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ABSTRACT

Cocaine addiction is a relapsing disorder with loss of control in limiting drug intake. Considering the involvement of acetylcholine in the neurobiology of the disease, our aim was to evaluate whether cocaine induces plastic changes in the hippocampal cholinergic muscarinic system. Male Swiss-Webster mice received saline or cocaine (ip) three times daily (60-min intervals) either acutely or in an escalating-dose binge paradigm for 14 days. Locomotor activity was measured in all treatment days. Dopaminergic and cholinergic muscarinic receptors (D1R, D2R, M1-M5, mAChRs), choline acetyltransferase (ChAT), vesicular acetylcholine transporter (VAChT) and acetylcholinesterase (AChE) were quantified in the hippocampus by immunoblotting one hour after the last injection (on drug) or after 14 days of abstinence (withdrawal). Escalating-dose group showed cocaine-induced locomotor sensitization from day 2. M3 mAChR and ChAT significantly increased after the on-drug acute binge treatment. Escalating-dose on-drug group showed increased ChAT, M1, M5 mAChR and D2R; and decreased D1R. Acute-binge withdrawal group showed increased VAChT, M2 mAChR, D1R, and D2R; and decreased M1 mAChR. Escalating-dose withdrawal group presented increased D1R and VAChT and decreased M1 mAChR and D2R. Locomotor activity was negatively correlated with M1 mAChR and AChE in on-drug group and positively correlated with VAChT in withdrawal group. M1 mAChR was positively correlated with M2 mAChR and ChAT in on-drug group, whereas ChAT was positively correlated with M5 mAChR in withdrawal group. The results indicate that cocaine induced an increase in the hippocampal cholinergic tone in the presence of the drug, whereas withdrawal causes a resetting in the system. 
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1. Introduction

Drugs of abuse are used for promoting pleasure and sociability or for relieving pain, stress, or anxiety. According to the World Drug Report 2020, around 269 million people aged 15–64 years used drugs of abuse in 2018; of these, 19 million were estimated to use cocaine (United Nations Office on Drugs and Crime, 2020). Data from the 3rd National Survey on Drug Use (Bastos et al., 2017) indicate that cocaine hydrochloride was the second most used illicit drug by the population aged 12–65 years in Brazil (Bastos et al., 2017).

Although cocaine use can be controlled and sporadic, some individuals undergo a transition to a compulsive pattern, losing control over the amount of drug used (Vanderschuren and Everitt, 2004). Such transition consists of a complex neurobiological phenomenon based on neuroplastic alterations in neural circuits related to motivation/drive, reward, conditioning/memory, executive control, interoception, and aversion/avoidance, possibly leading to substance use disorder (SUD) (Volkow and Morales, 2015).  

). Drug-induced reward signaling triggers associative learning, pairing drug use to environmental cues that acquire incentive salience by mechanisms of synaptic plasticity (Koob and Volkow, 2016). This conditioned response is directly related to the heavy binge use of the drug, which increases the levels of neurotransmitters such as dopamine and acetylcholine (ACh), in the hippocampus, amygdala, striatum and prefrontal cortex, inducing strong craving (Volkow et al., 2016). In the absence of the drug, an unpleasant physical and emotional state begins, associated with the activation of the antireward systems and downregulation of mesocorticolimbic dopamine system (Koob, 2013).
ACh is a key neuromodulator of cognitive functions, especially in hippocampus-dependent learning (Haam and Yakel, 2017), and cholinergic inputs from the septohippocampal pathway are the main sources of hippocampal cholinergic innervation (Teles-Grilo Ruivo and Mellor, 2013). All five muscarinic acetylcholine receptors (mAChRs) are expressed in the hippocampus, where cholinergic signaling modulates theta and gamma oscillatory activity, excitability, and synaptic plasticity – all of which related to the neurobiology of learning and memory (Ballinger et al., 2016; De Vin et al., 2015; Martinello et al., 2015). In fact, cholinergic dysfunction or loss of cholinergic innervation (nucleus basalis of Meynert and the medial septal-diagonal band of Broca) are directly associated with neurodegenerative, cognitive, and neuropsychiatric disorders, including SUD (Ballinger et al., 2016; Maurer and Williams, 2017; Williams and Adinoff, 2008).
The meso-striatal cholinergic system plays a crucial role in neural responses underlying the cognitive mechanisms involved in drug addiction (Sofuoglu and Mooney, 2009; Williams and Adinoff, 2008). It is involved in the modulation of dopamine release in limbic areas and the formation of contextual memory in the hippocampus (You et al., 2008). Several studies have reported that increases in hippocampal and striatal ACh levels are associated with cocaine self-administration in rodents (Berlanga et al., 2003; Crespo et al., 2006; Imperato et al., 1993; Mark et al., 1999; Smith et al., 2004b, 2004a). Moreover, rodents take less time to self-administer cocaine as ACh levels in the NAc rises (Crespo et al., 2006) suggesting a clear correlation between speed of cocaine self-administration (SA) and Ach levels in the Nac. Evidence shows that long-term cocaine use induces neuronal changes that affect the basal forebrain cholinergic neurons, thus contributing to the onset of compulsion and relapse (Williams and Adinoff, 2008). 
Thus, this study aimed to evaluate neuroplastic changes caused by binge intoxication and withdrawal on the hippocampal cholinergic muscarinic system of mice subjected to drug use. We used a cocaine-treatment model that closely mimic the pattern of chronic cocaine abuse observed in humans and the pattern of rodent cocaine self-administration under high-dose extended-access conditions, by administration of cocaine three times per day with progressive dose increase or acutely (Bailey et al., 2008, 2007; Fragou et al., 2013; Zhang et al., 2013).
2. Materials and methods
2.1. Drugs
Cocaine was kindly donated by the Institute of Criminology of São Paulo, for research purposes, to the Laboratory of Toxicological Analyses of the School of Pharmaceutical Sciences, University of São Paulo. The drug was purified and converted into cocaine hydrochloride by bubbling hydrochloric acid into the mixture of purified cocaine dissolved in diethyl ether (GARCIA et al., 2015). Cocaine purity was confirmed as 95% using the ultraperformance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS), and corrected to 100% for animal injections.
2.2. Animals

