurs in parallel with a decrease of the ratio between vacuolar/cytosolic LC3 (Figure 13D).




2.7. The Effects of DMI on Meth-Induced LC3 Dissipation


When DMI was administered to Meth-treated cells, LC3 dissipation was prevented as measured following the administration of either NE or salbutamol to Meth-treated cells (Figure 13D, and representative Figure 19 and Figure 20). As expected, such an effect was occluded by the β2-AR antagonist butoxamine (Figure 13D).





3. Discussion


In the present study, evidence is provided that NE fully protects against Meth-induced cell death in PC12 cells. Such a protection is evident by combining various methods to detect cell viability/cell toxicity. It is remarkable that the FJB technique confirms results obtained with classic approaches to detect cell damage. This represents a methodological novelty, since FJB was never used in cell lines to detect Meth toxicity; thus, the present results also provide the validation of a novel experimental approach to detect Meth toxicity in vitro.



Protection induced by NE is evident at the dose of 5 nM and 50 nM, in which the 5 nM dose is fully protective against Meth toxicity, even for a 2 mM dose of Meth. The protective effects of Meth can be replicated by administering the non-selective β-agonist, isoproterenol, while they are fully reversed by administering the non-selective β-antagonist propranolol. The protection induced by NE through β-AR stimulation is reproduced by activating the β2-AR subtype by administering the selective agonist salbutamol, which mimics the protection induced by either NE or isoproterenol. The specificity of β2-ARs activation to protect against Meth toxicity is confirmed by a loss of protection when NE is co-administered with the selective β2-AR antagonist butoxamine, which in turn replicates the effects produced by the non-selective β-antagonist propranolol. The final validation of the protective role induced by β2-ARs stimulation was demonstrated by silencing β2-AR, which prevents the protective effects of NE. These protective effects of NE depend on the stimulation of β2-AR placed on the plasma membrane, since an inhibition of NE uptake by the NET blocker DMI does not reduce NE-induced protection, despite preventing NE to enter into the cells. It is remarkable that the blockade of NET induces per se a protective effect, since apart from blocking Meth toxicity, it reduces the slight amount of cell death, which occurs spontaneously in baseline conditions in PC12 cells. One might argue that blocking NET prevents Meth from exerting its effects within PC12 cells, since NET represents one of the hooking sites for Meth to enter the target cells. However, most of the entry occurs by the simple diffusion of Meth [37]. Moreover, PC12 cells express a high amount of DAT [38,39] and serotonine transporter (SERT) [40], which are not blocked by DMI (a selective NET inhibitor), which leaves a wide gateway for Meth to enter the cells even in the presence of a NET blockade [41,42]. At any rate, the loss of protection produced by butoxamine in DMI + Meth-treated cells rules out a bias due to a block of Meth entry by DMI. In fact, if Meth was prevented from entering the cell, butoxamine could not re-instate Meth toxicity. Again, the occurrence of a protection against baseline ongoing slight toxicity in PC12 cells by DMI witnesses for the lack of an interference of DMI with Meth availability for the cells. In line with this, also, the protective effects of DMI were abolished following β2-AR silencing.



The kind of receptors, which were probed in the present study, take into account the variety already described in these cells.



In fact, PC12 cells normally express α1- (specifically, the subtypes α1A and α1D), β1- and β2-ARs, as well as NET [43] and DAT [38]. This is consistent with data obtained in the present study. The full replication of NE protection against Meth toxicity measured here through the activation of both non-selective β-AR and selective β2-AR agonists fully reciprocates the effects induced by a non-selective β-AR antagonist and a selective β2-AR antagonist. This made it redundant to challenge Meth toxicity with other β-AR ligands such as specific β1-ARs, which was not investigated in the present study. At this stage of the investigation, the issue of which AR mediates the protection by NE seems to be solved. Nonetheless, considering other receptors being expressed by PC12 cells, we were curious to probe the role of α1-AR. In fact, α1-AR are implicated in paradoxical deleterious effects, which may be induced by NE in vivo within specific contingencies. This regards α1-AR-mediated neurotoxicity and neurodegeneration, which we contributed to describing [44,45]. Therefore, one might argue that despite NE protecting against Meth toxicity and β2-ARs fully substituting for the effects produced by NE, there might be still a detrimental effect mediated by α1-AR, which is working during NE stimulation. These effects could be obscured by the overwhelming beneficial activity exerted by the stimulation of β2-ARs.



To explore such a potential slight discrepancy, we challenged the experimental settings with the selective α1-AR agonist phenylephrine. Additionally, to disclose a potential contraction of the full protective potential of NE by a concomitant opposite activity generated by the activation of α1-Ars, we co-administered the α1-AR antagonist prazosin. In each experimental condition, any noticeable alteration of neither Meth toxicity nor NE protection against Meth toxicity was observed. These latter findings deserve some room for a brief comment since, the lack of a slight detrimental influence in the beneficial scenario provided by NE may be attributed to various facets. At first, the detrimental role of α1-AR has been shown in vivo, where it is believed to occur via a trans-synaptic loop, which does not directly produces toxicity on target cells [46].



Again, a potential role of β3-ARs requires further investigations concerning the protective efficacy of NE, since these ARs remain much less investigated compared with β1- and β2-ARs, and β receptors ligands may recruit β3-ARs to a certain amount. This is discussed elegantly by Baker (2010) [47] in The British Journal of Pharmacology, but it is further reported by recent papers [48].



Nonetheless, the results provided here through the specific silencing of β2-ARs tend to rule out any potential role for β3-ARs.



In considering the potential dual effects in vivo produced by the stimulation of a variety of ARs in modulating Meth toxicity, it should be kept in mind that in vivo, in different animal species, the loss of NE leads to an enhancement of Meth toxicity [2,3,4,6,49,50].



Nonetheless, an insight in their mechanisms is lacking at the subcellular level. Remarkably, the direct effect of NE in preventing Meth-induced toxicity is associated here with a specific compartmentalization of LC3 within autophagy vacuoles. In fact, NE exposure counteracts the dissipation of LC3 from autophagy vacuoles toward the cytosol, which is induced by Meth. In detail, Meth induces the overexpression of LC3 within PC12 cells. However, LC3 moves out from autophagy vacuoles to fill non-compartmentalized cytosolic regions (as reported in the explanatory cartoon of Figure 21). The stoichiometric measurement of LC3 by immunogold was not modified by NE administration. However, NE moves back LC3 within vacuoles, which is expected to restore competence to the autophagy machinery. These data mimic what was recently demonstrated for the protective effects of the powerful autophagy activator rapamycin in Meth-intoxicated PC12 cells [30].



Similar findings were obtained by administering salbutamol, which confirms the β2-ARs dependency of the whole effect induced by NE; in line with this, butoxamine pre-administration prevents LC3 polarization within vacuoles, which was induced by NE in PC12 cells.



Similar results were obtained in β2-ARs silenced cells.



It remains a matter for future studies to further explore the transduction pathways bridging the activation of β2-ARs to such a modulation in the trafficking and compartmentalization of LC3. A link between β2-ARs activation and autophagy occurs in fibroblasts [51], cardiomyocytes [52], hepatic cells [53], and gastric cells [54]. In particular, Aránguiz-Urroz et al. (2010) [51] showed that NE, isoproterenol, and salbutamol all increase the autophagy flux in cultured adult rat cardiac fibroblasts, and these effects are blocked both by propanolol and a selective β2-AR antagonist (ICI-118,551), while drugs acting on β1-AR do not modify these effects. More recently, Farah et al. (2014) [53] showed that the β2-AR increases autophagy by elevating cAMP levels. The activation of β2-AR may stimulate autophagy also via an increased phosphorylation of AMPK [55]. Very recently, β2-AR activation was shown to activate autophagy flux along with increased double-membrane vesicles, punctuating GFP-RFP-LC3 distribution in the cells [54]. This was also related to the activation of cAMP response element binding (CREB) protein, leading to autophagy activation through the adenosine 5′ monophosphate activated protein kinase ULK1 (AMPK ULK1) pathway [54,56]. The activation of β2-ARs increases β-arrestin, β-catenin, Beclin1, Chloride channel 7, and SQSTM1/p62 [56,57,58,59,60,61,62]. All these complex and interconnected biochemicals cascades should be studied in order to comprehend a potential role in the ultrastructural morphometry measured here.



A specific dissection of the effects of NE on autophagy pathways remains beyond the aims of this study, as well as the concomitant role of other ARs. Nevertheless, the present observation might be relevant to understand why a loss of brain NE fosters the onset of disorders induced by deranged autophagy activity [63]. This occurs in neurodegenerative disorders ranging from movement disorders to degenerative dementias. In fact, it is well known that NE depletion potentiates the degeneration of the DA nigrostriatal pathway [1,2,3,49,50,64,65,66]. It is remarkable that in these disorders, the loss of NE anticipates the onset of disease symptoms [67,68], suggesting that the loss of NE fosters degeneration [7,10,69]. In fact, in vivo, a loss of NE fibers dramatically potentiates Meth-induced neurotoxicity [2,3,50,70].




