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Introduction

The bacteriophage P1 Cre/loxP system has proven a powerful approach to manipulate gene expression in vivo, using transgenic mice expressing Cre recombinase under the control of specific promoters or local viral delivery of Cre-encoding constructs. Although this technology has gained universal acceptance, since its discovery several studies have reported non-specific and potentially noxious effects of Cre recombinase in mice in various organs, including the brain. Cre has been incriminated for causing damage in the hematopoietic lineage [START_REF] Higashi | Direct hematological toxicity and illegitimate chromosomal recombination caused by the systemic activation of CreERT2[END_REF], retinal pigment epithelium [START_REF] Thanos | Evidence for baseline retinal pigment epithelium pathology in the Trp1-Cre mouse[END_REF], gastric epithelium [START_REF] Huh | Inducible activation of Cre recombinase in adult mice causes gastric epithelial atrophy, metaplasia, and regenerative changes in the absence of "floxed" alleles[END_REF], and spermatids [START_REF] Schmidt | Illegitimate Cre-dependent chromosome rearrangements in transgenic mouse spermatids[END_REF], and inducing cell death in various embryonic tissues [START_REF] Naiche | Cre activity causes widespread apoptosis and lethal anemia during embryonic development[END_REF] in transgenic mouse models. Cre-induced cardiotoxicity was also established in a mouse line commonly used to generate cardiomyocyte-specific recombination [START_REF] Bersell | Moderate and high amounts of tamoxifen in alphaMHC-MerCreMer mice induce a DNA damage response, leading to heart failure and death[END_REF][START_REF] Pugach | Prolonged Cre expression driven by the α-myosin heavy chain promoter can be cardiotoxic[END_REF]. In the brain, behavioral anomalies and flagrant anatomical defects during brain development have been shown to be induced by Cre expression in neuronal progenitors [START_REF] Forni | High levels of Cre expression in neuronal progenitors cause defects in brain development leading to microencephaly and hydrocephaly[END_REF] or the neural crest lineage [START_REF] Nakajima | Psychiatric disorder-related abnormal behavior and habenulointerpeduncular pathway defects in Wnt1-cre and Wnt1-GAL4 double transgenic mice[END_REF]. These detrimental effects have been proposed to be primed by illegitimate Cre action at non-canonical loxP sites within the mouse genome [START_REF] Schmidt | Illegitimate Cre-dependent chromosome rearrangements in transgenic mouse spermatids[END_REF][START_REF] Loonstra | Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells[END_REF], Naiche & Papaioannou 2007, Pugach et al.), engendering excessive DNA breakage, chromosomal loss, aneuploidy and cell death [START_REF] Loonstra | Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells[END_REF][START_REF] Huh | Inducible activation of Cre recombinase in adult mice causes gastric epithelial atrophy, metaplasia, and regenerative changes in the absence of "floxed" alleles[END_REF][START_REF] Zhu | Cre-mediated recombination can induce apoptosis in vivo by activating the p53 DNA damage-induced pathway[END_REF][START_REF] Bersell | Moderate and high amounts of tamoxifen in alphaMHC-MerCreMer mice induce a DNA damage response, leading to heart failure and death[END_REF][START_REF] Janbandhu | Cre recombinase induces DNA damage and tetraploidy in the absence of loxP sites[END_REF] through the improper recruitment of the DNA repair machinery [START_REF] Sengupta | p53: traffic cop at the crossroads of DNA repair and recombination[END_REF][START_REF] Huh | Inducible activation of Cre recombinase in adult mice causes gastric epithelial atrophy, metaplasia, and regenerative changes in the absence of "floxed" alleles[END_REF][START_REF] Zhu | Cre-mediated recombination can induce apoptosis in vivo by activating the p53 DNA damage-induced pathway[END_REF]. In line with this action at non-canonical loxP sites, Cre-mediated recombination was found responsible for cell death in mouse lines containing multiple tandem copies of transgenes with loxP sites in an inverted configuration [START_REF] Qiu | A non-specific effect associated with conditional transgene expression based on Cre-loxP strategy in mice[END_REF]. Taken together, these observations indicate that Cre expressed in vivo may produce spurious phenotypes, hampering the analysis of gene function.