Forty-eight Swiss-Webster male mice, eight weeks old (35–45 g) were obtained from the animal facility of the University of São Paulo, São Paulo, Brazil. Animals were housed in plastic cages and kept in a temperature-controlled room (22 ± 1°C) under a 12:12 hours light/dark cycle (lights on at 7:00 a.m.), with food and water ad libitum. All experiments comply with the ARRIVE guidelines and were conducted following the guidelines of the National Council for Control of Animal Experimentation (CONCEA), according with Law number 11,794 of October 8, 2008, Decree 6899 of July 15, 2009, and National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). This study was approved by the Ethics Committee of Animal Use of the School of Pharmaceutical Sciences, University of São Paulo (protocol number CEUA/FCF/502 and 503).
2.3. Cocaine treatments 
The treatment started after 7 days of acclimatization at the experimental facility. All experiments were performed during light period (7 a.m. to 12 a.m.), and all animals were weighed daily throughout the study. Animals were randomly divided into four experimental groups: the chronic binge escalating dose group (n = 12) and its control group (n = 12); and the acute binge group (n = 12) and its control group (n = 12). Half of the animals from each one was then randomly distributed to on drug, in which animals were euthanized one hour after the last cocaine or saline administration; and the withdrawal group, in which animals were euthanized after remaining at their home cages without any manipulation for 14 days after the last administration of cocaine or saline, to mimic a protracted abstinence period.
2.3.1. Acute binge treatment
In a single day, animals received three intraperitoneal (ip) injections of saline 0.9% or cocaine 30 mg/kg with one-hour intervals (Bailey et al., 2008). Then, animals were euthanized by decapitation either one hour (on drug) or 14 days (withdrawal group) after the last injection. 

2.3.2. Chronic escalating-dose binge paradigm 
Animals received three daily ip injections of saline 0.9% (control group) or cocaine in escalating-dose binge paradigm with one-hour intervals for a 14-day period. Each injection cycle was performed with a 21-hour interval from the previous one as to characterize a brief withdrawal (TSUKADA et al., 1996; BAILEY et al., 2008; ZHANG et al., 2013; FRAGOU et al., 2013). Cocaine doses were escalated according to BAILEY et al. (2008): 3 ×15 mg/kg/day from days 1 to 4; 3 × 20 mg/kg/day from days 5 to 8; 3 × 25 mg/kg/day from days 9 to 12; and 3 × 30 mg/kg/day on days 13 and 14. Animals were euthanized one hour or 14 days after the last injection. 
2.3.3. Sample collection

After euthanasia, brains were rapidly removed for hippocampus dissection, immediately frozen with liquid nitrogen, and stored at -80 ºC until analysis. Blood samples (0.5 – 1 mL) were collected in heparinized (1 UI/mL) microtubes and plasma was separated (10,000 rpm for 5 minutes) and stored with 2% NaF at -80 ºC to measure the levels of cocaine and its main biotransformation product, benzoylecgonine (BZE).
2.4. Behavioral data
Cocaine-induced locomotor activity was measured in a circular open-field wall-enclosed arena with 40 cm length and height. The protocol for locomotor testing was performed as described by BAILEY et al. (2008). For basal activity measurement, mice were allowed to habituate to the environment for 60 minutes daily without treatment. After habituation, animals received an ip injection of saline or cocaine and immediately returned to the open field, where locomotor activity was assessed for 60 minutes. The subsequent injections were performed with 60-minute intervals, and locomotor activity was measured following the same procedure as described above. Locomotor activity was recorded during the whole experiment and analyzed in 5-minute bins using the EthoVision® XT 11.5 (Noldus Information Technology, Wageningen, The Nederlands).
2.5. Plasma cocaine and benzoylecgonine quantifications 

Plasma cocaine and BZE levels were quantified by UPLC-MS/MS, using an Acquity series UPLC system (Waters, USA) equipped with a quaternary pump, column furnace, and automatic injector controlled by a communication module and MassLynx V4.1 software, and integrated into a Quattro Premier XE triple quadrupole mass spectrometer (Micromass, UK). The analyses were performed in positive mode (ESI+, [M + H]+) using the following source parameters: desolvation gas, 1100 L/h; gas cone, 100 L/h; desolvation temperature, 350 °C; source temperature, 120 °C; and capillary 3 KV. Chromatographic elution was performed on an Acquicty UPLC BEH C18 column, 2.1 × 100 mm, 1.7 μm (Waters, USA), eluted with a gradient of 1 mM ammonium formate buffer in water (Solution A) and 1 mM ammonium formate buffer in acetonitrile and water (95:5, v/v; Solution B), both solutions supplemented with 0.1% formic acid at a 400 μL/min a flow rate, 40 °C (0 - 3 minutes, 10 - 45% B; 8 minutes, 45-80% B, 3.8 - 4 minutes, 80 - 10% B, 4 - 7 minutes, 10% B). 