4. Materials and Methods


4.1. Cell Cultures and Experimental Design


The PC12 cell line was purchased from a cell bank (IRCCS San Martino Institute, Genova, Italy). Cells were grown in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA), which was supplemented with heat-inactivated, 10% horse serum (HS, Sigma), 5% fetal bovine serum (FBS, Sigma), and penicillin (50 IU/mL)/streptomycin (50 mg/mL, Sigma), and they were kept under standard culture conditions in a humidified atmosphere containing 5% CO2 at 37 °C. Experiments were carried out during what it appeared to be the cell growth log-phase, when the cells had reached approximately 70% confluence [71,72]. Cells were seeded within plates to be further incubated at 37 °C in 5% CO2 for 24 h. This brought up the number of cells used for TEM experiments to a magnitude that allowed reaching an amount of cells to be further seeded in a number of roughly 106 per each experimental group. Each experimental group was seeded in a culture dish to reach a final volume of 5 mL, including the supplemented medium.



In a preliminary set of experiments, we assessed the effects of NE on Meth-induced toxicity by light microscopy, by using TB, H&E, and FJB staining. We also used a colorimetric cell viability assay as a complementary technique to the latter ones, namely the WST-1 cell viability assay.



We first treated PC12 cells with different doses of Meth (Sigma, 5 μM, 50 μM, and 100 μM) for 72 h. This dose of Meth 50 μM induces roughly 25% cell loss, which corresponds to a plateau, since the 100 μM dose does not produce any further cell loss in the present experimental settings. Then, the effects of NE (Sigma) at different concentrations (0.5 nM, 5 nM, and 50 nM) were measured in PC12 cells treated with 50 μM Meth. Each dose of NE was administered 30 min before Meth. In this way, a short dose–response effect curve for NE modulation of Meth-induced toxicity was carried out. Then, in order to test the role of specific NE receptors, we tested cell viability following specific β- or α-AR agonist and antagonists, since PC12 have been shown to express α1- (specifically, the subtypes α1A and α1D), β1-, and β2-AR [43]. As a non-selective β-AR antagonist, we administered propranolol 50 μM, while as an agonist, isoproterenol 400 μM was administered. As a selective β2-AR antagonist, butoxamine 10 μM was administered, while the selective β2-AR agonist salbutamol was administered at the dose of 5 nM. To test the role of α-AR, we administered the α1-AR agonist phenylephrine 10 μM as well as the α1-AR antagonist prazosin 15 μM. All these compounds were tested alone or in combination with each other and/or with NE 5 nM, 30 min before Meth 50 μM, to test the modulation of toxicity. Finally, to assess the potential contribution of intra-cellular NE, we concomitantly administered desmethylimipramine (DMI, 100 nM, Sigma), a selective blocker of the membrane NE transporter (NET) (which is expressed in PC12; [43]), alone or in combination with the β2-AR antagonist butoxamine, 15 min before NE, and/or 45 min before Meth. The doses of various agonists and antagonists at NE receptors correspond to those reported to produce a full receptor occupancy as follows: for phenylephrine [43]; for prazosin [73]; for butoxamine [74]; for salbutamol [75]; for isoproterenol [76]; for propranolol [77,78]; for DMI [79,80] also according to drug bioactivity databases (see link in [81]).



Once the modulation of Meth-induced toxicity was established at light microscopy, an early step of autophagy recruitment specifically altered by Meth was investigated. This was carried out both for NE and NE ligands, which modulate Meth-induced toxicity. The recruitment of the autophagy machinery was better detailed and quantified by using ultrastructural morphometry at transmission electron microscopy (TEM).



The protective effects of NE on Meth intoxication were confirmed in a simple cell system, and they could be mostly attributed to the activation of β2-AR; the molecular mechanisms responsible for these effects were investigated in the main section of the study. This was carried out by ultrastructural morphological analysis of the effects of NE and β2-AR ligands on the casting of the LC3-filled autophagosome. In detail, we analyzed the compartmentalization of LC3 particles and their polarization toward autophagy vacuoles. All these experiments were carried out at 72 h following 50 μM Meth exposure. For this experimental section, we selected the 5 nM dose of NE, since this corresponds to the one that provides the plateau in protecting against Meth-induced toxicity. Butoxamine, salbutamol, and DMI were used at the concentrations already used for TB, H&E, FJB, and WST-1 analysis already described above.




4.2. Cell Cycle Analysis by Flow Cytometry


The cell cycle was analyzed by DNA fluorescence flow cytometric profiles following the method described by Nicoletti et al. [82]. Briefly, cells detached from plates were washed two-fold in PBS and then resuspended in 1 mL of fluorochromic solution containing 0.05 mg/mL PI (propidium iodide), 0.1% sodium citrate, and 0.1% Triton X-100 and then placed at 4 °C in the dark overnight before the flow-cytometric analysis. The fluorescence of DNA of isolated nuclei (PI fluorescence) was analyzed by Cytoflexflow cytometer (Beckman Coulter, Cassina de’Pecchi, Milano, Italy).




4.3. Silencing RNA Transfection


Small silencing RNAs targeting β2ARs gene were obtained from Ambion (Life Technolgies, Carlsbad, CA, USA). The siRNA sequences used were as follows: sense 5′GCUGUGACUUCUUCACGAAtt3′; antisense 5′UUCGUGAAGAAGUCACAGCaa3′. As negative control (scramble RNA, scRNA), Silencer® Select Negative Control #1 siRNA (catalogue #4390843, Life Technologies) was used.



PC12 cells were seeded onto poly-lysine covered multi-well plates as follows:




	(i)

	
For Western blot and TEM experiments, cells were seeded onto 6-well plates at a density of 1 × 106 cells per well;




	(ii)

	
For light microscopy, cells were seeded onto 24-well plates at a density of 4 × 105 cells per well;




	(iii)

	
For WST-1 assay, cells were seeded onto 96-well plates at a density of 1 × 104 cell per well.









Transfection was carried out when the cell confluence reached roughly 70%. Briefly, lipofectamine RNAiMAX reagent (Termo Fisher Scientific, San Francisco Bay Area, CA, USA) was used for transfection, according to the manufacturer’s instructions. Twenty-five pmol, 5 pmol, and 1 pmol of siRNA/scRNA solutions dissolved in Opti-MEM medium (Thermo Fisher Scientific) were prepared in order to transfect 6-, 24-, and 96-well plates, respectively, at 37 °C and in the presence of CO2. After 24 h, transfected and control cells were treated with Meth 50 μM and NE 5 nM, which were added into the same culture medium used for transfection for a further 24 h. The silencing efficiency of β2-ARs was evaluated by Western blot.




4.4. Light Microscopy


4.4.1. Trypan Blue in Suspended Cells


TB staining was used to assess the percentage of dying cells. For TB, PC12 cells were seeded at a density of 104 cells/well and placed within 24-well plates in 1 mL of culture medium 24 h before treatment. Seventy-two hours after Meth treatments, PC12 cells were collected and centrifuged at 800× g for 5 min. The cell pellet was suspended in 0.5 mL of the original culture medium to obtain a dense cell suspension, and 25 μL of cell suspension were added to a solution of 1% TB (62.5 μL) and PBS (37.5 μL). Then, cells were incubated at room temperature for 10 min. Ten μL aliquot of this solution was analyzed at light microscopy using a Bürker chamber of 10 μL volume; viable and nonviable cells were counted, and cell death was expressed as percentage of TB frankly positive cells out of the total cells. The values represent the means of three chamber counts, which were replicated for three independent experiments. Counts were carried out by investigators unaware of the treatments.




4.4.2. Histochemistry and Histofluorescence in Layered Cell Pellets


For H&E and FJB experiments, 5 × 104 PC12 cells were seeded on poly-lysine cover slips, which were placed in 24-well plates in a final volume of 1 mL/well.



The cell layers were stained according to H&E histochemistry and FJB histofluorescence methods.



For H&E staining, layered PC12 cells were fixed in a 4% paraformaldehyde phosphate-buffered solution (PBS) for 15 min and subsequently washed in PBS immersed in hematoxylin solution (Sigma) for some min. Hematoxylin staining was stopped by washing the slides in distilled water and plunging within the eosin solution (Sigma). After repeated washing to remove the excess of dye, cells were dehydrated in increasing alcohol solutions, clarified in xylene, and finally were covered with DPX mounting medium (Sigma). Then, slides were observed under a Nikon Eclipse 80i light microscope (Nikon, Tokyo, Japan). Cell count was performed at light microscopy at 20× magnification; for each experimental group, the number of stained cells detectable after each specific treatment was counted and expressed as a percentage of the control group. Values analyzed represent the mean percentage ± SEM for each experimental group.



