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Introduction: Tobacco use is in part a gendered activity, yet neurobiological studies outlining the effect by nicotine on the female brain are scarce. The aim of this study was to outline acute and sub-chronic effects by nicotine on the female rat brain, with special emphasis on neurotransmission and synaptic plasticity in the dorsolateral striatum (DLS), a key brain region with respect to the formation of habits.

Methods: In vivo microdialysis and ex vivo electrophysiology were performed in nicotine naïve female Wistar rats, and following sub-chronic nicotine exposure (0.36 mg/kg free base, 15 injections). Locomotor behavior was assessed at the first and last drug-exposure.

Results: Acute exposure to nicotine ex vivo depresses excitatory neurotransmission by reducing the probability of transmitter release. Bath applied nicotine furthermore facilitated long-term synaptic depression induced by high frequency stimulation (HFS-LTD). The cannabinoid 1 receptor (CB1R) agonist WIN55,212-2 produced a robust synaptic depression of evoked potentials, and HFS-LTD was blocked by the CB1R antagonist AM251, suggesting that HFS-LTD in the female rat DLS is endocannabinoid mediated. Sub-chronic exposure to nicotine in vivo produced behavioral sensitization and electrophysiological recordings performed after 2-8 days abstinence revealed a sustained depression of evoked population spike amplitudes in the DLS, with no concomitant change in paired pulse ratio. Rats receiving sub-chronic nicotine exposure further demonstrated an increased neurophysiological responsiveness to nicotine with respect to both dopaminergic- and glutamatergic signaling. However, a tolerance towards the plasticity facilitating property of bath applied nicotine was developed during sub-chronic nicotine exposure in vivo. In addition, the dopamine D2 receptor agonist quinpirole selectively facilitate HFS-LTD in slices from nicotine naïve rats, suggesting that the tolerance may be associated with changes in dopaminergic signaling.

Conclusion: Nicotine produces acute and sustained effects on striatal neurotransmission and synaptic plasticity in the female rat brain, which may contribute to the establishment of persistent nicotine taking habits.
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Introduction

Nicotine addiction is a major preventable risk factor for morbidity and mortality, yet few manage to maintain abstinent when exchanging cigarettes for nicotine replacement therapy (Livingstone-Banks et al., 2019). Defining underlying mechanism associated with nicotine addiction is thus pivotal to outline new strategies for successful nicotine cessation. Experimental studies have shown that drugs of abuse elicit glutamatergic synaptic plasticity that contributes to the reorganization of neural circuits, and putatively, the establishment of addictive behaviors (van Huijstee and Mansvelder, 2014; Christian et al., 2021; Pascoli et al., 2022). Dopamine, which is released in response to nicotine exposure, is a prerequisite for drug-induced plasticity (Belin et al., 2009; Lee et al., 2020; Rivera et al., 2021), and a key regulator of structural and synaptic plasticity (Urakubo et al., 2020; Speranza et al., 2021). In addition, nicotine activates nicotinic acetylcholine receptors (nAChRs), which also has been demonstrated to be important for synaptic plasticity at both inhibitory and excitatory synapses (Dani et al., 2001; Partridge et al., 2002; Adermark, 2011). By activating nAChRs and increasing dopamine levels, nicotine may thus facilitate the induction of synaptic plasticity mechanisms and elicit long-term neuroadaptations, which will outlast the presence of the drug.