Plasma samples (100 μL) were diluted with 20 μL of a pool of cocaine-D3 and benzoylecgonine-D3 internal standards (Ceriliant, 100 μg/mL and 500 ng/mL) and 880 μL of acetonitrile/methanol (80:20), obtaining 1 mL of solution. After centrifuging the samples for 6 minutes (9,000 g), the supernatant was collected (150 μL) and injected (3 μL) into the UPLC-MS/MS system. The limits of detection and quantification were both 1 ng/mL for cocaine and 0.5 ng/mL for BZE (PEGO et al., 2018). The correlation coefficient (R2) was greater than 0.99 for a 25–500 ng/mL range.
2.6. Immunoblotting analysis 

M1-M5 mAChRs, choline acetyltransferase (ChAT), vesicular acetylcholine transporter (VAChT), acetylcholinesterase (AChE) were quantified by means of immunoblotting, performed according to the protocol described by Torres et at. (2015). As dopaminergic and cholinergic systems interact in different brain regions – including the hippocampus (Nomikos, 2006) – and the imbalance between these systems leads to a series of disorders, such as the development of addictive and compulsive behaviors (Williams and Adinoff, 2008), we also evaluated D1-like and D2-like dopaminergic receptors.  
Briefly, hippocampus samples were thawed on ice and homogenates were prepared in ice-cold buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM PMFS, and 1 mM protease inhibitor. Protein level was measured with the Bradford dye method using the Bio-Rad reagent (Bradford, 1976). The whole extract was treated with Laemmli sample buffer (LAEMMLI, 1970) and boiled for 5 minutes at 99 ºC. Equal quantities of protein (15 μg for M1 and M2 mAChR, ChAT, VAChT, and AChE; and 30 μg for M3, M4 and M5 mAChR, D1, and D2R) from each sample were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 15% polyacrylamide) and transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking non-specific sites with 5% (w/v) casein, membranes were incubated overnight at 4–8 °C with primary antibodies, as shown in Table 1.
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Then, membranes were washed with Tris-buffered saline containing 0.1% Tween 20 (3 × 10 min) and incubated with a peroxidase-conjugated secondary antibody for 2 hours at room temperature. After a new set of washes (3 × 10 minutes), immunoreactive bands were visualized using the enhanced chemiluminescence (ECL) detection system (Thermo Scientific, Rockford, USA), and images were captured with ImageQuantTM 400 v.1.0.0 (Amersham Biosciences, Pittsburg, USA). Band intensities were quantified using ImageQuant 400 (GE Healthcare), and the results were normalized to the intensity of β-actin (Sigma-Aldrich, St. Louis, USA).

2.7. Statistical analyses

Data normality was assessed using the Kolmogorov-Smirnov test. Since all parameters had normal distribution, the total locomotor activity of animals from the chronic-escalating dose treatment was evaluated using two-way repeated measures analysis of variance (ANOVA), adopting treatment (cocaine or saline) as the between-subject factor and day as the within-subject factor and repeated measure. The basal locomotor activity of groups treated with saline and cocaine during the habituation phase was likewise compared using two-way repeated measures ANOVA, as well as the effects of both treatments in the total locomotor activity (180 min) during the 14 days of the experiment. The locomotor effects in cocaine-treated mice were evaluated using one-way repeated measures ANOVA. Post-hoc analysis was performed by Bonferroni’s multiple comparison test. Planned comparisons (Student's t-test) were used to compare the locomotor activity in the last 15 minutes of the third dose of cocaine with the same period of habituation in cocaine-treated mice, based on a priori hypothesis (Bailey et al, 2008). It was hypothesized that the escalating dose paradigm would increase the duration of cocaine-induced locomotor stimulation over time, as indicative of behavioral sensitization. This comparison was made for days 1, 2, 5, 9 and 13. Data from acute binge treatment were evaluated by comparing the total locomotor activity of saline- and cocaine-treated animals using unpaired Student’s “t” test, as well as immunoblotting data, evaluated by comparing cocaine and saline treatments in both on-drug and withdrawal groups separately. 
Regarding protein analysis, the low quality of blots for both protein targets and normalizer proteins represented one exclusion criterion. Plasma cocaine and BZE levels in cocaine-treated animals from acute binge and chronic escalating-dose binge groups were also compared by unpaired Student’s “t” test. Pearson correlations were performed for cocaine-treated animals from the escalating dose binge group between (i) total locomotor activity (14th day) and proteins densities measured by the immunoblotting; (ii) the different protein densities; and (iii) cocaine plasma levels and locomotor activity. Statistical analyses were performed using the GraphPad Prism 8.0, considering a significance level of α < 0.05. Numerical data are presented as mean ± SEM. 
3. Results
3.3. Locomotor activity during chronic escalating-dose and acute binge cocaine administration
In the acute binge protocol, both control and cocaine groups exhibited similar patterns of basal locomotor activity (Figure 1A; Student's test), before initiation of cocaine treatment.  After treated with cocaine, mice showed significantly increase in the locomotor activity when compared to those treated with saline (p < 0.0001). The activity of mice treated for just one day (3 × 30 mg/kg) returned to baseline 60 minutes after each of the three cocaine injections and in the ending of the experiment, no difference was found between the last fifteen minutes of habituation and the last cocaine dose (p = 0.739).  
From the analysis of the total basal locomotion of mice treated with either cocaine or saline during the 60 minutes of daily habituation throughout the escalating dose experiment (1–14 days) using two-way repeated measures ANOVA, we verified a significant effect of day (F(13, 143) = 5.942; p < 0.0001) and treatment X day interaction (F(13, 143) = 58.075; p < 0.0001). According to the Bonferroni post-hoc analysis, both groups showed a similar locomotion from day 1 to day 7 and on day 12; on the remaining days, control animals had a higher basal activity (day 8: p = 0.028; day 9: p = 0.033; day 11: p = 0.0002; days 10, 13 and 14: p < 0.0001; see Figure 1 and supplemental Figure 1). 