For Fluoro-Jade B (FJB) (a fluorescein derivative used for histochemical staining of degenerating neurons, [83], PC12 cells were washed in PBS and fixed with paraformaldehyde 4% for 5 min, incubated with 0.06% potassium permanganate for 10 min at room temperature, and then washed in distilled water. Then, cells were incubated with 0.0004% FJB (Merck Millipore, Billerica, MA, USA) solution (consisting in 0.01% FJB in acetic acid) at room temperature for 20 min and cover slipped with mounting medium. FJB-positive cells were analyzed at Nikon Eclipse 80i light microscopy (Nikon, Tokyo, Japan), which was equipped with a florescence lamp and a digital camera connected to the NIS Elements software for image analysis (Nikon, Tokyo, Japan). For each experimental group, the count of FJB-positive cells was carried out. In detail, the number of FJB-positive cells was counted at 20× magnification within 5 distinct microscopic fields, where only distinct, not overlapped cells were counted. Values were expressed as the mean number ± SEM for each experimental group.



All counts were carried out by investigators blind to treatments.




4.4.3. Immunofluorescence


Cells were incubated overnight at 4 °C with the primary antibody solution containing the rabbit anti-caspase 3 antibody (Cell Signaling Technology, Danvers, MA, USA) diluted 1:100 in 2% NGS and PBS. Then, cells were incubated for 1 h with the anti-rabbit fluoro-phore-conjugated secondary antibodies (Alexa 488, Life Technologies) diluted 1:200 in PBS at RT. All these reactions were carried out within the well plate. After washing in PBS, slices were gently pulled out and transferred on a coverslip, mounted with the mounting medium Fluoroshield (Sigma) and were observed under fluorescence microscopy (Nikon).





4.5. WST-1 Assay


For WST-1 cell viability assay, PC12 cells were seeded at the density of 104 cells/well and placed within 96-well plates in 100 μL of culture medium. At the end of the treatments, cell viability was assessed using the cell proliferation reagent WST-1 (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s protocol. Briefly, 10% WST-1 (4-[3-(4-Iodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene sulfonate) reagent was added to each well, and the cells were incubated for 1 h at 37 °C and 5% CO2. Cell viability was measured as optical density at 450 nM in a microplate reader (BioTek Instruments, Winooski, VT, USA). Data were obtained in three independent experiments and expressed as the mean percentage ± SEM (assuming control as 100% WST-1).




4.6. Western Blot Assay


PC12 cells were lysed in a buffer (100 mM Tris-HCl, pH 7.5, 5 M NaCl, 0.5 m EDTA, 10% SDS, 1% NP40, IGEPAL), containing protease and phosphatase inhibitors, and centrifuged at 15,000× g for 20 min at 4 °C. After the supernatant was collected, protein concentration was determined using a protein assay kit (Sigma). Samples with 40 μg of total proteins were solubilized, electrophoresed on a 12% sodium dodecyl sulfate (SDS) polyacrylamide gel, and transferred to the nitrocellulose membrane (Bio-Rad Laboratories, Milan, Italy). The membrane was immersed in a blocking solution (5% non-fat dried milk in 20 mM Tris and 137 mM NaCl at pH 7.6 containing 0.05% Tween-20) for 2 h on a plate shaker. Subsequently, the membrane was incubated overnight at 4 °C on the plate shaker with the following primary antibodies: rabbit anti-LC3-I/LC3-II (1:1000; Cell Signaling), rabbit anti-p62 (1:1000; Sigma), and rabbit anti-β2-AR primary antibody (1:2000, Bioss Antibodies Inc., Woburn, MA, USA). To check for equal loading of the gel, membranes were probed with mouse anti-β-actin (1:5000, Sigma) or mouse anti-GAPDH (1:2000, Sigma) primary antibody. Blot was probed with horseradish peroxidase-labeled anti-mouse and anti-rabbit secondary antibody (1:2500; Calbiochem, Milan, Italy), and the bands were visualized with enhanced chemiluminescence reagents (Bio-Rad Laboratories). Image analysis was carried out by ChemiDoc System (Bio-Rad Laboratories, Milan, Italy). The intensity of the blotting was measured using the software IMAGE J and was normalized for the related housekeeping protein (β-actin or GAPDH).



In experiments that aimed to evaluate autophagy flux, 3 h before cell lysis, bafilomycin (Sigma) was added to the culture medium to obtain the treatment solution of 50 nM. Then, cells were lysed and proteins were electrophoretically resolved as previously reported [84]. Then, separated proteins were electro-transferred onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) by a semi-dry system (Novablot, Pharmacia Biotech, Cologno Monzese, Milano, Italy). Membranes were blocked with 3% non-fat milk in PBS and then incubated (overnight at 4 °C) with anti-LC3-I and LC3-II (1:1000, Sigma L7543). After extensive washing with PBS containing 0.1% Tween-20 (TBST), blots were incubated with 1:10,000 dilution of horseradish-peroxidase-conjugated secondary antibody (Bio-Rad Laboratories) for 1 h at room temperature. To check for equal loading of the gel, membranes were probed with mouse anti-β-actin (1:5000, Sigma A5441). Immunopositive bands were detected with a chemiluminescence detection system (GE Healthcare Biosciences, Piscataway, NJ, United States). Densitometric analysis was performed with the Quantity One software (Bio-Rad Laboratories).



Values are expressed as the mean ± S.E.M. of the optical density for each experimental group, which were calculated in three or four independent experiments.




4.7. TEM and Immunocytochemistry


For TEM, PC12 cells were centrifuged at 1000× g for 5 min. After removal of the supernatant, the pellet was rinsed in PBS before being fixed with a solution containing 2.0% paraformaldehyde and 0.1% glutaraldehyde in 0.1M PBS (pH 7.4) for 90 min at 4 °C, which is a fixing solution minimally covering antigen epitopes, while fairly preserving tissue architecture. After washing, specimens were postfixed in 1% OsO4 for 1 h at 4 °C and then dehydrated in ethanol to be finally embedded in epoxy resin. For ultrastructural morphometry and apoptotic cell count, grids containing non-serial ultrathin sections (70–90 nM thick) were examined at TEM, at a magnification of 8000×. Several grids were analyzed to count a total number of 50 cells (number of LC3 particles) or 90 cells (apoptotic/necrotic cells) for each experimental group. Each count was repeated three times by three blind observers.



Plain TEM was implemented by a post-embedding immunocytochemistry with primary antibodies against LC3, to explore autophagy according to the manuscript “Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)” [85].



Ultrathin sections were stained with uranyl acetate and lead citrate, and they were finally examined using a JEOL JEM-100SX transmission electron microscope (JEOL, Tokyo, Japan).



4.7.1. Post-Embedding Immunocytochemistry


Fixing and post-fixing solutions as well as epoxy resin were validated in previous studies for immunogold-based ultrastructural morphometry [30,86,87].



A post-embedding procedure was carried out on ultrathin sections collected on nickel grids, which were incubated on droplets of aqueous sodium metaperiodate (NaIO4), for 30 min, at room temperature to remove OsO4. NaIO4 is an oxidizing agent allowing a closer contact between antibodies and antigens by removing OsO4 [86].



This step improves the visualization of immunogold particles specifically placed within a sharp context of cell integrity, and it allows counting molecules within specific cell compartments [30,32,87]. Grids were washed in PBS and incubated in a blocking solution containing 10% goat serum and 0.2% saponin for 20 min at room temperature; then, they were incubated with a primary antibody solution containing rabbit anti-LC3 (Abcam, Cambridge, UK, diluted 1:50) or rabbit anti-β2AR (1:50, Bioss Antibodies Inc.) with 0.2% saponin and 1% goat serum in a humidified chamber overnight at 4°C. After washing in PBS, grids were incubated with secondary anti-rabbit antibodies conjugated with gold particles (20 nM mean diameter, BB International, Crumlin, UK), which were diluted 1:20 in PBS containing 0.2% saponin and 1% goat serum for 1 h, at room temperature. Control sections were incubated with secondary antibody only. After washing in PBS, grids were incubated on droplets of 1% glutaraldehyde for 3 min; additional extensive washing of grids with droplets of distilled water was carried out to remove an excess of salt traces and prevent the precipitation of uranyl acetate.




4.7.2. Ultrastructural Morphometry


TEM analysis was performed at a magnification of 8000× [30,88], which allows the concomitant visualization of immunogold particles and all cell organelles. In order to scan the whole cell pellet within each grid square, counts were started from a corner of a randomly identified grid square. As described in detail in Lenzi et al. (2016) [89], in order to assess intracellular vacuoles and measure immunogold particles, first, we counted within each cell the number of autophagy-like vacuoles, which are vacuoles with single, double, or multiple membranes possessing the same electron density of the surrounding cytoplasm or containing some electron dense structure. For each cell, counts included the following: the total number of immunogold LC3 particles; the number of LC3-positive vacuoles; the number of LC3 immunogold particles within vacuoles and within cytosol, and the ratio between these two latter values. Data are reported as the mean ± SEM per cell from 50 cells per group. The count of the number of immunogold β2-AR particles placed on plasma membrane or within the cytosol were carried out in a total of 30 cells per group and expressed as the mean ± SEM per cell.





4.8. Statistical Analysis


Statistical analysis was carried out by StatView software.