Injection of viral vectors mediating Cre expression is another versatile approach often used to study the function of genes in the adult brain [START_REF] Kaspar | Adeno-associated virus effectively mediates conditional gene modification in the brain[END_REF][START_REF] Scammell | Focal deletion of the adenosine A1 receptor in adult mice using an adeno-associated viral vector[END_REF][START_REF] Ahmed | Efficient delivery of Cre-recombinase to neurons in vivo and stable transduction of neurons using adeno-associated and lentiviral vectors[END_REF][START_REF] Lazarus | Arousal effect of caffeine depends on adenosine A2A receptors in the shell of the nucleus accumbens[END_REF][START_REF] Tokuoka | Compensatory regulation of dopamine after ablation of the tyrosine hydroxylase gene in the nigrostriatal projection[END_REF][START_REF] Krenzer | Brainstem and spinal cord circuitry regulating REM sleep and muscle atonia[END_REF][START_REF] Kopra | Dampened Amphetamine-Stimulated Behavior and Altered Dopamine Transporter Function in the Absence of Brain GDNF[END_REF][START_REF] Bruchas | Selective p38alpha MAPK deletion in serotonergic neurons produces stress resilience in models of depression and addiction[END_REF][START_REF] Thanos | Evidence for baseline retinal pigment epithelium pathology in the Trp1-Cre mouse[END_REF], Lee et al. 2013[START_REF] Yeo | Estrogen-negative feedback and estrous cyclicity are critically dependent upon estrogen receptor-α expression in the arcuate nucleus of adult female mice[END_REF][START_REF] Xia | Brain ACE2 overexpression reduces DOCA-salt hypertension independently of endoplasmic reticulum stress[END_REF][START_REF] Mesic | Double Dissociation of the Roles of Metabotropic Glutamate Receptor 5 and Oxytocin Receptor in Discrete Social Behaviors[END_REF][START_REF] Whitney | Adult Brain Serotonin Deficiency Causes Hyperactivity, Circadian Disruption, and Elimination of Siestas[END_REF][START_REF] Foglesong | Role of Hypothalamic VGF in Energy Balance and Metabolic Adaption to Environmental Enrichment in Mice[END_REF][START_REF] Shen | Mesolimbic leptin signaling negatively regulates cocaine-conditioned reward[END_REF]. However, the possibility of noxious effects of Cre per se in this experimental set-up has been seldom considered. In this study, our attempt to recombine in the brain the gene encoding the plasma membrane monoamine transporter (PMAT) led us to identify unexpected toxic actions of Cre in the substantia nigra (SN), after adeno-associated virus (AAV) delivery at commonly used titers. AAV-mediated Cre expression in the SN drastically affected behaviors controlled by the basal ganglia circuitry and was associated with a massive decrease in neuronal populations in this brain region and several typical features of programmed cell death. 

Material and methods

Animals

Adeno-associated virus (AAV) injection

Viral particles expressing eGFP-Cre (AAV2.hSyn. 

Determination of monoamine brain content and microdialysis

Determination of monoamine content was performed as previously described [START_REF] Vialou | Altered aminergic neurotransmission in the brain of organic cation transporter 3-deficient mice[END_REF]. Briefly, brain structures were dissected from PMAT fl/fl mice injected with AAV2-hSyn-eGFP-Cre or AAV2-hSyn-eGFP, and homogenized in ice-cold buffer (0.1 M acetic acid/10 µM metabisulfite sodium/10 µM EDTA/10 µM ascorbic acid). After centrifugation at 22,000 × g

for 20 minutes at 4°C, the supernatants were collected and filtered through a 10-kDa membrane (Nanosep, Pall Corp., Port Washington, NY) by centrifugation at 7000 × g. Samples were next assessed for monoamine and metabolite content by ultra high-performance liquid chromatography (UHPLC; UPLC Ultimate 3000, Thermo Scientific) and coulometric detection on a Thermo Scientific Hypersil BDS C 18 column including a Hypersil BDS guard column (analytical conditions: isocratic flow at 0.5 ml/min, oven temperature 35°C, Thermo Scientific phase test, analytical cells potentials 100, 250, 450 and 700 mV). Microdialysis and dopamine (DA) measurements in dorsal striatum were performed as previously described [START_REF] Maskos | Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors[END_REF]. Under anesthesia (chloral hydrate, 400 mg/kg, i.p.), mice were stereotaxically implanted with concentric microdialysis probes (active membrane length: 1.5 mm, molecular weight cutoff: 6 kD) in the dorsal striatum, at coordinates relative to bregma: +0.7 (anterior/posterior), ±1.8 (medial/lateral), and -4 mm (dorsal/ventral). The following day, mice were connected to a swivel system and the probes connected to a microinjection pump, allowing a continuous perfusion of artificial cerebrospinal fluid (composition: NaCl 147 mM, KCl 3.5 mM, CaCl2

1.26 mM, MgCl2 1.2 mM, NaH2PO4 1.0 mM, NaHCO3 25.0 mM; pH 7.4 ± 0.2). Dialysate samples were collected every 15 min (flow rate: 1.5 µL/min) for 3 h, and analyzed for DA content by HPLC coupled to an amperometric detector (VT03; Antec Leyden, Netherlands: limit of sensitivity 0.5 fmol/sample; signal-to-noise ratio = 2) using Chromeleon Lab 7.2 software (Chromeleon Chomatography Data System, Fisher Scientific, Illkirch, Graffenstaden, France). DA basal level was evaluated during 1 h before cocaine injection (30 mg/kg, i.p.).