When compared to the control group, cocaine-treated mice presented a significantly higher total locomotor activity in all escalating-dose days, as two-way repeated measures ANOVA showed a significant effect of day (F(13, 143) = 3.714; p < 0.0001), treatment (F(1, 11) = 35.06; p = 0.0001) and treatment X day interaction (F(13, 143) = 3.685; p < 0.0001). The locomotor sensitization was apparent when compared day 2 with day 1 (p = 0.004). No further increases were detected in the subsequent days (5, 9 and 13), suggesting a plateau effect. However, paired Student’s “t” tests showed an increased duration of cocaine-induced hyperactivity on these days, remaining higher than the basal activity in the last 15 minutes of the third injection (day 5: 18191 ±, 16260, p = 0.0026; day 9: 23793 ± 19360, p = 0.0013; day 13: 20113 ± 16679, p = 0.0015). This finding indicates a persistent locomotor sensitization that is unlikely to be due to a dose effect, as locomotion decreased to baseline one hour after the last injection on day 1 (807,6 ± 1790, p = 0.15) and day 2 (422,6 ± 1582, p = 0.37) and in mice subjected to acute binge (204,7 ± 2076, p = 0.739).
Figure 1 near here
3.4. Quantification of cocaine and benzoylecgonine in plasma by UPLC-MS/MS

Cocaine and BZE plasma samples levels from the on-drug cocaine-treated animals are shown in Table 2. Although all animals received the same dose of cocaine on the day, those on the chronic escalating-dose binge treatment had higher plasmatic cocaine levels and BZE than those from the acute binge group, as verified by the unpaired Student’s “t” test. Animals from the withdrawal group presented neither cocaine nor BZE. 
Table 2 near here
3.5. Quantification of muscarinic receptors and cholinergic molecules by Immunoblotting
Immunoblotting analyses show that exposure to both cocaine treatments induced alterations on the cholinergic and dopaminergic hippocampal systems. Figures 2 and 3 present the quantification of mAChRs and cholinergic molecules after the acute binge and chronic escalating-dose treatments, respectively.
One hour after the last cocaine injection (on-drug group), the acute binge treatment induced an upregulation of M3 mAChR (100.0 ± 1.6 % vs. 109.6 ± 3.6 %, p = 0.03, t-test, Figure 2C) and ChAT (100.0 ± 3.1 % vs. 111.3 ± 2.3 %, p = 0.04, t-test, Figure 2G). After 14 days of abstinence (withdrawal group), we observed an upregulation of M2 mAChR (100.0 ± 2.0 % vs. 109.2 ± 2.5 %; p = 0.01, t-test, Figure 3B) and VAChT (100.0 ± 2.1 % vs. 141.1 ± 13.6 %; p = 0.003, t-test, Figure 3H); and a downregulation of M1 mAChR (100.0 ± 1.8 % vs. 93.7 ± 2.0 %; p = 0.04, t-test, Figure 3A). No changes were detected in the other proteins of interest neither in on drug nor withdrawal groups.
Figures 2 and 3 near here
Regarding escalating-dose treatment, animals from the on-drug group showed an upregulation of M1 (100.0 ± 2.3 % vs. 110.1 ± 2.27 %, p = 0.012, t-test – Figure 4A), M5 (101.3 ± 3.1 % vs. 116.1 ± 5.7 %, p = 0.04, t-test – Figure 4E), and ChAT (100.0 ± 3.8 % vs. 119.5 ± 7.35 %, p = 0.03, t-test – Figure 4G). This finding indicates that cocaine injection in a binge pattern might induce an upregulation of the cholinergic tone. After 14 days of abstinence (withdrawal group), animals presented an upregulation of VAChT (100.0 ± 2.5 % vs. 111.0 ± 3.0 %; p = 0.013 – Figure 5H) and a downregulation of M1 mAChR (100.0 ± 1.6 % vs. 91.9 ± 1.5 %; p = 0.004 – Figure 5A). No changes were detected in the other proteins of interest neither in on drug nor withdrawal group.
Figures 4 and 5 near here
3.6. Quantification of dopaminergic receptors by Immunoblotting
The immunoblotting analyses showed that exposure to cocaine treatments, either acute or chronic escalating-dose binge, induced alterations in both D1 and D2 dopaminergic receptors. 
Regarding acute binge treatment, neither of the receptors suffered alterations in the on-drug group (Figure 6), whereas both of them were upregulated in the withdrawal group (Figure 7; D1R: 100.0 ± 2.8 % vs. 107.0 ± 0.2 %; p = 0.03 – Figure 7A; and D2R: 100.0 ± 3.3 % vs. 114.9 ± 3.2 %; p = 0.008 – Figure 7B).