For cell viability experiments, WST-1 activity was expressed as mean percentage ± SEM optical density (assuming control as 100% WST-1) calculated in three independent experiments. Values obtained in TB experiments were expressed as percentage of TB-positive cells ± S.E.M. counted in three independent experiments. For H&E, the number of stained cells detectable after each specific treatment was expressed as the mean percentage ± SEM of six independent cell counts carried out at 20× magnification within 5 distinct microscopic fields. The number of FJB-positive cells was counted in three independent experiments at 20× magnification within 5 distinct microscopic fields. Values are expressed as the mean number ± S.E.M. of FJB-positive cells.



For Western blot assay, optical density values measuring the blotting intensity were expressed as the mean percentage ± SEM (assuming control as 100%) calculated in three or four independent experiments.



For flow cytometry assay, data are expressed as the mean ± S.E.M. of four independent experiments.



Data collected for ultrastructural morphometry were expressed as an absolute number concerning: (i) autophagy-like vacuoles, (ii) LC3-positive vacuoles, (iii) LC3-immunogold particles. Furthermore, we used ratios to express the number of LC3 immunogold particles within vacuoles out of the number of cytoplasmic LC3 immuno-gold particles. Data are reported as the mean ± SEM per cell from 50 cells per group.



B2-ARs immunogold particles were counted within the cytoplasm and plasma membrane in a total of 30 cells per group. Apoptotic and necrotic cell death was counted within 90 cells (apoptotic/necrotic cells) for each experimental group and expressed as the mean percentage ± S.E.M. out of the total cells counted.



Comparisons among different groups were carried out by one-way analysis of variance (ANOVA), followed by Scheffè’s post hoc analysis. The null hypothesis (H0) was rejected for p ≤ 0.05.





5. Conclusions


The present study indicates that even at the single cell level, NE continues to protect against Meth-induced toxicity and that β2-AR are key in this phenomenon.



We showed that the administration of NE alone, at a dose that significantly attenuates cell loss induced by Meth, increases LC3 expression and autophagy-like vacuoles in PC12 cells slightly but significantly compared to basal conditions. Remarkably, when administered before Meth, NE dramatically increases the number of LC3-positive vacuoles and the ratio of LC3 between vacuoles and the cytosol. Thus, NE finely tunes the polarization of LC3 within the autophagy vacuoles in a way that counteracts the effect produced by Meth: in this way, we provide clear and specific molecular evidence for a potential mechanism of action of NE-induced protection toward Meth-induced cell pathology.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22137232/s1.





Author Contributions


Original draft and preparation, G.L., F.S.G.; methodology and investigation, G.L., C.F., G.M., P.L., M.F. and F.B.; validation, S.P.-A.; formal analysis, F.S.G., G.L.; data curation, G.L., C.F., G.M., P.L., M.F., F.S.G. and C.L.B.; editing, C.L.B.; conceptualization, writing and supervision, F.F.; funding acquisition, F.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministero della Salute (Ricerca Corrente 2021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


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




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Marien, M.; Briley, M.; Colpaert, F. Noradrenaline depletion exacerbates MPTP-induced striatal dopamine loss in mice. Eur. J. Pharmacol. 1993, 236, 487–489. [Google Scholar] [CrossRef]

	



Fornai, F.; Bassi, L.; Torracca, M.T.; Scalori, V.; Corsini, G.U. Norepinephrine loss exacerbates methamphetamine-induced striatal dopamine depletion in mice. Eur. J. Pharmacol. 1995, 283, 99–102. [Google Scholar] [CrossRef]

	



Fornai, F.; Alessandrì, M.G.; Torracca, M.T.; Bassi, L.; Corsini, G.U. Effects of Noradrenergic Lesions on MPTP/MPP+Kinetics and MPTP-Induced Nigrostriatal Dopamine Depletions. J. Pharmacol. Exp. Ther. 1997, 283, 100–107. [Google Scholar] [PubMed]

	



Weinshenker, D.; Ferrucci, M.; Busceti, C.L.; Biagioni, F.; Lazzeri, G.; Liles, L.C.; Lenzi, P.; Pasquali, L.; Murri, L.; Paparelli, A.; et al. Genetic or pharmacological blockade of noradrenaline synthesis enhances the neurochemical, behavioral, and neurotoxic effects of methamphetamine. J. Neurochem. 2008, 105, 471–483. [Google Scholar] [CrossRef]

	



Fornai, F.; Giorgi, F.S.; Gesi, M.; Chen, K.; Alessrì, M.G.; Shih, J.C. Biochemical effects of the monoamine neurotoxins DSP-4 and MDMA in specific brain regions of MAO-B-deficient mice. Synapse 2001, 39, 213–221. [Google Scholar] [CrossRef]

	



Fornai, F.; Torracca, M.T.; Bassi, L.; D’Errigo, D.A.; Scalori, V.; Corsini, G.U. Norepinephrine loss selectively enhances chronic nigrostriatal dopamine depletion in mice and rats. Brain Res. 1996, 735, 349–353. [Google Scholar] [CrossRef]

	



Weinshenker, D. Long Road to Ruin: Noradrenergic Dysfunction in Neurodegenerative Disease. Trends Neurosci. 2018, 41, 211–223. [Google Scholar] [CrossRef] [PubMed]

	



Cirelli, C.; Pompeiano, M.; Tononi, G. Neuronal gene expression in the waking state: A role for the locus coeruleus. Science 1996, 274, 1211–1215. [Google Scholar] [CrossRef] [PubMed]

	



Hornykiewicz, O.; Kish, S.J. Biochemical pathophysiology of Parkinson’s disease. Adv. Neurol. 1987, 45, 19–34. [Google Scholar]

	



Gesi, M.; Soldani, P.; Giorgi, F.S.; Santinami, A.; Bonaccorsi, I.; Fornai, F. The role of the locus coeruleus in the development of Parkinson’s disease. Neurosci. Biobehav. Rev. 2000, 24, 655–668. [Google Scholar] [CrossRef]

	



Mann, D.M.A.; Lincoln, J.; Yates, P.O.; Stamp, J.E.; Toper, S. Changes in the monoamine containing neurones of the human CNS in senile dementia. Br. J. Psychiatry 1980, 136, 533–541. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, S.C.; He, B.; Perez, S.E.; Ginsberg, S.D.; Mufson, E.J.; Counts, S.E. Locus coeruleus cellular and molecular pathology during the progression of Alzheimer’s disease. Acta Neuropathol. Commun. 2017, 5, 8. [Google Scholar] [CrossRef]

	



Grosser, S.; Hollnagel, J.O.; Gilling, K.E.; Bartsch, J.C.; Heinemann, U.; Behr, J. Gating of hippocampal output by β-adrenergic receptor activation in the pilocarpine model of epilepsy. Neuroscience 2015, 286, 325–337. [Google Scholar] [CrossRef]

	



Altman, I.M.; Corcoran, M.E. Facilitation of neocortical kindling by depletion of forebrain noradrenaline. Brain Res. 1983, 270, 174–177. [Google Scholar] [CrossRef]

	



Corcoran, M.E. Characteristics of accelerated kindling after depletion of noradrenaline in adult rats. Neuropharmacology 1988, 27, 1081–1084. [Google Scholar] [CrossRef]

	



Szot, P.; Weinshenker, D.; White, S.S.; Robbins, C.A.; Rust, N.C.; Schwartzkroin, P.A.; Palmiter, R.D. Norepinephrine-deficient mice have increased susceptibility to seizure-inducing stimuli. J. Neurosci. 1999, 19, 10985–10992. [Google Scholar] [CrossRef] [PubMed]

	



Weinshenker, D.; Szot, P. The role of catecholamines in seizure susceptibility: New results using genetically engineered mice. Pharmacol. Ther. 2002, 94, 213–233. [Google Scholar] [CrossRef]

	



Giorgi, F.S.; Ferrucci, M.; Lazzeri, G.; Pizzanelli, C.; Lenzi, P.; Alessandrl, M.G.; Murri, L.; Fornai, F. A damage to locus coeruleus neurons converts sporadic seizures into self-sustaining limbic status epilepticus. Eur. J. Neurosci. 2003, 17, 2593–2601. [Google Scholar] [CrossRef]

	



Jahan, K.; Pillai, K.K.; Vohora, D. DSP-4 induced depletion of brain noradrenaline and increased 6-hertz psychomotor seizure susceptibility in mice is prevented by sodium valproate. Brain Res. Bull. 2018, 142, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Nishino, K.; Lin, C.S.; Morse, J.K.; Davis, J.N. DSP4 treatment worsens hippocampal pyramidal cell damage after transient ischemia. Neuroscience 1991, 43, 361–367. [Google Scholar] [CrossRef]

	



Sternberg, Z.; Schaller, B. Central Noradrenergic Agonists in the Treatment of Ischemic Stroke-an Overview. Transl. Stroke Res. 2020, 11, 165–184. [Google Scholar] [CrossRef] [PubMed]

	



Toshimitsu, M.; Kamei, Y.; Ichinose, M.; Seyama, T.; Imada, S.; Iriyama, T.; Fujii, T. Atomoxetine, a selective norepinephrine reuptake inhibitor, improves short-term histological outcomes after hypoxic-ischemic brain injury in the neonatal male rat. Int. J. Dev. Neurosci. 2018, 70, 34–45. [Google Scholar] [CrossRef] [PubMed]