Behavioral studies

Mice were maintained at 23-25°C on a 12 h light/dark cycle with ad libitum access to food and water. Behavioral studies were performed during the inactive phase (09:00-13:00) with agematched (16-20 weeks) mice. Behavioral testing was performed sequentially as described in 

Results

AAV-mediated Cre expression in the SN alters dopamine-related behaviors and dopaminergic neurotransmission in mice

The initial objective of the study was to characterize the function of PMAT, a low-affinity monoamine transporter expressed in the brain [START_REF] Vialou | Neurochemical characterization of pathways expressing plasma membrane monoamine transporter in the rat brain[END_REF][START_REF] Dahlin | Expression and immunolocalization of the plasma membrane monoamine transporter in the brain[END_REF]. To this aim, we attempted to invalidate selectively this transporter in the SN, a brain region highly expressing this transporter. AAV-eGFP-Cre or AAV-eGFP viruses, were injected bilaterally in the SN of PMAT fl/fl mice at doses classically used for AAV-mediated Cre recombination, 3×10 9

genome copies/0.3 µL or 2×10 9 genome copies/0.6 µL [START_REF] Yu | Suppression of endogenous PPARγ increases vulnerability to methamphetamine-induced injury in mouse nigrostriatal dopaminergic pathway[END_REF][START_REF] Yeo | Estrogen-negative feedback and estrous cyclicity are critically dependent upon estrogen receptor-α expression in the arcuate nucleus of adult female mice[END_REF][START_REF] Shen | Mesolimbic leptin signaling negatively regulates cocaine-conditioned reward[END_REF][START_REF] Kopra | Dampened Amphetamine-Stimulated Behavior and Altered Dopamine Transporter Function in the Absence of Brain GDNF[END_REF]. eGFP and eGFP-Cre were massively expressed in the SN area of PMAT fl/fl mice 2 months after injection, as demonstrated by GFP fluorescence (Fig. 2A), validating the injection site and the efficient expression of Cre. At this time point, PMAT fl/fl mice injected with AAV-eGFP-Cre in the SN showed a significant increase in basal locomotor activity compared to PMAT fl/fl mice injected with AAV-eGFP (Fig. 2B), coherent with basal ganglia circuitry dysfunction. In parallel, HPLC dosage revealed a selective decrease in intracellular DA and its metabolites in the SN and dorsal striatum of SN AAV-eGFP-Cre injected PMAT fl/fl mice (Fig. 2C). In addition, a strong decrease in the extracellular DA level in dorsal striatum was detected in these mice by microdialysis, at basal state and after a cocaine challenge (30 mg/kg, i.p.; Fig. 2D).

To verify whether these alterations were due to PMAT invalidation and exclude eventual off-target effects and Cre toxicity, AAV expressing eGFP-Cre or eGFP were injected in the SN of wild-type (WT) mice in identical conditions to those used in PMAT fl/fl mice (Fig. 2A).

Unexpectedly, WT mice injected with AAV-eGFP-Cre in the SN presented a clear hyperlocomotor activity compared to eGFP controls (Fig. 2B), similar to that observed in PMAT fl/fl mice injected with AAV-eGFP-Cre. For both WT and PMAT fl/fl AAV-eGFP-Cre injected mice, this hyperlocomotion was confirmed in the open-field (Fig. 3A). Increased locomotion was accompanied by considerable thigmotaxis, a scanning behavior characterized by the tendency to remain close to the walls of the open-field (Fig. 3A), which has been associated with perturbations of the dopaminergic circuitry [START_REF] Pogorelov | Novelty seeking and stereotypic activation of behavior in mice with disruption of the Dat1 gene[END_REF][START_REF] Simon | Thigmotaxis as an index of anxiety in mice. Influence of dopaminergic transmissions[END_REF]. Thigmotaxis was not due to an increase in anxiety level, as shown by the identical performances of mice injected with AAV-eGFP-Cre or with control AAV-eGFP in the light-dark box (Fig. 3B) and the elevated O-maze (not shown). Mice were next tested for their response to cocaine in a locomotor sensitization paradigm, another behavioral response controlled by dopaminergic signaling. After repeated injections of cocaine (10 mg/kg/day, i.p.

for 5 days), AAV-eGFP-Cre injected PMAT fl/fl mice exhibited no locomotor sensitization, contrarily to control AAV-eGFP injected PMAT fl/fl mice (Fig. 3C). This impairment of locomotor sensitization was also found in AAV-eGFP-Cre injected WT mice, which only responded on the fifth day of cocaine treatment (Fig. 3C).