Studies performed in male rodents have shown that nicotine especially facilitate synaptic plasticity in the form of endocannabinoid-mediated long-term depression (eCB-LTD; Adermark et al., 2019), and both nicotine self-administration as well as yoked nicotine exposure increase VTA dialysate levels of the cannabinoid 1 receptor (CB1R) agonist 2-arachidonoyl glycerol (2-AG; Buczynski et al., 2013). Antagonists targeting the CB1R furthermore blocks the motivational and dopamine-releasing effects of nicotine (Cohen et al., 2002; Cheer et al., 2007), and mice with a genetic deletion of the CB1R does not show conditioned place preference toward nicotine (Castane et al., 2002). The addictive properties of nicotine may in this extent be connected to facilitation of eCB signaling, which apart from its rewarding properties drive neuronal adaptations that may contribute to the formation of persistent drug-related habits and addictive behaviors (Hilario et al., 2007; Merritt et al., 2008; Hernandez et al., 2014; Bystrowska et al., 2019; Iyer et al., 2022). Repeated exposure to nicotine, however, has been shown to lead to decreased eCB levels in the striatum, without affecting CB1R expression (Gonzalez et al., 2002).

Importantly, smoking cigarettes is in part a gendered activity with sex-specific uptake trends and cessation patterns (Benowitz and Hatsukami, 1998). Smoking is more anxiolytic in women, and women are more likely to smoke in situations associated with stress or in response to negative affect (Perkins et al., 2012; Antin et al., 2017). Interestingly, human studies indicate that there is disparity with regards to nicotine-induced dopamine-release in women and men, where the reward system and ventral striatum is activated by nicotine in men, while dorsal striatal regions are recruited in women (Cosgrove et al., 2014). The dorsal striatum may thus be a key brain region of interest when assessing nicotine-induced neuroplasticity in females. Furthermore, animal studies indicate that female rats display higher tonic 2-AG signaling (Melis et al., 2013), which may affect the responsiveness to the putative nicotine-induced eCB release. Since previous studies outlining nicotine-induced facilitation of eCB signaling has been performed in male rats, the aim of this study was to study acute and sub-chronic effects by nicotine on neurotransmission and synaptic plasticity in the female rat brain. To this end, female Wistar rats were studied using ex vivo electrophysiology and in vivo microdialysis, and nicotine was administered through experimenter-controlled injections. Neurotransmission was monitored in the dorsolateral striatum, a brain region associated with the development of drug-related habits but also linked to neurophysiological responses to nicotine in women (Gerdeman et al., 2003; Belin et al., 2009; Cosgrove et al., 2014).



Materials and methods


Research outline

In the first set of experiments, acute effects displayed by nicotine on neurotransmission and long-term synaptic depression induced by high frequency stimulation (HFS-LTD) were assessed using ex vivo electrophysiology (n = 26 rats). In the next set of experiments, sustained neuroadaptations elicited by repeated nicotine exposure were outlined. Female rats received 15 experimenter-controlled nicotine injections (0.36 mg/kg, free base) distributed over 3 weeks and locomotor activity was measured at the first and last exposure (n = 30). Baseline dopamine levels and dopamine release evoked by nicotine were recorded in the DLS using in vivo microdialysis, while synaptic activity and HFS-LTD were monitored by ex vivo electrophysiology.



Animals

Female Wistar rats (Envigo, Netherlands) were group housed (3/cage) and kept on a 12/12-h light/dark cycle at 22°C with 50% humidity with free access to food and water. All experiments were approved by the Gothenburg Animal Research Ethics Committee and conducted during the light time cycle. Estrous cycle was estimated by visual assessment of vaginal smear at the time point for neurophysiological assessments.