Figures 6 and 7 near here
As for the chronic escalating-dose treatment, animals from the on-drug group showed a downregulation of D1R (100.0 ± 0.8 % vs. 88.3 ± 4.8 %, p = 0.03, t-test – Figure 8A) and an upregulation of D2R (100.0 ± 3.1 % vs. 113.8 ± 5.76 %, p = 0.008, t-test – Figure 8B). On the withdrawal group, the results were the opposite: D1R was upregulated (100.0 ± 2.8 % vs. 116.8 ± 2.59 %; p = 0.002 – Figure 9A) and D2R was downregulated (100.0 ± 2.3 % vs. 91.4 ± 2.4 %; p = 0.028 – Figure 9B).
Figures 8 and 9 near here
3.7. Correlations between locomotor activity and cholinergic markers densities in the hippocampus
The correlation between the different protein densities or between protein densities versus locomotor activity on day 14 were evaluated for cocaine treated mice from the chronic escalating dose binge group, using Pearson’s correlations. As described in Table 3, the on-drug group showed a negative correlation between locomotor activity and M1 mAChR (p = 0.02) and AChE densities (p = 0.037), whereas M1 mAChR was positively correlated with M2 mAChR (p = 0.01) and ChAT (p = 0.047). In turn, the withdrawal group showed positive correlations between locomotor activity and VAChT (p = 0.03), as well as between ChAT and M5 mAChR densities. No other correlations were observed.   
Table 3 near here
4. Discussion
Despite the breadth of literature investigating the effects of psychostimulants on dopaminergic function, little is known about their influence on the cholinergic muscarinic system, especially regarding the hippocampus. To the best of our knowledge, this is the first study to show the effects of an acute and escalating-dose binge cocaine administration in the hippocampal muscarinic cholinergic system, both on drug and during withdrawal. Considering that the hippocampus plays a key role in cognition processes and in the neuroscience of addiction, our results are particularly important for studies on cocaine addiction. After the on drug treatment, the cholinergic tone is upregulated, due to higher amounts of ChAT and Gq-couple muscarinic receptors. However, after 14 days of withdrawal, the system is resetting, although VAChT was elevated, M1 mAChR, the prevalent muscarinic receptor was downregulated, the autorreceptor M2 mACHR was upregulated, and the other molecules once upregulated came back to basal. 
Plasma cocaine levels showed a different pharmacokinetic pattern after acute binge and chronic escalating-dose binge treatment. In fact, the administration of repeated doses may change cocaine kinetics, such as during binge use. Nayak et al. (1976) found that chronically-treated rats presented higher cocaine plasma levels than single-dose-treated rats, corroborating our results. Moreover, there is a considerable inter-animal variation in cocaine levels, which may result from individual metabolic differences and reflects the variabilities in behavioral responses observed by most experimenters (Benuck et al., 1987; Javaid, and Davis, 1993; Nayak et al., 1976; Saady et al., 1995). Interestingly, cocaine pharmacokinetic patterns after an intraperitoneal administration are comparable to those seen after an intranasal administration by humans (Allain et al., 2015; Benuck et al., 1987; Javaid and Davis, 1993).