Thus, AAV-mediated Cre expression in the SN induced basal hyperlocomotion, thigmotaxis and decreased locomotor sensitization to cocaine in both PMAT fl/fl and WT mice.

These results reveal a selective effect of Cre expression, independent of canonical loxP sites, at concentrations of viral particles similar to those used in previous studies. reflecting a decrease in the main neuronal populations of these brain regions (Fig. 4A). This decrease in SNc and SNr populations was found with two different injection conditions, 3×10 9

AAV-mediated

genome copies/0.3 µL, the dose used for all experiments (C1), and 1:3 dilution of C1, injected at 2×10 9 genome copies/0.6 µL (C2). Along with these alterations in neuronal composition in the SN, these mice exhibited a clear loss of dopaminergic projections in the dorsal striatum, as

shown by diminished dopamine transporter (DAT) density (Fig. 4B). These anatomical alterations may explain the behavioral and biochemical defects observed after AAV-eGFP-Cre injection in the SN. 2011[START_REF] Sengupta | p53: traffic cop at the crossroads of DNA repair and recombination[END_REF]. The SN of AAV-eGFP-Cre injected WT mice showed a significant increase in S139 phosphorylated H2AX (Fig. 5A) and K283 acetylated p53 (Fig. 5B), indicating that these two DNA repair factors were strongly activated in the SN of mice receiving AA-eGFP-Cre injection, compared to the SN of mice receiving control AAV-eGFP.

AAV-mediated

AAV-mediated Cre expression in the SN induces markers of apoptosis and autophagy

The above observations suggest that DNA breakage could prime neurodegeneration in the SN of AAV-eGFP-Cre injected mice. In particular, failure to control DNA damage and the inappropriate engagement of the DNA repair machinery might activate cell death processes such as apoptosis and autophagy, both implicated in neurodegeneration in Parkinson's disease (PD) [START_REF] Dauer | Parkinson's disease: mechanisms and models[END_REF][START_REF] Venderova | Programmed cell death in Parkinson's disease[END_REF][START_REF] Michel | Understanding Dopaminergic Cell Death Pathways in Parkinson Disease[END_REF]. Earlier studies suggested that the p53 DNA damage-induced pathway could be implicated in Cre-mediated apoptosis following the action of the recombinase at loxP sites [START_REF] Zhu | Cre-mediated recombination can induce apoptosis in vivo by activating the p53 DNA damage-induced pathway[END_REF]. Strikingly, Ser 139 phosphorylated H2AX in the SN of AAV-eGFP-Cre injected mice showed a peculiar distribution at the nuclear periphery inside the nuclear envelope (Fig. 5A), a typical pattern reflecting apoptosis [START_REF] Solier | The apoptotic ring: a novel entity with phosphorylated histones H2AX and H2B and activated DNA damage response kinases[END_REF]. We thus next explored whether caspase 3, a main actor of apoptosis [START_REF] Taylor | Apoptosis: controlled demolition at the cellular level[END_REF], was activated in AAV-eGFP-Cre injected mice.

Low and comparable immunofluorescent labeling of D175-cleaved caspase 3 was detected in the SN of AAV-eGFP-Cre and AAV-eGFP injected mice, contrasting with the positive labeling on the needle tracts in the cortex of both groups (Fig. 5C), suggesting that caspase 3-dependent apoptosis was not implicated in Cre-mediated toxicity in this brain region. Lastly, we explored whether perturbations of autophagy processes were also associated with Cre-induced cell death in the SN. As autophagy is intimately linked with lysosomal function [START_REF] Scrivo | Selective autophagy as a potential therapeutic target for neurodegenerative disorders[END_REF] 

Discussion

In this study, we found that local AAV-mediated Cre expression in the SN can potently damage the nigrostriatal dopaminergic pathway, leading to an original anatomical and functional phenotype sharing some similarities with neurodegenerative diseases and models of dopaminergic degeneration. Our report is to our knowledge the first demonstration of AAV-Cre mediated toxicity in the brain, identified as such, at commonly used doses of viral particles.

The damaging effects observed were penetrating, with dramatic wide-ranging functional consequences. They did not require the presence of canonical loxP sites, as they occurred in wild-type mice, and nor could they be attributed to virus injection, since they were revealed by comparison with AAV-eGFP controls. Further investigations using an inactive mutant Cre construct should prove useful to sort out the relative contribution of Cre recombinase per se and its coupling to eGFP in these effects.