Electrophysiological recordings


Brain slice preparation

Electrophysiological recordings were conducted in brain slices from naïve rats (10–14 weeks old, Figure 1) and animals receiving sub-chronic treatment (15 injections over 3 weeks) of either nicotine or saline (approximately 4 months old). In brief, animals were anesthetized with isoflurane and the brain was quickly removed and submerged in ice-cold modified aCSF containing (in mm): 220 sucrose, 2 KCl, 6 MgCl2, 26 NaHCO3, 1.3 NaH2PO4, 0.2 CaCl2, and 10 d-glucose, continuously bubbled with a gas mixture of 95% O2/5% CO2. Brains were sectioned coronally at 250 μm using a VT 1200S Vibratome (Leica Microsystems, Bromma, Sweden). The slices were transferred to a custom-made incubation chamber with conventional aCSF containing (in mm): 124 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 d-glucose, with osmolarity adjusted to 315–320 mOsm with sucrose, and continuously bubbled with 95% O2/5% CO2. Slices were incubated in aCSF for 30 min at 30°C and at room temperature for the remainder of the day.
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FIGURE 1
 Acute nicotine exposure depresses evoked potentials and promotes HFS-LTD in the female rat striatum. (A) Micrograph showing the position of recording and stimulation electrode in the DLS. Recording and stimulating electrodes were positioned close to the corpus callosum in the lateral part of the dorsal striatum. Note the visual texture of the striatum and the dark shade of the corpus callosum which clearly marks the transition to the cortex. (B) Evoked field potentials were significantly depressed by bath perfusion of nicotine (1 μM). (C) Nicotine perfusion significantly increased PPR. (D) Example traces showing field potentials evoked with a paired pulse stimulation protocol delivered with a 50 ms interpulse interval at baseline (upper trace) and after 25 min nicotine perfusion (lower trace). Note that the first pulse decreases to a greater extent in response to nicotine perfusion, thereby resulting in increased PPR. Calibration: 0.2 mV, 2 ms. (E,F) The dopamine D2 receptor agonist quinpirole (5 μM) slightly depressed PS amplitude but did not occlude nicotine-induced synaptic depression or the increase in PPR. (G,H) Bath perfusion of the CB1R agonist WIN55,212-2 (3 μM) significantly depressed PS amplitude and increased PPR, and nicotine co-perfusion further potentiated synaptic depression. (I) The CB1R antagonist AM251 (3 μM) did not modulate PS amplitude by itself. (J) Synaptic depression induced by acute nicotine perfusion was significantly enhanced in AM251-pretreated slices. (K) PPR was not modulated by AM251, but robustly enhanced when nicotine was co-administered. (L) Example traces showing evoked PS amplitude at AM251-treated baseline (upper trace) and following nicotine co-perfusion (lower trace). Not that the pre pulse is not affected during nicotine co-perfusion demonstrating that nicotine affects synaptic transmission. Data are mean values ± SEM. n = number of slices, taken from at least three animals. *p < 0.05, ***p < 0.001.




Field potential recordings

Field potential recordings were performed as previously described (Adermark et al., 2011a). In brief, one hemisphere of the slice was perfused with prewarmed aCSF (30°C) and field population spikes (PSs) were evoked with a stimulation electrode positioned dorsal in close vicinity (0.2–0.3 mm) to the recording electrode (World Precision Instruments, FL, United States; Figure 2A). Striatal field potential recordings primarily reflect AMPA-receptor activation (Lagstrom et al., 2019), and the experiments were performed in order to outline the effects displayed by acute and repeated nicotine exposure on striatal neurotransmission and stimulation-induced plasticity. Changes in release probability was measured by employing a paired pulse stimulation protocol with a 50 ms interpulse interval. Paired pulse stimulation was evoked at 0.1 Hz, and paired pulse ratio (PPR) was calculated by dividing the second PS amplitude with the first evoked response.
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FIGURE 2
 Nicotine facilitates endocannabinoid-mediated LTD in the DLS. (A) HFS produced LTD in both aCSF-treated control slices and in nicotine pre-treated slices, but synaptic depression was significantly enhanced by nicotine. (B) Example traces showing evoked potentials at nicotine-treated baseline (upper trace) and 25 min after HFS (lower trace). Calibration: 0.2 mV, 2 ms. (C) HFS increased PPR in both aCSF-treated control slices and slices treated with nicotine, indicating that HFS decreases the probability of transmitter release. (D,E) HFS did not induce LTD in brain slices-pre-treated with AM251. Data are mean values ± SEM. n = number of slices, taken from at least three animals. *p < 0.05, **p < 0.01.