In our study, chronically-treated animals presented significantly higher BZE levels when compared to those from the acute group. According to Cone (1995), BZE appears on plasma 15 - 30 minutes after cocaine administration and its plasmatic levels is much more stable than cocaine, being detected for long periods of time after cocaine administration (Jufer et al., 2000; Saady et al., 1995). The rate of BZE elimination is shorter than its rate of formation, which is related to its longer half-life and capacity to accumulation in prolonged cocaine exposures (Cone, 1995).   
As expected, all cocaine-treated animals showed higher locomotor activity than animals from the control group (Bailey et al., 2008; Fragou et al., 2013; Job et al., 2014; Oh et al., 2015; Schlussman et al., 2005, 2003; Unterwald et al., 1994; Zhang et al., 2013). The locomotor sensitization observed on the second day of cocaine administration is in line with that reported in different studies (Bailey et al., 2007; Boudreau and Wolf, 2005; Unterwald et al., 1994). After sensitization, mice displayed sustained locomotor activity until the 14th experimental day. As the dose increased (20 - 30 mg/kg), locomotor activity did not drop to baseline levels over the 60-minute intervals between each cocaine administration. According to cocaine toxicokinetics, after an intraperitoneal injection the drug peaks in the brain and plasma are achieved after 5 and 2.5 minutes, respectively, with a half-life of elimination estimated as 16 minutes (Benuck et al., 1987). Thus, after 60 minutes, approximately four cocaine half-lives have passed, so the maintenance of the elevated locomotion in sensitized animals after the third cocaine administration, a pattern that was not verified in the acute binge group and on the first two days of cocaine administration, is more likely to be due to sensitization rather than to a dose effect. 
The rewarding effects of cocaine are correlated with its dopaminergic effects, and the transition from casual to compulsive use allegedly involves an imbalance between D1 and D2 receptors (Park et al., 2013; Thompson et al., 2010). Our results indicate a predominance of D2 in the on-drug and of D1 in the withdrawal group after chronic treatment. 
Although dopaminergic signaling is determinant to cocaine-induced behavioral sensitization, other neurotransmitters appear to be involved in this phenomenon (Jiang et al., 2021; McDougall et al., 2017). Anticholinergic muscarinic agents such as scopolamine and the M1 antagonist biperiden can potentiate behavioral sensitization (Itzhak and Martin, 2000; Ramos et al., 2012). In line with this observation, we verified an inverse correlation between locomotor activity and both M1 mAChR and AChE in the on-drug group suggesting a modulatory role M1 mAChR on cocaine sensitization. In agreement, a study conducted with knockout animals for M1 mAChR reported increased locomotor activity and decreased cocaine- and morphine-induced conditioned place preference (CPP) (Carrigan and Dykstra, 2007). 
Animals from the on-drug group showed an upregulation and positive correlation between M1 mAChR and ChAT. Along with the positive correlation verified for M1 and M2 mAChR, these results suggest an increased cholinergic transmission. M1 mAChR is involved in hippocampal cognitive functions by depolarizing pyramidal neurons and facilitating long-term potentiation (LTP) and drug-induced conditioned learning (Dasari and Gulledge, 2011; Shinoe et al., 2005). With regards to cocaine rewarding effects, this receptor attenuates cocaine reinforcing and discriminative stimulus effects (Joseph and Thomsen, 2017; Thomsen et al., 2012, 2010), besides reducing cocaine seeking and self-administration behaviors in mice and rats (Stoll et al., 2017; Weikop et al., 2020). 
We also detected an increased expression of M5 mAChR in the on-drug group. This may be a result of cocaine-induced dopaminergic alterations, as this receptor is present in high levels in the dopaminergic mesolimbic reward pathway from VTA and substantia nigra (Bender et al., 2018; Steidl et al., 2011). The coexpression of M5 mAChR and D2R in the midbrain plays an important role in dopamine–ACh interactions and in the neurobiology of substance use disorder. M5 mAChR activation stimulates striatal dopamine release, thus comprising an exciting therapeutic target for SUD treatment (Foster et al., 2014; Garzón and Pickel, 2013; Vuckovic et al., 2019; Wasserman et al., 2013). During withdrawal, M5 mAChR knockout or receptor blockade reduced cocaine self-administration (Gunter et al., 2018; Thomsen et al., 2005), cocaine-induced CPP, and signs of anxiety (Fink-Jensen et al., 2003). 
Administration of D1 and D2 agonists increased hippocampal ACh levels in a dose-dependent manner (Imperato et al., 1996; Zocchi and Pert, 1993). Moreover, studies have showed that D1-like knockout mice have lower basal hippocampal ACh levels (Laplante et al., 2004). Cocaine administration enhances ACh levels in the hippocampus (Imperato et al., 1993; Smith et al., 2004a), brainstem nuclei (Smith et al., 2004b) and NAc (Mark et al., 1999), which may justify the upregulation of ChAT in the on-drug group after chronic cocaine binge administration. The upregulated cholinergic tone detected in mice from chronically-treated on-drug group may be associated with the D2 upregulation. 
This may indicate that D2R signaling stimulates ACh release in the hippocampus, favoring cocaine-induced conditioning and learning. ACh–dopamine interactions via D2R and mAChR in the hippocampus are important for controlling cognitive processes (Levin et al., 1990; Nyberg et al., 2016; Rocchetti et al., 2015) as verified by studies that show that antagonism into D2R and mAChR impaired learning, whereas D2R agonism attenuated this effect and stimulated ACh release in the ventral hippocampus (Fujishiro et al., 2005; Umegaki et al., 2001).
Cocaine-induced changes in M1 and M2-like mAChRs are dynamic and may be related to administration and withdrawal periods. This occurs because these periods entail different and complex brain processes, each regulated by different neural circuits. In this scenario, understanding the neurobiological changes during withdrawal is essential to prevent relapse (Everitt, 2014; Koob and Kreek, 2007; Koob, 2013).
In our study, after the 14 days of withdrawal from chronic treatment, M1 mAChR was downregulated, ChAT and M5 mAChR returned to basal levels, and VAChT was upregulated. These alterations were concomitant with D2R downregulation and D1R upregulation, which probably reflects an attempt to reduce the once upregulated cholinergic tone or came back to the basal state. Some studies described changes in M1- and M2-like receptors after cocaine treatment in brain structures like striatum, hippocampus and amygdala. Authors describe an upregulation followed by normal basal levels (48h) in acute withdrawal (12h) (Lipton et al, 1991) and downregulation in more prolonged withdrawal periods (5, 21 or 30 days) (Macêdo et al, 2004; Lipton et al, 1995; Ziegler et al, 1991). These findings suggest that cholinergic tone increased with acute withdrawal, but decreased with protracted withdrawal.
Cocaine acute binge treatment upregulated M3 mAChR and ChAT in the on-drug group. Although a few studies investigate the function of this receptor in the brain, the literature is scarce about cocaine effect on this receptor. When compared to other muscarinic receptor subtypes, M3 mAChR is expressed in the brain at lower levels, with higher densities in the striatum, hippocampus, and amygdala (Levey et al., 1994). However, this receptor plays a key role in central nervous system (CNS) functions underlying cognition, besides being the main muscarinic receptor involved in the inhibition of excitatory synaptic transmission in the hippocampal CA1 area and in the efficacy of CA3-CA1 synapses (De Vin et al., 2015; Mans et al., 2014). Studies have shown that M3 knockout mice presented learning, memory, and fear conditioning deficits (Poulin et al., 2010). Thus, we hypothesized that the upregulation observed in our study may be a direct consequence of cocaine, which elevated the dopaminergic hippocampal drive and stimulated ACh release by cholinergic interneurons (as ChAT also increased).  
After 14 days of withdrawal from acute binge, M3 mAChR and ChAT returned to basal levels, but M2 mAChR and VAChT were both upregulated. As autoreceptors, M2 mAChRs are important for controlling ACh release, so that its overexpression might reduce cholinergic tone. Two studies indicate that M2 mAChR indirectly influences cocaine effects by controlling ACh release. Cholinergic inputs from the laterodorsal tegmental area to the VTA participate in the control of behaviors motivated by natural and cocaine reward (Mark et al., 2011) and selective inhibition of M2 mAChR attenuate cocaine discriminative stimulus (Joseph and Thomsen, 2017).