Compared with known neurodegeneration models [START_REF] Dauer | Parkinson's disease: mechanisms and models[END_REF], Cremediated toxicity appeared surprisingly efficient and reproducible, with massive decreases in neuronal populations in both SNc and SNr. The overall phenotype induced by Cre expression in the SN, associating lasting hyperlocomotor activity with DA depletion, was fundamentally compatible with current knowledge of basal ganglia circuitry. As expected, SNc damage led to a decrease in intracellular DA content in the SN and striatum, density of dopaminergic projections in the striatum, and extracellular DA in this brain area at basal state and after cocaine challenge. These neurochemical alterations can fully account for the impaired response to acute and repeated cocaine injection in Cre-injected mice [START_REF] Giros | Hyperlocomotion and indifference to cocaine and amphetamine in mice lacking the dopamine transporter[END_REF]. This anatomical and functional phenotype shares some resemblance with PD [START_REF] Dauer | Parkinson's disease: mechanisms and models[END_REF] and animal models of the disease [START_REF] Jagmag | Evaluation of Models of Parkinson's Disease[END_REF], which show degeneration of the nigrostriatal DA pathway and striatal DA deficiency, responsible for the sensory-motor symptoms in PD patients [START_REF] Dauer | Parkinson's disease: mechanisms and models[END_REF]. However, contrarily to PD pathophysiology, Cre expression in the SN also induced massive cellular damage in the SNr, leading to increased basal locomotor activity in mice. The activity of the SNr, a major hub of the basal ganglia circuitry, tonically inhibits pre-motor structures in the thalamus and brainstem, and constricts motor activity [START_REF] Deniau | The pars reticulata of the substantia nigra: a window to basal ganglia output[END_REF]). Hence, hyperlocomotor activity in Cre-injected mice was most probably a consequence of a disinhibition of the thalamocortical pathway due to SNr damage [START_REF] Baumeister | Effects of bilateral injection GABA into the substantia nigra on spontaneous behavior and measures of analgesia[END_REF][START_REF] Olianas | Intranigral kainic acid: evidence for nigral non-dopaminergic neurons controlling posture and behavior in a manner opposite to the dopaminergic ones[END_REF].

Our study reveals the involvement of basic cellular processes previously implicated in Cre toxicity. In-depth studies in mammalian cells culture have demonstrated that Cre activity can induce growth inhibition and extensive chromosomal alterations, such as aneuploidy and sister chromatid exchange [START_REF] Loonstra | Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells[END_REF]. These genotoxic effects involve the action of Cre at endogenous degenerate loxP sites [START_REF] Thyagarajan | Mammalian genomes contain active recombinase recognition sites[END_REF], generating extremely rapidly double strand breaks, damaging DNA beyond repair, and recruiting the tumor suppressor p53

which regulates almost all DNA repair processes [START_REF] Sengupta | p53: traffic cop at the crossroads of DNA repair and recombination[END_REF][START_REF] Zhu | Cre-mediated recombination can induce apoptosis in vivo by activating the p53 DNA damage-induced pathway[END_REF].

Several hundreds of these loxP-like sites have been identified in the mouse genome, and their role in the detrimental effects of Cre recombinase in vivo has been established in various models [START_REF] Schmidt | Illegitimate Cre-dependent chromosome rearrangements in transgenic mouse spermatids[END_REF][START_REF] Loonstra | Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells[END_REF][START_REF] Qiu | A non-specific effect associated with conditional transgene expression based on Cre-loxP strategy in mice[END_REF][START_REF] Pugach | Prolonged Cre expression driven by the α-myosin heavy chain promoter can be cardiotoxic[END_REF]. In agreement with these mechanisms, Cre-injected SN shows pronounced increases in the DNA break markers phospho-H2XA and acetylated p53. By its central role at the intersection of DNA repair and cell cycle pathways, p53 is an important regulator of programmed cell death [START_REF] Sengupta | p53: traffic cop at the crossroads of DNA repair and recombination[END_REF], controlling apoptosis and autophagy [START_REF] Maiuri | Autophagy regulation by p53[END_REF]. Defective DNA repair has been reported for a number of neurodegenerative disorders [START_REF] Madabhushi | DNA damage and its links to neurodegeneration[END_REF]. Recent studies also underscore the importance of programmed cell death in PD [START_REF] Venderova | Programmed cell death in Parkinson's disease[END_REF], and p53 levels have been found increased in the brain of patients (da Costa & Checler 2010, de la [START_REF] De La Monte | P53-and CD95-associated apoptosis in neurodegenerative diseases[END_REF]. Remarkably, both apoptotic and autophagic cell death appears to be induced by Cre expression in the SN. The presence of apoptotic rings [START_REF] Solier | The apoptotic ring: a novel entity with phosphorylated histones H2AX and H2B and activated DNA damage response kinases[END_REF] without caspase 3 activation supports a role of a caspase-independent apoptosis pathway in Cre-mediated toxicity, such as the intrinsic pathway involving apoptosisinducing factor 1 [START_REF] Daugas | Mitochondrio-nuclear translocation of AIF in apoptosis and necrosis[END_REF]. Enlarged lysosomal compartments and LC3