In the first set of experiments the acute effect displayed by nicotine on striatal neurotransmission was determined. Response amplitudes were set to approximately 60% of the maximal response, and a stable baseline was recorded for at least 10 min before drugs were administered through bath perfusion. Nicotine was perfused at a concentration of 1 μM, which has previously been shown to depress the frequency of glutamatergic inputs onto striatal MSNs in brain slices from male rats (Licheri et al., 2018). To determine putative signaling pathways activated by nicotine, slices were pre-treated with the dopamine D2 receptor agonist quinpirole (dissolved in H2O to 50 mM and used at 5 μM), the CB1R agonist WIN55,212-2 (dissolved in DMSO to 20 mM and used at 3 μM) or the CB1R antagonist AM251 (dissolved in DMSO to 20 mM and used at 3 μM).

In the next set of recordings, the ability for nicotine to facilitate synaptic plasticity in the form of long-term depression (LTD) was assessed by administering four trains of 100 pulses delivered at 100 Hz (HFS). This protocol has previously been shown to elicit robust eCB-mediated LTD in brain slices from male rats (HFS-LTD; Adermark and Lovinger, 2009). To further determine if CB1R signaling may underly HFS-LTD also in brain slices from female rats, slices were pre-treated with the CB1R antagonist AM251 (3 μM) prior to HFS.

In the last set of experiments, sustained effects elicited by repeated nicotine exposure on neurotransmission and stimulation-induced plasticity were determined. To this end, stimulation/response curves were evoked with increasing stimulation intensity (12–48 μA) in slices from rats receiving either sub-chronic nicotine exposure or vehicle injections. Changes in the responsiveness to acute nicotine perfusion and HFS-LTD were also assessed. eCB-LTD in male rats requires dopamine D2 signaling (Kreitzer and Malenka, 2005), and nicotine has been suggested to facilitate eCB-LTD by stimulating dopamine D2 receptor activation (Adermark et al., 2019). In a subset of recordings brain slices were thus perfused with the dopamine D2 receptor agonist quinpirole (5 μM) prior to HFS-stimulation. Signals were amplified with a custom-made amplifier, filtered at 3 kHz, and digitized at 8 kHz.




Nicotine-treatment and behavioral sensitization

Rats (10–12 weeks old) were randomly assigned to receive either nicotine (0.36 mg/kg, free base, pH normalized with NaHCO3) or saline (0.9% NaCl) over a period of 3 weeks. Subcutaneous injections of nicotine or saline were given in a discontinuous manner over 3 weeks (15 injections in total). This treatment protocol has previously been shown to induce a long-lasting behavioral sensitization to nicotine that sustains for at least 7 months in male rats (Morud et al., 2016).

A behavioral sensitization toward the locomotor stimulatory properties of psychostimulants with repeated drug-exposure is well established in animal models and is believed to be associated with aberrant dopamine signaling (Jackson and Moghaddam, 2001; Phillips et al., 2003; Rouillon et al., 2008; Jones et al., 2010). As a proxy to establish that repeated nicotine exposure had elicit behavioral and neurophysiological transformations locomotor behavior was monitored in a subset of rats (nine vehicle, 10 nicotine) during the first and last (15th) injection to either vehicle or nicotine. Vertical and horizontal movements were registered in an open-field arena (Med Assoc., Fairfax, VT, United States) placed in a sound attenuated, ventilated, and dim lit box (Adermark et al., 2015). The open-field arena was equipped with a two-layer grid, consisting of rows of photocell beams, and consecutive beam breaks were tracked by a computer-based system (Activity Monitor 7, Med Assoc., St. Albans, VT, United States). Rats were allowed to habituate to the box for 30 min and were then injected with nicotine (0.36 mg/kg, s.c.) or vehicle (0.9% NaCl), after which locomotor behavior was registered for another 30 min. Data was registered to determine if the locomotor stimulatory property of nicotine would increase with repeated nicotine administration, and if repeated nicotine exposure would lead to changes in locomotion also during the drug-free habituation period.