There is evidence that VAChT expression influences ACh levels and cognitive functions. In vitro studies have shown that VAChT acts as a limitation factor to cholinergic neurotransmission (Veroqui et al, 1996) and small alterations in its expression can disturb cholinergic transmission, (Edwards, 2007; Varoqui and Erickson, 1996). Mice with reduced expression of VAChT have impaired performance in hippocampal dependent cognitive tasks (De Castro et al., 2009; Prado et al., 2006), whereas the overexpression of VAChT increases the cholinergic tone (Song et al., 1997).  and the ACh release in the hippocampus (Nagy and Aubert, 2012) and striatum (Janickova et al., 2017). Interestingly, mice with overexpression of VAChT exhibit increased behavioral sensitization to cocaine (Janickova et al., 2017) and amphetamine, as well as higher scores of amphetamine-induced stereotypy (Crittenden et al., 2014). We showed in the present study that both, acute and chronic cocaine treatments, led to increased VAChT levels in the withdrawal group, together with a positive correlation with locomotor activity just in the chronic binge treatment. 
VAChT and ChAT encode genes are organized in a single gene locus with a close regulation of the transcription of both genes, that has been repeatedly reported in cholinergic tissues (Dolezal et al., 2001). In rat brain, the developmental expression pattern of VAChT and ChAT mRNA is coordinated in time, but not the protein expression. Regarding ChAT, the increase in mRNA preceded the enzyme activity about 2 days, whereas the increase of VAChT is delayed by 10–20 days after its mRNAs expression (Holler et al., 1996). Taken together, we propose that the higher density of VAChT observed after 14 days of withdrawal might be a delayed response of the upregulated cholinergic transmission present in the on drug group, which included upregulation of ChAT. We can also suggest that the downregulation of M1 mAChR and the upregulation of the autoreceptor M2 mAChR in the withdrawal group, can be an attempt to reduce the cholinergic tone from the upregulated state after cocaine administration. 
This study has some methodological limitations: 1) animal locomotion was not recorded during the withdrawal period; 2) animals were not challenged with cocaine after 14 days of withdrawal; and 3) only males were used.
5. Conclusions
Our results show that binge cocaine treatments influence hippocampal dopaminergic and muscarinic cholinergic systems, which may affect behavior. Our results suggest that, immediately after the final cocaine administration, the on-drug group increased cholinergic tone and as well as D2R, probably due to the higher levels of dopamine release. This may contribute to drug-context associations and drug-induced learning and memory. However, hippocampal cholinergic tone appears to be going out of an upregulated state after 14 days of withdrawal which was concomitant with an increase of D1R. Indeed, the neurotransmitters interaction is a complex phenomenon and connectivity is determinant for functional relationships in the brain. The comprehension of the role of the muscarinic cholinergic system in cocaine-induced plasticity can help to find pharmacologic targets to treat cocaine use disorder. 
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Figure 1: Locomotor activity of Swiss male mice after saline or cocaine treatment in an acute binge dose (A; 30 mg/kg; n = 12) or in a chronic escalating-dose binge (B - F; 15 – 30 mg/kg; n = 12). Animals received three daily ip injections cocaine with 60-minute intervals, after one hour of habituation. Animals from both acute (n = 12) and chronic (n = 12) control groups received saline. Cocaine/saline injections are indicated by the arrows. Locomotor activity data were collected every 5-minute following each injection (60, 120, and 180 minutes) and are expressed as mean ± SEM. Two-way ANOVA showed a significant main effect of treatment (p<0.0001), day (p=0.0001) and treatment X day interaction (p<0.0001) for both escalating and acute binge paradigms. Significant asterisks are not shown in the graph for clarity of presentation.
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Figure 2: Quantification of M1 - M5 cholinergic muscarinic receptors, ChAT, VAChT, and AChE by immunoblotting in the hippocampus of Swiss male mice from the on-drug group (n = 5-6). The acute binge treatment consisted of three injections of cocaine 30 mg/kg (ip) with 60-minute intervals. Animals were euthanized one hour after the last cocaine injection. The same procedures were adopted for control animals (n = 6), treated with 0.9% saline solution. Data were analyzed using the Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05.
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Figure 3: Quantification of M1 - M5 cholinergic muscarinic receptors, ChAT, VAChT, and AChE by immunoblotting in the hippocampus of Swiss male mice from the withdrawal group (n = 5-6). The acute binge treatment consisted of three injections of cocaine 30 mg/kg (ip) with 60-minute intervals. After the last cocaine injection, animals were kept in their home cages without any drugs for 14 days. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using the Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05; ** p < 0.01
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Figure 4: Quantification of M1 - M5 cholinergic muscarinic receptors, ChAT, VAChT, and AChE by immunoblotting in the hippocampus of Swiss male mice from the on-drug group (n = 5-6). The escalating dose binge treatment consisted of three cocaine injections administered with 60-minute intervals during 14 days; cocaine doses were escalated as follows: 3 × 15 mg/kg from days 1–4; 3 × 20 mg/kg from days 5–8; 3 × 25 mg/kg from days 9-12; and 3 × 30 mg/kg on days 13 and 14. Animals were euthanized one hour after the last cocaine injection. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using the Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05.
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Figure 5: Quantification of M1 - M5 cholinergic muscarinic receptors, ChAT, VAChT, and AChE by immunoblotting in the hippocampus of Swiss male mice from the withdrawal group (n = 5-6). The escalating-dose binge treatment consisted of three cocaine injections administered with 60-minute intervals during 14 days; cocaine doses were escalated as follows: 3 × 15 mg/kg from days 1–4; 3 × 20 mg/kg from days 5–8; 3 × 25 mg/kg from days 9–12; and 3 × 30 mg/kg on days 13 and 14. After the last cocaine injection, animals were kept in their home cages without any drugs for 14 days. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05; **p < 0.01.
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Figure 6: Quantification of D1 and D2 dopaminergic receptors by immunoblotting in the hippocampus of Swiss male adult mice from the on-drug group (n = 5-6). The acute treatment consisted of three injections of cocaine 30 mg/kg (ip) with 60-minute intervals. Animals were euthanized one hour after the last cocaine injection. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). 
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Figure 7: Quantification of D1 and D2 dopaminergic receptors by immunoblotting in the hippocampus of Swiss male adult mice from the withdrawal group (n = 5-6). The acute treatment consisted of three injections of cocaine 30 mg/kg (ip) with 60-minute intervals. After the last cocaine injection, animals were kept in their home cages without any drugs for 14 days. The same procedures were adopted for control animals (n = 6), treated with 0.9% saline solution. Data were analyzed using Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05; **p < 0.01.
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Figure 8: Quantification of D1 and D2 dopaminergic receptors by immunoblotting in the hippocampus of Swiss male mice from the on-drug group (n = 5-6). The escalating-dose binge treatment consisted of three cocaine injections administered with 60-minute intervals during 14 days; cocaine doses were escalated as follows: 3 × 15 mg/kg from days 1–4; 3 × 20 mg/kg from days 5–8; 3 × 25 mg/kg from days 9-12; and 3 × 30 mg/kg on days 13 and 14. Animals were euthanized one hour after the last cocaine injection. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05; **p < 0.01.
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Figure 9: Quantification of D1 and D2 dopaminergic receptors by immunoblotting in the hippocampus of Swiss male mice from the withdrawal group (n = 5-6). The escalating-dose binge treatment consisted of three cocaine injections administered with 60-minute intervals during 14 days; cocaine doses were escalated as follows: 3 × 15 mg/kg from days 1–4; 3 × 20 mg/kg from days 5–8; 3 × 25 mg/kg from days 9–12; and 3 × 30 mg/kg on days 13 and 14. After the last cocaine injection, animals were kept in their home cages without any drugs for 14 days. The same procedures were adopted for control animals (n = 5-6), treated with 0.9% saline solution. Data were analyzed using Student's t-test for unpaired samples, and results are expressed as % relative to control (mean ± SEM). *p < 0.05; **p < 0.01.