	



Ferrucci, M.; Gesi, M.; Lenzi, P.; Soldani, P.; Ruffoli, R.; Pellegrini, A.; Ruggieri, S.; Paparelli, A.; Fornai, F. Noradrenergic loss enhances MDMA toxicity and induces ubiquitin-positive striatal whorls. Neurol. Sci. 2002, 23, S75–S76. [Google Scholar] [CrossRef]

	



Fornai, F.; Puglisi-Allegra, S. Autophagy status as a gateway for stress-induced catecholamine interplay in neurodegeneration. Neurosci. Biobehav. Rev. 2021, 123, 238–256. [Google Scholar] [CrossRef] [PubMed]

	



Bucci, D.; Busceti, C.L.; Calierno, M.T.; Di Pietro, P.; Madonna, M.; Biagioni, F.; Ryskalin, L.; Limanaqi, F.; Nicoletti, F.; Fornai, F. Systematic Morphometry of Catecholamine Nuclei in the Brainstem. Front. Neuroanat. 2017, 11, 98. [Google Scholar] [CrossRef] [PubMed]

	



Fuxe, K.; Dahlström, A.B.; Jonsson, G.; Marcellino, D.; Guescini, M.; Dam, M.; Manger, P.; Agnati, L. The discovery of central monoamine neurons gave volume transmission to the wired brain. Prog. Neurobiol. 2010, 90, 82–100. [Google Scholar] [CrossRef] [PubMed]

	



Hom, D.G.; Jiang, D.; Hong, E.J.; Mo, J.Q.; Andersen, J.K. Elevated expression of glutathione peroxidase in PC12 cells results in protection against methamphetamine but not MPTP toxicity. Brain Res. Mol. Brain Res. 1997, 46, 154–160. [Google Scholar] [CrossRef]

	



Imam, S.Z.; Ali, S.F. Selenium, an antioxidant, attenuates methamphetamine-induced dopaminergic toxicity and peroxynitrite generation. Brain Res. 2000, 855, 186–191. [Google Scholar] [CrossRef]

	



Fornai, F.; Lenzi, P.; Gesi, M.; Soldani, P.; Ferrucci, M.; Lazzeri, G.; Capobianco, L.; Battaglia, G.; de Blasi, A.; Nicoletti, F.; et al. Methamphetamine produces neuronal inclusions in the nigrostriatal system and in PC12 cells. J. Neurochem. 2004, 88, 114–123. [Google Scholar] [CrossRef]

	



Lazzeri, G.; Biagioni, F.; Fulceri, F.; Busceti, C.L.; Scavuzzo, M.C.; Ippolito, C.; Salvetti, A.; Lenzi, P.; Fornai, F. mTOR Modulates Methamphetamine-Induced Toxicity through Cell Clearing Systems. Oxid. Med. Cell. Longev. 2018, 2018, 6124745. [Google Scholar] [CrossRef]

	



Ryskalin, L.; Puglisi-Allegra, S.; Lazzeri, G.; Biagioni, F.; Busceti, C.L.; Balestrini, L.; Fornasiero, A.; Leone, S.; Pompili, E.; Ferrucci, M.; et al. Neuroprotective Effects of Curcumin in Methamphetamine-Induced Toxicity. Molecules 2021, 26, 2493. [Google Scholar] [CrossRef]

	



Castino, R.; Lazzeri, G.; Lenzi, P.; Bellio, N.; Follo, C.; Ferrucci, M.; Fornai, F.; Isidoro, C. Suppression of autophagy precipitates neuronal cell death following low doses of methamphetamine. J. Neurochem. 2008, 106, 1426–1439. [Google Scholar] [CrossRef] [PubMed]

	



Madeo, F.; Eisenberg, T.; Kroemer, G. Autophagy for the avoidance of neurodegeneration. Genes Dev. 2009, 23, 2253–2259. [Google Scholar] [CrossRef]

	



Cubells, J.F.; Rayport, S.; Rajendran, G.; Sulzer, D. Methamphetamine neurotoxicity involves vacuolation of endocytic organelles and dopamine-dependent intracellular oxidative stress. J. Neurosci. 1994, 14, 2260–2271. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, K.E.; Fon, E.A.; Hastings, T.G.; Edwards, R.H.; Sulzer, D. Methamphetamine-induced degeneration of dopaminergic neurons involves autophagy and upregulation of dopamine synthesis. J. Neurosci. 2002, 22, 8951–8960. [Google Scholar] [CrossRef]

	



Pasquali, L.; Lazzeri, G.; Isidoro, C.; Ruggieri, S.; Paparelli, A.; Fornai, F. Role of autophagy during methamphetamine neurotoxicity. Ann. N. Y. Acad. Sci. 2008, 1139, 191–196. [Google Scholar] [CrossRef] [PubMed]

	



Volz, T.J.; Hanson, G.R.; Fleckenstein, A.E. The role of the plasmalemmal dopamine and vesicular monoamine transporters in methamphetamine-induced dopaminergic deficits. J. Neurochem. 2007, 101, 883–888. [Google Scholar] [CrossRef]

	



Kadota, T.; Yamaai, T.; Saito, Y.; Akita, Y.; Kawashima, S.; Moroi, K.; Inagaki, N.; Kadota, K. Expression of dopamine transporter at the tips of growing neurites of PC12 cells. J. Histochem. Cytochem. 1996, 44, 989–996. [Google Scholar] [CrossRef]

	



Loder, M.K.; Melikian, H.E. The dopamine transporter constitutively internalizes and recycles in a protein kinase C-regulated manner in stably transfected PC12 cell lines. J. Biol. Chem. 2003, 278, 22168–22174. [Google Scholar] [CrossRef]

	



Müller, H.K.; Kragballe, M.; Fjorback, A.W.; Wiborg, O. Differential regulation of the serotonin transporter by vesicle-associated membrane protein 2 in cells of neuronal versus non-neuronal origin. PLoS ONE 2014, 9, e97540. [Google Scholar] [CrossRef]

	



Tellez, R.; Rocha, L.; Castillo, C.; Meneses, A. Autoradiographic study of serotonin transporter during memory formation. Behav. Brain Res. 2010, 212, 12–26. [Google Scholar] [CrossRef]

	



Wang, K.H.; Penmatsa, A.; Gouaux, E. Neurotransmitter and psychostimulant recognition by the dopamine transporter. Nature 2015, 521, 322–327. [Google Scholar] [CrossRef]

	



Lencesova, L.; Sirova, M.; Csaderova, L.; Laukova, M.; Sulova, Z.; Kvetnansky, R.; Krizanova, O. Changes and role of adrenoceptors in PC12 cells after phenylephrine administration and apoptosis induction. Neurochem. Int. 2010, 57, 884–892. [Google Scholar] [CrossRef]

	



Yun, J.; Gaivin, R.J.; McCune, D.F.; Boongird, A.; Papay, R.S.; Ying, Z.; Gonzalez-Cabrera, P.J.; Najm, I.; Perez, D.M. Gene expression profile of neurodegeneration induced by alpha1B-adrenergic receptor overactivity: nMDA/GABAA dysregulation and apoptosis. Brain 2003, 126, 2667–2681. [Google Scholar] [CrossRef] [PubMed]

	



Battaglia, G.; Fornai, F.; Busceti, C.L.; Lembo, G.; Nicoletti, F.; De Blasi, A. Alpha-1B adrenergic receptor knockout mice are protected against methamphetamine toxicity. J. Neurochem. 2003, 86, 413–421. [Google Scholar] [CrossRef] [PubMed]

	



Paladini, C.A.; Williams, J.T. Noradrenergic inhibition of midbrain dopamine neurons. J. Neurosci. 2004, 24, 4568–4575. [Google Scholar] [CrossRef]

	



Baker, J.G. The selectivity of beta-adrenoceptor agonists at human beta1-, beta2- and beta3-adrenoceptors. Br. J. Pharmacol. 2010, 160, 1048–1061. [Google Scholar] [CrossRef]

	



Ippolito, M.; Benovic, J.L. Biased agonism at β-adrenergic receptors. Cell. Signal. 2021, 80, 109905. [Google Scholar] [CrossRef] [PubMed]

	



Fornai, F.; Alessandrì, M.G.; Torracca, M.T.; Bassi, L.; Scalori, V.; Corsini, G.U. Noradrenergic Modulation of Methamphetamine-Induced Striatal Dopamine Depletion. Ann. N. Y. Acad. Sci. 1998, 844, 166–177. [Google Scholar] [CrossRef]

	



Fornai, F.; Giorgi, F.S.; Alessandrí, M.G.; Giusiani, M.; Corsini, G.U. Effects of pretreatment with N-(2-chloroethyl)-N-ethyl-2- bromobenzylamine (DSP-4) on methamphetamine pharmacokinetics and striatal dopamine losses. J. Neurochem. 1999, 72, 777–784. [Google Scholar] [CrossRef] [PubMed]

	