Microdialysis

Surgery for in vivo microdialysis was performed 3 days after the last nicotine injection and the experiments were performed after a total of 5 days abstinence. Microdialysis probe placement was performed as previously described (Adermark et al., 2022). In brief, a custom-made I-shaped dialysis probe was lowered into the DLS [A/P: +1.2, M/L: −3.5 relative to bregma, D/V: −5.5 relative to dura mater (Paxinos and Watson, 2007)] and fixed to the scull, together with the anchoring screws, using Harvard cement (DAB Dental AB, Gothenburg, Sweden). Rats were allowed to recover for 48 h before initiation of the in vivo microdialysis experiment.

Microdialysis experiments were performed in awake and freely moving animals [n = 19, weight 230–250 g (approximately 4 months old)]. In brief, the dialysis probe was perfused with Ringer’s solution at a rate of 2 μl/min and dialysate samples were collected every 20 min. When four stable dopamine baseline samples (less than ±10% fluctuation) had been retrieved, nicotine (0.36 mg/kg) was administered subcutaneously. The dialysate samples were analyzed online using high performance liquid chromatography (HPLC) with electrochemical detection as described previously (Ulenius et al., 2020). After the experiment, brains were removed, fixed in formaline-free fixative (Accustain, Sigma-Aldrich, Stockholm, Sweden) and stored (+4°C) for 4–7 days until verification of probe placement. One rat was excluded for incorrect probe placement.



Statistical analysis

Electrophysiological data were extracted using Clampfit 10.2 and Microsoft excel. All data were assembled and analyzed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, United States). Two-way analysis of variance (ANOVA) was used for comparisons over time, and input/output function, while paired or unpaired t tests were used when applicable. All parameters are given as mean ± standard error of the mean (SEM), and the level of significance was set to p < 0.05.




Results


Acute nicotine perfusion depresses evoked field potentials in the female rat striatum

In the first set of experiments, the effect displayed by acute nicotine exposure on striatal neurotransmission was assessed by electrophysiological field potential recordings in brain slices from nicotine-naïve rats. Bath perfusion of nicotine (1 μM) depressed evoked field potentials and increased PPR indicating that nicotine reduces the probability of transmitter release (PS amplitude: Repeated measures ANOVA: main effect treatment(nicotine acute): F(1,25) = 13.68, p = 0.0011; time: F(27,625) = 15.88, p < 0.001; time × treatment: F(27,625) = 7.716, p < 0.001; PPR(nicotine acute): Student’s t test: t(16) = 4.408, p < 0.001; Figures 1B,C). aCSF perfusion alone did not affect PPR (t(12) = 0.7358, p = 0.4760; Figure 1C).

Nicotine increases dopaminergic neurotransmission and the dopamine D2 receptor agonist quinpirole has been shown to occlude nicotine-induced synaptic depression in brain slices from male rats (Licheri et al., 2018). Quinpirole (5 μM) depressed PS amplitude compared to aCSF-treated control (main effect treatment(quinpirole acute): F(1,28) = 8.537, p = 0.0068; time: F(35,980) = 3.060, p < 0.001; time × treatment: F(35,980) = 1.938, p = 0.0010; Figure 1E), with a trend toward increased PPR following 40 min quinpirole perfusion (t(7) = 2.147, p = 0.0689; Figure 1F). Pre-treatment with quinpirole, however, did not prevent nicotine-induced depression (main effect treatment(nicotine acute): F(1,16) = 27.18, p < 0.001; time: F(25,400) = 6.619 p < 0.001; time × treatment: F(25,400) = 5.796, p < 0.001) or the nicotine-induced increase in PPR (stats; PPR: t(7) = 3.473, p = 0.0104; Figures 1E,F).