	Target
	Source
	Producer
	Molecular weight
	Dilution

	D1R
	rabbit 

polyclonal
	Abcam
	49 kDa
	1:500

	D2R
	rabbit polyclonal
	Santa Cruz Biotechnology
	~ 48 kDa
	1:500

	M1 mAChR
	rabbit polyclonal
	Abcam
	51 kDa
	1:1500

	M2 mAChR
	rabbit monoclonal


	Abcam
	52 kDa
	1:5000

	M3 mAChR
	rabbit polyclonal


	Santa Cruz Biotechnology
	75 kDa
	1:750

	M4 mAChR
	rabbit polyclonal


	Santa Cruz Biotechnology
	74 kDa
	1:750

	M5 mAChR
	rabbit polyclonal


	Abcam
	60 kDa
	1:1500

	ChAT
	rabbit polyclonal


	Abcam
	~ 72 kDa
	1:1000

	VAChT
	rabbit polyclonal


	Abcam
	~ 59 kDa
	1:500

	AChE
	rabbit polyclonal


	Santa Cruz Biotechnology
	~ 68 kDa
	1:500

	β-actin
	mouse

monoclonal
	Sigma-Aldrich
	42 kDa
	1:1000


Table 1: Primary antibodies used for Immunoblotting semi-quantification
	Plasma levels (ng/mL; mean ± SEM)

	
	Cocaine
	Benzoylecgonine

	Saline
	Undetected

	Acute binge
	20,38 ± 3,4
	224,6 ± 24,02

	Withdrawal from acute binge
	Undetected

	Chronic escalating dose binge 14th day
	54,43 ± 7,84**
	375,1 ± 25,62***

	Withdrawal from chronic escalating dose binge
	Undetected


** p < 0.01; *** p < 0.001. Compared to “acute binge treatment” (unpaired “t” Test).
Table 2: Cocaine and benzoylecgonine plasma levels (ng/mL) in Swiss male mice (n = 6) treated with cocaine or saline during one and 14 days. Animals were euthanized 60 minutes after the last injection.
	
	On drug
	Withdrawal

	
	R
	p value
	R
	p value

	Locomotion vs.
	
	
	
	

	  M1
	-0.88
	0.02
	ns

	  AChE
	-0.84
	0.037
	ns

	  VAChT
	ns
	0.85
	0.03

	
	
	
	
	

	M1 vs.
	
	
	
	

	   M2
	0.92
	0.01
	ns

	  ChAT
	0.82
	0.047
	ns

	
	
	
	
	

	M5 vs.
	ns
	
	

	  ChAT
	ns
	0.90
	0.016


ns: not significant
Table 3: Significant Pearson’s correlations between locomotor activity on day 14 and hippocampal protein densities, or between different hippocampal protein densities, of cocaine treated mice from the chronic escalating dose binge treatment (n = 5-6).
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Supplemental figure 1: Locomotor activity of Swiss male mice after saline or cocaine treatment in a chronic escalating dose binge paradigm during 14 days. The animals received 3 daily ip injections of saline (n = 12) or cocaine (n= 12), 60 minutes apart, after one hour of habituation. Cocaine/saline injections are indicated by the sets. Data were collected in 5-minute bins following each injection and are expressed as mean ± SEM. Two-way ANOVA showed a significant main effect of treatment (P < 0.0001), day (P = 0.0001) and treatment X day interaction (P < 0.0001) for both escalating and cute binge paradigms. Significant asterisks were omitted from the graph for clarity of presentation.
* Corresponding author at: Department of Clinical and Toxicological Analysis, School of Pharmaceutical Sciences, University of São Paulo, São Paulo/SP, Brazil. 
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