Aránguiz-Urroz, P.; Canales, J.; Copaja, M.; Troncoso, R.; Vicencio, J.M.; Carrillo, C.; Lara, H.; Lavandero, S.; Díaz-Araya, G. Beta(2)-adrenergic receptor regulates cardiac fibroblast autophagy and collagen degradation. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2011, 1812, 23–31. [Google Scholar] [CrossRef]

	



Zaglia, T.; Milan, G.; Franzoso, M.; Bertaggia, E.; Pianca, N.; Piasentini, E.; Voltarelli, V.A.; Chiavegato, D.; Brum, P.C.; Glass, D.J.; et al. Cardiac sympathetic neurons provide trophic signal to the heart via β2-adrenoceptor-dependent regulation of proteolysis. Cardiovasc. Res. 2013, 97, 240–250. [Google Scholar] [CrossRef]

	



Farah, B.L.; Sinha, R.A.; Wu, Y.; Singh, B.K.; Zhou, J.; Bay, B.H.; Yen, P.M. β-Adrenergic agonist and antagonist regulation of autophagy in HepG2 cells, primary mouse hepatocytes, and mouse liver. PLoS ONE 2014, 9, e98155. [Google Scholar] [CrossRef] [PubMed]

	



Zhi, X.; Li, B.; Li, Z.; Zhang, J.; Yu, J.; Zhang, L.; Xu, Z. Adrenergic modulation of AMPK-dependent autophagy by chronic stress enhances cell proliferation and survival in gastric cancer. Int. J. Oncol. 2019, 54, 1625–1638. [Google Scholar] [CrossRef] [PubMed]

	



Alers, S.; Loffler, A.S.; Wesselborg, S.; Stork, B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell. Biol. 2012, 32, 2–11. [Google Scholar] [CrossRef]

	



Deng, J.; Jiang, P.; Yang, T.; Huang, M.; Xie, J.; Luo, C.; Qi, W.; Zhou, T.; Yang, Z.; Zou, Y.; et al. β2 adrenergic receptor signaling promotes neuroblastoma cell proliferation by activating autophagy. Oncol. Rep. 2019, 42, 1295–1306. [Google Scholar] [CrossRef]

	



Lee, J.H.; Wolfe, D.M.; Darji, S.; McBrayer, M.K.; Colacurcio, D.J.; Kumar, A.; Stavrides, P.; Mohan, P.S.; Nixon, R.A. β2-adrenergic Agonists Rescue Lysosome Acidification and Function in PSEN1 Deficiency by Reversing Defective ER-to-lysosome Delivery of ClC-7. J. Mol. Biol. 2020, 432, 2633–2650. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Du, Y.; Zhang, L.; Chen, X.; He, D. Chloride channel 7 protects from redox status impairment-induced renal tubular epithelial cell apoptosis by activating autophagy. Life Sci. 2020, 261, 118484. [Google Scholar] [CrossRef] [PubMed]

	



Lorzadeh, S.; Kohan, L.; Ghavami, S.; Azarpira, N. Autophagy and the Wnt signaling pathway: A focus on Wnt/β-catenin signaling. Biochim. Biophys. Acta Mol. Cell. Res. 2021, 1868, 118926. [Google Scholar] [CrossRef]

	



Woo, J.A.; Liu, T.; Fang, C.C.; Castaño, M.A.; Kee, T.; Yrigoin, K.; Yan, Y.; Cazzaro, S.; Matlack, J.; Wang, X.; et al. β-Arrestin2 oligomers impair the clearance of pathological tau and increase tau aggregates. Proc. Natl. Acad. Sci. USA 2020, 117, 5006–5015. [Google Scholar] [CrossRef]

	



Liu, Y.Q.; Jia, M.Q.; Xie, Z.H.; Liu, X.; Yang, H.; Zheng, X.; Yuan, H.; Bi, J. Arrestins contribute to amyloid beta-induced cell death via modulation of autophagy and the α7nAch receptor in SH-SY5Y cells. Sci. Rep. 2017, 7, 3446. [Google Scholar] [CrossRef]

	



Liu, J.; Qu, L.; Wan, C.; Xiao, M.; Ni, W.; Jiang, F.; Fan, Y.; Lu, C.; Ni, R. A novel β2-AR/YB-1/β-catenin axis mediates chronic stress-associated metastasis in hepatocellular carcinoma. Oncogenesis 2020, 9, 84. [Google Scholar] [CrossRef]

	



Mittal, S.; Bjørnevik, K.; Im, D.S.; Flierl, A.; Dong, X.; Locascio, J.J.; Abo, K.M.; Long, E.; Jin, M.; Xu, B.; et al. β2-Adrenoreceptor is a regulator of the α-synuclein gene driving risk of Parkinson’s disease. Science 2017, 357, 891–898. [Google Scholar] [CrossRef] [PubMed]

	



Mavridis, M.; Degryse, A.D.; Lategan, A.J.; Marien, M.R.; Colpaert, F.C. Effects of locus coeruleus lesions on parkinsonian signs, striatal dopamine and substantia nigra cell loss after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in monkeys: A possible role for the locus coeruleus in the progression of Parkinson’s disease. Neuroscience 1991, 41, 507–523. [Google Scholar] [CrossRef]

	



German, D.C.; Manaye, K.F.; White, C.L.; Woodward, D.J.; McIntire, D.D.; Smith, W.K.; Kalaria, R.N.; Mann, D.M.A. Disease-specific patterns of locus coeruleus cell loss. Ann. Neurol. 1992, 32, 667–676. [Google Scholar] [CrossRef]

	



Pifl, C.; Kish, S.J.; Hornykiewicz, O. Thalamic noradrenaline in Parkinson’s disease: Deficits suggest role in motor and non-motor symptoms. Mov. Disord. 2012, 27, 1618–1624. [Google Scholar] [CrossRef] [PubMed]

	



Braak, H.; del Tredici, K.; Rüb, U.; de Vos, R.A.I.; Jansen Steur, E.N.H.; Braak, E. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 2003, 24, 197–211. [Google Scholar] [CrossRef]

	



Braak, H.; Thal, D.R.; Ghebremedhin, E.; Del Tredici, K. Stages of the Pathologic Process in Alzheimer Disease: Age Categories From 1 to 100 Years. J. Neuropathol. Exp. Neurol. 2011, 70, 960–969. [Google Scholar] [CrossRef]

	



Giorgi, F.S.; Ryskalin, L.; Ruffoli, R.; Biagioni, F.; Limanaqi, F.; Ferrucci, M.; Busceti, C.L.; Bonuccelli, U.; Fornai, F. The Neuroanatomy of the Reticular Nucleus Locus Coeruleus in Alzheimer’s Disease. Front. Neuroanat. 2017, 11, 80. [Google Scholar] [CrossRef]

	



Ferrucci, M.; Giorgi, F.S.; Bartalucci, A.; Busceti, C.L.; Fornai, F. The Effects of Locus Coeruleus and Norepinephrine in Methamphetamine Toxicity. Curr. Neuropharmacol. 2013, 11, 80–94. [Google Scholar] [CrossRef]

	



Song, X.; Violin, J.D.; Seidler, F.J.; Slotkin, T.A. Modeling the developmental neurotoxicity of chlorpyrifos in vitro: Macromolecule synthesis in PC12 cells. Toxicol. Appl. Pharmacol. 1998, 151, 182–191. [Google Scholar] [CrossRef]

	



Qiao, D.; Seidler, F.J.; Slotkin, T.A. Developmental neurotoxicity of chlorpyrifos modeled in vitro: Comparative effects of metabolites and other cholinesterase inhibitors on DNA synthesis in PC12 and C6 cells. Environ. Health Perspect. 2001, 109, 909–913. [Google Scholar] [CrossRef]

	



Balle, T.; Perregaard, J.; Ramirez, M.T.; Larsen, A.K.; Søby, K.K.; Liljefors, T.; Andersen, K. Synthesis and structure-affinity relationship investigations of 5-heteroaryl- substituted analogues of the antipsychotic sertindole. A new class of highly selective alpha(1) adrenoceptor antagonists. J. Med. Chem. 2003, 46, 265–283. [Google Scholar] [CrossRef]

	



Tsuchihashi, H.; Nakashima, Y.; Kinami, J.; Nagatomo, T. Characteristics of 125I-iodocyanopindolol binding to beta-adrenergic and serotonin-1B receptors of rat brain: Selectivity of beta-adrenergic agents. Jpn. J. Pharmacol. 1990, 52, 195–200. [Google Scholar] [CrossRef]

	



Soriano-Ursúa, M.A.; Valencia-Hernández, I.; Arellano-Mendoza, M.G.; Correa-Basurto, J.; Trujillo-Ferrara, J.G. Synthesis, pharmacological and in silico evaluation of 1-(4-di-hydroxy-3,5-dioxa-4-borabicyclo[4.4.0]deca-7,9,11-trien-9-yl)-2-(tert- butylamino)ethanol, a compound designed to act as a beta2 adrenoceptor agonist. Eur. J. Med. Chem. 2009, 44, 2840–2846. [Google Scholar] [CrossRef]