disappearance reflect an increase in the formation of autolysosomes, a hallmark of impaired autophagy found in several neurological disorders [START_REF] Crews | Selective molecular alterations in the autophagy pathway in patients with Lewy body disease and in models of alphasynucleinopathy[END_REF][START_REF] Yang | Reversal of autophagy dysfunction in the TgCRND8 mouse model of Alzheimer's disease ameliorates amyloid pathologies and memory deficits[END_REF][START_REF] Tanik | Lewy body-like alpha-synuclein aggregates resist degradation and impair macroautophagy[END_REF].

Our results along with reports of Cre toxicity in transgenic mice emphasize the importance of appropriate controls for Cre effects, seldom included in studies implicating Cre-mediated recombination. AAV-mediated Cre recombination is a common approach for gene function study in the brain including in the SN [START_REF] Tokuoka | Compensatory regulation of dopamine after ablation of the tyrosine hydroxylase gene in the nigrostriatal projection[END_REF][START_REF] Yu | Suppression of endogenous PPARγ increases vulnerability to methamphetamine-induced injury in mouse nigrostriatal dopaminergic pathway[END_REF], with viral titers often comparable to those used in our study [START_REF] Yu | Suppression of endogenous PPARγ increases vulnerability to methamphetamine-induced injury in mouse nigrostriatal dopaminergic pathway[END_REF][START_REF] Yeo | Estrogen-negative feedback and estrous cyclicity are critically dependent upon estrogen receptor-α expression in the arcuate nucleus of adult female mice[END_REF][START_REF] Shen | Mesolimbic leptin signaling negatively regulates cocaine-conditioned reward[END_REF][START_REF] Kopra | Dampened Amphetamine-Stimulated Behavior and Altered Dopamine Transporter Function in the Absence of Brain GDNF[END_REF]), but the local effects of Cre expression have been poorly investigated.

Preserving an appropriate balance between recombination of the target gene and toxicity is an important pitfall in studies using Cre recombinase. Cre toxicity has been shown to increase in some cases in a time-dependent manner along with its accumulation [START_REF] Pugach | Prolonged Cre expression driven by the α-myosin heavy chain promoter can be cardiotoxic[END_REF],

suggesting that curbing Cre expression in the target area could limit damage. On the other hand, reduction of Cre expression was shown to compromise recombination as well [START_REF] Loonstra | Growth inhibition and DNA damage induced by Cre recombinase in mammalian cells[END_REF][START_REF] Naiche | Cre activity causes widespread apoptosis and lethal anemia during embryonic development[END_REF]. Further investigation using a recombinant activitydeficient Cre construct may allow to dissect more finely the contribution of Cre whether or not coupled with GFP in future studies.

Additional studies beyond the scope of the present report are required to identify the appropriate conditions and virus doses allowing efficient recombination in a given brain area while avoiding cellular damage. In this context, Cre with improved accuracy [START_REF] Eroshenko | Mutants of Cre recombinase with improved accuracy[END_REF] or delivered by constructs allowing self-excision [START_REF] Silver | Self-excising retroviral vectors encoding the Cre recombinase overcome Cre-mediated cellular toxicity[END_REF], may offer promising alternatives to circumvent these obstacles. Conversely, Cre has been proposed previously as an efficient tool to carry out conditional cell ablation [START_REF] Grégoire | Recombination between inverted loxP sites is cytotoxic for proliferating cells and provides a simple tool for conditional cell ablation[END_REF][START_REF] Qiu | A non-specific effect associated with conditional transgene expression based on Cre-loxP strategy in mice[END_REF]). These cytotoxic effects could be used to generate local lesion models and eventually be applied to other brain regions provided they show the same sensitivity than the SN.

To conclude, these findings underscore the potential neurotoxic effects of Cre recombinase in the brain that may go undetected unless specifically sought for, with major functional consequences. These damaging effects, which implicate cellular mechanisms common to neurodegenerative diseases such as deregulation of DNA repair processes, recruitment of p53 and induction of programmed cell death, may be exploited in the future to generate region or cell-specific models of neurodegeneration.

Graphical abstract

Cre/loxP recombination is a widely used approach to study gene function in vivo, using mice models expressing the Cre recombinase under the control of specific promoters or through viral delivery of Cre-expressing constructs. Our experiments show that AAV-mediated Cre recombinase expression in the substantia nigra (SN) provokes lesions of the SN pars compacta and reticulata and perturbations of dopamine-related behaviors by inducing DNA breakage, increased apoptosis and perturbation of autophagy. These observations underscore the need for careful control of Cre toxicity when using this tool to study gene function in the brain. 