	



Huang, Q.; Lv, J.; Dong, T.; Liu, H.; Xu, L.; Wu, M. Cryptochrome 1 Alleviates the Antiproliferative Effect of Isoproterenol on Human Gastric Cancer Cells. Dose Response 2020, 18, 1559325820939022. [Google Scholar] [CrossRef] [PubMed]

	



Jia, J.J.; Zeng, X.S.; Yang, L.H.; Bai, J. The epinephrine increases tyrosine hydroxylase expression through upregulating thioredoxin-1 in PC12 cells. Biochimie 2015, 115, 52–58. [Google Scholar] [CrossRef] [PubMed]

	



Rezmann-Vitti, L.A.; Nero, T.L.; Jackman, G.P.; Machida, C.A.; Duke, B.J.; Louis, W.J.; Louis, S.N. Role of Tyr(356(7.43)) and Ser(190(4.57)) in antagonist binding in the rat beta1-adrenergic receptor. J. Med. Chem. 2006, 49, 3467–3477. [Google Scholar] [CrossRef] [PubMed]

	



Dixon, D.N.; Loxley, R.A.; Barron, A.; Cleary, S.; Phillips, J.K. Comparative studies of PC12 and mouse pheochromocytoma-derived rodent cell lines as models for the study of neuroendocrine systems. In Vitro Cell. Dev. Biol. Anim. 2005, 41, 197–206. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.Y.; Ordway, G.A. Down-regulation of norepinephrine transporters on PC12 cells by transporter inhibitors. J. Neurochem. 1997, 68, 134–141. [Google Scholar] [CrossRef]

	



Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F.; Bellis, L.J.; Cibrián-Uhalte, E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2017, 45, D945–D954. [Google Scholar] [CrossRef]

	



Riccardi, C.; Nicoletti, I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat. Protoc. 2006, 1, 1458–1461. [Google Scholar] [CrossRef]

	



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

	



Fabrizi, C.; Pompili, E.; De Vito, S.; Somma, F.; Catizone, A.; Ricci, G.; Lenzi, P.; Fornai, F.; Fumagalli, L. Impairment of the autophagic flux in astrocytes intoxicated by trimethyltin. Neurotoxicology 2016, 52, 12–22. [Google Scholar] [CrossRef] [PubMed]

	



Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Bartek, J. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2021, 17, 1–382. [Google Scholar] [CrossRef] [PubMed]

	



Bendayan, M.; Zollinger, M. Ultrastructural localization of antigenic sites on osmium-fixed tissues applying the protein A-gold technique. J. Histochem. Cytochem. 1983, 31, 101–109. [Google Scholar] [CrossRef]

	



Lenzi, P.; Marongiu, R.; Falleni, A.; Gelmetti, V.; Busceti, C.L.; Michiorri, S.; Valente, E.M.; Fornai, F. A subcellular analysis of genetic modulation of PINK1 on mitochondrial alterations, autophagy and cell death. Arch. Ital. Biol. 2012, 150, 194–217. [Google Scholar] [CrossRef]

	



Lucocq, J.M.; Habermann, A.; Watt, S.; Backer, J.M.; Mayhew, T.M.; Griffiths, G. A rapid method for assessing the distribution of gold labeling on thin sections. J. Histochem. Cytochem. 2004, 52, 991–1000. [Google Scholar] [CrossRef] [PubMed]

	



Lenzi, P.; Lazzeri, G.; Biagioni, F.; Busceti, C.L.; Gambardella, S.; Salvetti, A.; Fornai, F. The Autophagoproteasome a Novel Cell Clearing Organelle in Baseline and Stimulated Conditions. Front. Neuroanat. 2016, 10, 78. [Google Scholar] [CrossRef]








[image: Ijms 22 07232 g001 550] 





Figure 1. Dose–response curve for Meth-induced toxicity. A wide range of doses of Meth (5 μM, 50 μM, 100 μM, 1 mM, 2 mM) was administered to PC12 cells for 72 h. (A) Graph for TB-stained cells; (B) graph of H&E-stained cells; (C) graph of FJB-stained cells; (D) graph of WST-1 viability assay. While the lowest dose of Meth (5 μM) did not produce any decrease in cell viability compared with controls, Meth administration from the dose of 50 μM up to the dose of 2 mM produces a significant cell loss compared with controls, which was detected for each staining procedure. In detail, at 50 μM, the loss of cell viability already reached a plateau, since no further increase in toxicity was observed by using any procedure up to the dose of 2 mM. Data are given as the mean ± SEM of nine independent counts for TB and WST-1, and six independent counts for H&E and FJB. Inferential statistics was carried out with ANOVA with Scheffè’s post hoc analysis. (DF = 4). * p < 0.05 compared with controls. 
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Figure 2. NE does protect against Meth toxicity (H&E staining). Representative pictures show NE protection against Meth-induced toxicity. The protective effects of NE are evident both at the dose of 5 nM and 50 nM administered to cells treated with Meth either at the dose of 50 μM or 100 μM. The toxic effects of Meth are detectable in spared cells as pale eosinophilic cytosol (arrows) where damaged cells are abnormal in size and shape. Scale bar = 8 μM. 
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Figure 3. NE does protect against Meth toxicity (FJB staining). Representative pictures show NE protection against Meth-induced toxicity. The protective effects of NE are evident both at the dose of 5 nM and 50 nM, when administered to cells treated with Meth either at the dose of 50 μM or 100 μM. The toxicity induced by Meth is shown by intensely fluorescent spared cells (arrows). The protective effects of NE bring back the fluorescence to a pale signal as detected in Controls. Scale bar = 20 μM. 
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Figure 4. Pre-administration of the β2-AR agonist (salbutamol) protects against Meth toxicity. This effect is occluded by the β2-AR antagonist (butoxamine). The selective β2-AR agonist salbutamol (“Sal”, 5 μM) fully protects against the toxicity induced by Meth (50 μM). This protective effect is occluded in the presence of the selective β2-AR antagonist butoxamine (“Butox”, 10 μM). Butoxamine also fully prevents NE (5 nM)-induced protection against Meth toxicity, while it does not significantly modify Meth toxicity or spontaneous toxicity ongoing in control cells when administered alone. The effects on cell mortality of the β2-AR antagonist butoxamine (“Butox”) were assessed on naïve PC12 cells and in PC12 cells exposed to Meth (50 μM) and/or NE (5 nM). NE was used, either alone or in the group NE + Meth and “NE+Butox + Meth” starting 30 min before Meth administration; butoxamine was administered 15 min before NE in the group “NE+Butox + Meth” or 45 min before Meth in the group “Butox + Meth”. PC12 cells were stained at 72 h after Meth. (A) Graph reporting TB staining; (B) graph reporting H&E staining; (C) graph reporting FJB staining. Data are given as the mean + SEM of nine independent counts for TB; six independent counts for H&E and FJB. Inferential statistics was carried out with ANOVA with Scheffè’s post hoc analysis. (DF = 15) * p < 0.05 compared with controls. ** p ≤ 0.05 compared with Meth. 
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Figure 5. The β2-AR agonist (salbutamol) protects against Meth toxicity, while the β2-AR antagonist (butoxamine) impedes such a protection (H&E staining). Representative pictures show that salbutamol (5 μM) protects against Meth-induced toxicity. This β2-AR agonist is no longer protecting when the selective β2-AR antagonist (butoxamine) is administered. Butoxamine alone (10 μM) does not alter cell viability. Arrows indicate pale eosinophilic cells. Scale bar = 8 μM. 
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Figure 6. The β2-AR agonist (salbutamol) protects against Meth toxicity, while the β2-AR antagonist (butoxamine) impedes such a protection (FJB staining). Representative pictures show that salbutamol (5 μM) protects against Meth-induced toxicity. In fact, intensely fluorescent Meth-treated PC12 cells turn out into dark cells when salbutamol is pre-administered. This β2-AR agonist is no longer protecting when the selective β2-AR antagonist (butoxamine) is administered. In fact, cells administered salbutamol + butoxamine + Meth revert into intensely yellow fluorescence. Arrows indicate FJB intensely positive cells. Scale bar = 20 μM. 
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Figure 7. Protection of the NET blocker DMI on Meth toxicity through β2-AR is reverted by butoxamine. When the blocker of the NE transporter (NET) desmethylimipramine (DMI) was administered at the dose of 100 nM to PC12 cells, no effect could be detected. However, DMI 100 nM markedly protects against toxicity induced by Meth 50 μM to an amount that was comparable to NE 5 nM. Such an effect was lost when the β2-AR antagonist butoxamine 10 μM was pre-administered. This experiment was carried out to assess the contribution of extracellular vs. intracellular NE to protect against Meth toxicity. One might argue that an NET blocker reduces the amount of Meth that enters the cells. However, the passive diffusion of Meth and the entry through the dopamine transporter (DAT) are expected to overcome such a caveat. Most significantly, when the protection was due to a block in the entry of Meth, this could not be reversed by the β2-AR antagonist butoxamine. These data indicate that NE needs to act externally to the cell by activating β2-AR in order to protect against Meth toxicity. When co-administered with Meth, NE (5 nm) was applied 30 min before Meth; DMI (100 nM) or butoxamine (10 μM) were administered 45 min before Meth in the combined groups. (A) Graph reporting TB staining; (B) graph reporting H&E staining; (C) graph reporting FJB staining. Data are given as the mean+SEM of nine independent counts for TB; six independent counts for H&E and FJB. Inferential statistics was carried out with ANOVA with Scheffè’s post hoc analysis. (DF = 15). * p < 0.05 compared with controls. ** p ≤ 0.05 compared with Meth. 
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Figure 8. The NET blocker DMI protects against Meth toxicity through β2-AR (H&E). Representative pictures show that the NET inhibitor DMI (100 nM) protects against Meth (50 μM)-induced toxicity. This NET blocker is no longer protecting when the selective β2-AR antagonist (butoxamine) is administered. Butoxamine (10 μM) does not alter cell viability. Arrows indicate pale eosinophilic cells. Scale bar = 8 μM. 
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Figure 9. The NET blocker DMI protects against Meth toxicity through β2-AR (FJB). DMI (100 nM) administration obscures intense histofluorescence by FJB staining induced during Meth toxicity. Histofluorescence is brought back in intensity by the β2-AR antagonist butoxamine (10 μM), which re-instates Meth (50 μM)-induced toxicity. Arrows indicate FJB intensely positive cells. Scale bar = 20 μM. 






Figure 9. The NET blocker DMI protects against Meth toxicity through β2-AR (FJB). DMI (100 nM) administration obscures intense histofluorescence by FJB staining induced during Meth toxicity. Histofluorescence is brought back in intensity by the β2-AR antagonist butoxamine (10 μM), which re-instates Meth (50 μM)-induced toxicity. Arrows indicate FJB intensely positive cells. Scale bar = 20 μM.



[image: Ijms 22 07232 g009]







[image: Ijms 22 07232 g010a 550][image: Ijms 22 07232 g010b 550] 





Figure 10. Transfection with β2-AR siRNA suppresses the protective effects of NE against Meth. Cell viability in naive and β2-AR siRNA- and scRNA-transfected cells, as evaluated by (A) TB, (B) H&E, and (C) WST-1 assay. (D) Dissipation of LC3 particles from vacuoles to the cytosol in β2-AR silenced cells. (DF = 11) * p < 0.05 compared with control; ** p < 0.05 compared with Meth. 
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Figure 11. Meth-induced FJB fluorescence is not reduced by NE after transfection with β2-AR siRNA. (A) Representative pictures and FJB fluorescent cells showing the effects of Meth and NE in naïve and β2-AR siRNA- and scRNA-transfected cells. (B) The graph reports the number of FJB fluorescent cells in the different experimental groups. (DF = 11) * p < 0.05 compared with control; ** p < 0.05 compared with Meth. Scale bar = 13.3 μM. 
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Figure 12. Opposite effects of NE and the β2-AR antagonist butoxamine on the LC3-II and p62 accumulation induced by Meth. Western blot for the autophagy markers LC3-I and LC3-II (A) and p62 (B) are reported along with the related optical densities. (DF = 7). * p < 0.05 compared with controls; ** p < 0.05 compared with Meth. Ctrl = control. 
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Figure 13. Effects of NE, Meth, β2-AR ligands, and DMI on autophagy vacuoles and LC3 compartmentalization. The graphs show (A) the amount of authentic autophagy vacuoles (defined as double/multiple membrane vacuoles containing LC3 molecules); (B) the amount of whole cell LC3 immunogold particles; (C) LC3 positive vacuoles; (D) the ratio between LC3 within vacuoles and whole cell LC3. Measurements are obtained by ultrastructural morphometry where the quantitative measurement of vacuoles and stoichiometrically identified LC3 particles by immunogold are counted. The graphs show that Meth increases the amount of autophagy-like vacuoles and autophagy vacuoles along with whole cells LC3 particles compared with control. Nonetheless, the ratio of LC3 within vacuoles and LC3 in the whole cell is strongly diminished. This indicates a de-polarization of LC3 from vacuoles to the cytosol. Such an effect is reversed by NE, which by itself does not increase polarization compared with controls. Salbutamol replicates the data obtained with NE, as it does DMI, while butoxamine occludes these effects. Numbers are given as the mean+SEM of autophagy-like vacuoles/autophagy vacuoles/cytosolic LC3 particles/vacuolar LC3 particles per cell, which were counted in 50 cells per group. Inferential statistics was carried out with ANOVA with Scheffè’s post hoc analysis. (DF = 16). * p < 0.05 compared with controls. ** p ≤ 0.05 compared with Meth. 
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Figure 14. Representative TEM micrograph following NE and Meth of autophagy-like (low magnification). Representative TEM micrographs at low magnification of Control, Meth (50 μM), NE (5 nM), or NE (5 nM) + Meth (50 μM)-treated cells. Images show autophagy-like vacuoles. These correspond to vacuolar inclusions with double or multiple limiting membranes possessing the same electron density of cytosol sometimes interrupted by electron dense remnants. Autophagy-like vacuoles indicated by an arrow are increased in the cytosol by Meth, far exceeding the amount observed in Control or NE-treated cells. PC12 cells were fixed for TEM analysis 72 h after Meth administration. In the combined treatment, NE was administered 30 min before with Meth. Scale bar = 1 μM. N = nucleus. 
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Figure 15. Representative TEM micrograph of LC3 compartmentalization following NE and Meth (high magnification). Representative TEM micrographs at high magnification of Control, Meth (50 μM), NE (5 nM), or NE (5 nM) + Meth (50 μM)-treated cells. Images show autophagy-like vacuoles (arrowhead); autophagy vacuoles (asterisk for LC3); and cytosolic LC3 particles (arrow pointing 20 nM immunogold particles). Cells were fixed for TEM analysis 72 h after Meth administration. In the combined treatment, NE was administered 30 min before with Meth. Scale bar = 200 nM. 
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Figure 16. NE and the β2-AR agonist salbutamol do not counteract the inhibition of the autophagy flux produced by bafilomycin. Western blot for LC3-I and LC3-II (A) and related optical density (B) are reported. (DF = 5). * p < 0.05 compared with controls. 






Figure 16. NE and the β2-AR agonist salbutamol do not counteract the inhibition of the autophagy flux produced by bafilomycin. Western blot for LC3-I and LC3-II (A) and related optical density (B) are reported. (DF = 5). * p < 0.05 compared with controls.



[image: Ijms 22 07232 g016]







[image: Ijms 22 07232 g017 550] 





Figure 17. Representative TEM micrograph of autophagy-like vacuoles following salbutamol and Meth (low magnification). TEM micrographs at low magnification of Control, Meth (50 μM), salbutamol (5 nM), or salbutamol (5 nM) + Meth (50 μM)-treated cells. Images show autophagy-like vacuoles (arrow). Cells were fixed at 72 h after Meth administration. In the combined treatment, salbutamol was administered 30 min before with Meth. Scale bar = 1 μM. N = nucleus. 
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Figure 18. Representative TEM micrograph of LC3 compartmentalization following salbutamol and Meth (high magnification). Representative TEM micrographs at high magnification of Control, Meth (50 μM), salbutamol (5 nM), or salbutamol (5 nM) + Meth (50 μM)-treated cells. Images show autophagy-like vacuoles (arrowhead); autophagy vacuoles (asterisk for LC3); cytosolic LC3 particles (arrow pointing 20 nM immunogold particles). Cells were fixed for TEM analysis 72 h after Meth administration. In the combined treatment, salbutamol was administered 30 min before with Meth. Scale bar = 200 nM. 
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Figure 19. Representative TEM micrograph of autophagy-like vacuoles following DMI and Meth (low magnification). Representative micrographs of Control, Meth (50 μM), the selective NET blocker DMI (100 nM), or DMI (100 nM) + Meth (50 μM)-treated cells. Cells were fixed at 72 h after Meth administration. In the combined treatment, DMI was administered 45 min before Meth. Autophagy-like vacuoles are shown (arrow). Scale bar = 1 μM. N = nucleus. 
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Figure 20. Representative TEM micrograph of LC3 compartmentalization following DMI and Meth (high magnification). Representative TEM micrographs at high magnification of Control, Meth (50 μM), the selective NET blocker DMI (100 nM), or DMI (100 nM) + Meth (50 μM)-treated cells. Images show autophagy-like vacuoles (arrowhead); autophagy vacuoles (asterisk for LC3); cytosolic LC3 particles (arrow pointing 20 nM immunogold particles). Cells were fixed for TEM analysis 72 h after Meth administration. In the combined treatment, DMI was administered 45 min before Meth. Scale bar = 200 nM. 
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Figure 21. The cartoon summarizes the protective effects of NE against Meth-induced toxicity. (A) In detail, Meth moves out LC3 molecules from autophagy vacuoles toward the cytosol, thus de-potentiating the autophagy machinery. (B) NE, by acting on β2-AR, counteracts Meth-induced toxicity while re-polarizing LC3 toward autophagy vacuoles. 
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