Figures

  Male C57BL/6N wild-type mice (RRID: IMSR_JAX:005304, Charles River, L'Arbresle, France) and PMAT fl/fl mice (RRID not registered) were used for the experiments. PMAT fl/fl mice were produced by homologous recombination. Briefly, embryonic stem cells harboring a floxed PMAT allele, in which exon 7 has been flanked with loxP sites, were obtained from the Knockout Mice Project (KOMP) repository (Slc29a4 tm1a(KOMP)Wtsi ; UC Davis, CA) and heterozygous mice were generated at the Institut Clinique de la Souris (Illkirch, France). The structure of the floxed PMAT locus was confirmed in PMAT fl/fl mice by sequencing (GATC Biotech, Mulhouse, France). PMAT fl/fl mice were produced by breeding (CDTA, Orleans, France) and genotyped by polymerase-chain-reaction with primer sets designed to detect the ). The study was not pre-registered. Animal care and experiments were conducted in accordance with the European Communities Council Directive for the Care and the Use of Laboratory Animals (2010/63/UE) and approved by the local ethical committee (#5787-2016062207437674).

Figure 1 .

 1 Figure 1. To avoid bias, balanced numbers of AAV-eGFP and AAV eGFP-Cre injected mice were tested in each daily session, and mice of the same age range were tested in each experiment.No specific randomization protocol was used. The experimenters were blinded to the treatment of the mice when performing behavioral assessments. Locomotor activity was assessed in activity chambers (22 x 14 x 11 cm) placed in a rack containing four infrared photobeams located along the long axis. Photobeam interruptions were recorded during 3 h using a computerized tracking system(Imetronic, Bordeaux, France). The open field consisted of a white Plexiglas open-field (42x42 cm) with a luminosity of 35 lux in the center. General locomotor activity in the center and periphery of the open field were scored for 10 min. Time spent in the center zone (20x20 cm) was evaluated as an index of anxiety-related response. For the assessment of anxiety-related behavior in the light-dark box, mice were first placed in the dark compartment then allowed to freely explore both compartments. The time spent and the distance travelled in each compartment were recorded for 5 min by video tracking (Viewpoint, Lyon, France). Locomotor sensitization to cocaine was evaluated in a circular corridor with four infrared captors placed at every 90° angles (Imetronic). Cocaine hydrochloride (10 mg/kg; #1164500, Cooper Industrie, Melun, France) or saline was injected daily during 5 consecutive days (J1-5). Locomotor activity (consecutive interruption of 2 adjacent infrared beams) was recorded after each injection for a period of 30 min.

  Cre expression in the SN affects the integrity of the nigrostriatal pathwayThe consequences of AAV-mediated Cre expression on the anatomical organization of the nigrostriatal dopaminergic pathway were examined by immunohistological staining. Injection of AAV-Cre in the SN of either PMAT fl/fl or WT mice decreased considerably the number of dopaminergic neurons in the SN pars compacta (SNc) expressing tyrosine hydroxylase (TH), and of GABAergic neurons of the SN pars reticulata (SNr) expressing parvalbumin (PV),

  Cre expression in the SN induces an increase in DNA break markers phosphorylated H2XA and K283 acetylated P53Cre has been postulated to generate DNA breaks, leading to recruitment of the DNA repair machinery to the damaged site, inducing chromosomal alterations and cytotoxicity. To further explicit the nature of the effects of AAV-mediated Cre expression in the SN, we searched in Cre-injected SN of WT mice for evidence of DNA breaks, such as post-translational alterations in histone H2AX and the tumor suppressor P53, both implicated in DNA repair(Lukas et al. 

  , the consequences of Cre expression were further evaluated by assessing immunolabeling of the lysosomal enzyme cathepsin D and of LC3, a component of the autophagy machinery.Significant alterations of the distribution of cathepsin D and LC3 labeling were induced by AAV-GFP-Cre injection compared to control AAV-GFP. The number of cells showing normalsized lysosomes labeled with cathepsin D was decreased while the labeling was redistributed into large compartments (Fig.5D, upper panels), indicative of autolysosome accumulation[START_REF] Crews | Selective molecular alterations in the autophagy pathway in patients with Lewy body disease and in models of alphasynucleinopathy[END_REF]. Additionally, while LC3 labeling did not appear notably altered in the whole SN, this labeling was significantly decreased in eGFP-Cre expressing cells compared to eGFP expressing cells (Fig.5D, lower panels). Diminished LC3 expression has been also associated with prolonged autophagy and fusion of autophagosomes with lysosomes[START_REF] Kimura | Dissection of the autophagosome maturation process by a novel reporter protein, tandem fluorescent-tagged LC3[END_REF], further supporting the importance of perturbations of autophagy processes in Creinduced toxicity in the SN.
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  /0.3 µL in most experiments; an additional condition, 2×10 9 genome copies/0.6 µL, was used for comparison in anatomical studies. Viruses were delivered bilaterally over a 3-min period (0.1 µL/min) in the SN at the following coordinates relative to

	lysosomal labeling with cathepsin D was evaluated manually on 2-4 sections for each mouse,
	at coordinate relative to bregma: -3.1 (anterior/posterior). DAT immunolabeling was quantified
	with ImageJ software (National Institutes of Health; http://imagej.nih.gov/ij/) on four sections
	bregma: -3.1 (anterior/posterior), +1.7 (medial/lateral), and -4.4 (dorsal/ventral). The infusion per mouse taken from the rostral to caudal regions of the striata, at coordinates relative to
	needle was left in situ for 5 min before being slowly withdrawn to prevent backflow. The mice bregma: +1.2; +1.0; +0.6 and +0.3 (anterior/posterior). The experimenters were blinded to the
	were kept warm under a heat lamp and closely monitored until they had fully recovered, then treatment of the mice when performing quantification. eGFP and eGFP-Cre expression profiles,
	transferred to their home cage. They were administered an analgesic (10 mg/kg carprofen in which can be distinguished based on their subcellular localization, were evaluated
	drinking water) during 2 days post-operatively. Behavioral, immunohistochemical and independently.
	neurochemical analyses were performed 8 weeks after surgery and the viral injection sites were
	confirmed for all mice by examination of GFP fluorescence. A flow chart of the study is
	Free-floating immunofluorescence
	Mice were anesthetized and perfused intracardially with 4% (wt/vol) paraformaldehyde
	(PFA)/Sorensen's phosphate buffer (pH 7.4). Brains were removed, post-fixed by immersion
	in 4% PFA/Sorensen for 48 h and coronal sections (25 μm) were cut on a vibratome and
	processed for free-floating immunohistochemistry. Sections were preincubated in a blocking
	buffer containing 0.3% (wt/vol) triton and 4% (wt/vol) bovine serum albumin. Sections were
	then incubated with primary antibodies against tyrosine hydroxylase (TH, 1/2000,
	RRID:AB_2201528); dopamine transporter (DAT, 1/2000, RRID:AB_2190413), parvalbumin
	(PV, 1/15000, RRID:AB_2174013) and S139 phospho-H2AX (1/250, RRID:AB_309864)
	from Merck Millipore (Billerica, MA, USA); caspase 3 (1/200, RRID:AB_2341188) from Cell
	Signaling (Danvers, MA, USA); K382 acetyl-p53 (1/250, RRID:AB_2532671) from Thermo
	Scientific (Rockford, IL, USA); cathepsin D (1/500, RRID:AB_637896) from Santa Cruz
	Biotechnology (Heidelberg, Germany); and LC3 (LC3B, 1/200, RRID:AB_881433) from
	Abcam (Cambridge, UK). After washing, sections were incubated with Alexa 555-conjugated
	secondary antibodies (RRID:AB_162543 and RRID:AB_2536180) from Thermo Scientific.
	Slides were scanned on a NanoZoomer 2.0-HT (Hamamatsu Photonics, Hamamatsu City, Japan)
	at 20x resolution. Laser intensity and time of acquisition were set separately for each marker of
	interest. Positive cells refer to a staining in a cell body clearly above background. The number
	of cells in SN labeled by TH, PV, pS139 H2AX, AcK382 p53 and LC3, or showing enlarged

HI.eGFP-Cre.WPRE.SV40) or eGFP (AAV2.hSyn.eGFP.WPRE.bGH) under the control of the human synapsin promoter were obtained from Penn Vector Core (University of Pennsylvania, PA, USA). For AAV injection, eight-week-old male PMAT fl/fl (n=36 for AAV-eGFP and 38 for AAV-eGFP-Cre) or WT (n=6 per group) mice were injected with virus expressing either eGFP-Cre or eGFP. Animals were assigned to groups without randomization. Mice were anesthetized with a ketamine-xylazine solution (100 and 10 mg/kg, respectively, i.p.) and the depth of anesthesia was monitored by testing palpebral and pedal reflexes. Purified viruses were injected at a concentration of 3× genome copiespresented in Figure

1

. Signs of suffering such as vocalizing, loss of mobility, failure to groom and skin lesions, were used as criteria to exclude the animals from further participation in the experiments. No such instance occured during these experiments. Another prestablished exclusion criterion was injection outside the SN. No animals were excluded from the analyses.
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