Nicotine has also been postulated to stimulate eCB signaling and might thus depress PS amplitude via activation of presynaptic CB1Rs. Perfusion of the CB1R agonist WIN55,212-2 (3 μM) depressed PS amplitude (main effect treatment(WIN55,212-2 acute): F(1,20) = 16.37, p < 0.001; time: F(35,700) = 7.295, p < 0.001; time × treatment: F(35,700) = 4.992, p < 0.0001) and increased PPR by itself (PPR: t(7) = 3.473, p = 0.0104; Figures 1G,H). Co-perfusion with nicotine resulted in a continuous depression of PS amplitude (main effect treatment(nicotine acute): F(1,14) = 24.37, p < 0.001; time: F(25,350) = 5.513, p < 0.001; time × treatment: F(25, 350) = 4.510, p < 0.0001) and a further increase in PPR (t(7) = 3.019, p = 0.0194; Figures 1G,H). Since the baseline was steadily decreasing by WIN55,212-2-perfusion alone, another experiment was performed where slices were pre-treated with the CB1R antagonist AM251 (3 μM) prior to nicotine. AM251 did not affect PS amplitude or PPR by itself (AM251 vs. aCSF: treatment: F(1,12) = 0.1056, p = 0.7508; time: F(25,300) = 0.7813, p = 0.7655; time × drug: F(25,300) = 0.6216, p = 0.9228; PPR: t(8) = 1.083, p = 0.3105; Figures 1I,K). Co-administration with nicotine, however, demonstrated an enhanced synaptic depression by nicotine when compared to control slices (main effect treatment(nicotine acute): F(1,18) = 28.70, p < 0.001; time: F(25,450) = 34.88, p < 0.001; time × drug: F(25,450) = 2.336, p < 0.001), and a robust increase in PPR (t(8) = 11.12, p < 0.001; Figures 1J,K).



Nicotine promotes synaptic plasticity in the form of endocannabinoid-mediated LTD

In the next set of experiments the ability for nicotine to promote HFS-LTD was assessed. HFS produced a robust synaptic depression of PS amplitude in control slices that was concomitant with an increase in PPR indicative of a reduced probability of transmitter release [F(1,30) = 11.16, p = 0.0022; time: F(25,750) = 8.134, p < 0.001; time × drug: F(25,750) = 1.067, p = 0.3752; PPR (t(11) = 3.324, p = 0.0068; Figures 2A,C)]. While HFS-LTD in DLS has been suggested to be mediated by eCB-signaling in male rats (Gerdeman and Lovinger, 2001), CB1R expression has been shown to be lower in the female mouse striatum compared to males (Liu et al., 2020). To determine if HFS-LTD was associated with eCB signaling also in the female rat striatum, slices were bath perfused with the CB1R antagonist AM251 (3 μM). AM251 blocked synaptic depression mediated by HFS (main effect treatment(AM251 vs. control): F(1,24) = 6.630, p = 0.0166; time: F(25,600) = 2.482, p < 0.001; time × drug: F(25,600) = 0.4267, p = 0.9940; Figure 2D), and the increase in PPR (t(6) = 0.3975, p = 0.7048; Figure 2E). Importantly, pre-treatment for 30 min with bath applied nicotine (1 μM) significantly enhanced HFS-LTD (aCSF vs. nicotine acute: treatment: F(1,31) = 2.60, p = 0.0013; time: F(27,837) = 8.134, p < 0.001; time × drug: F(27,837) = 2.794, p < 0.001; PPR(nicotine acute + HFS): t(18) = 2.267, p = 0.03609), suggesting that acute nicotine exposure facilitates HFS-LTD also in the DLS of female rats (Figures 2A–C).



Repeated nicotine exposure produces robust behavioral sensitization in female rats

Acute administration depressed evoked potentials in the DLS and facilitated LTD. In a way to outline if repeated nicotine exposure would lead to sustained neuroadaptations, female rats underwent sub-chronic nicotine exposure through experimenter-controlled nicotine injections (0.36 mg/kg, s.c., total of 15 injections) delivered over a period of 3 weeks. As a proxy for behavioral and neurophysiological transformations, nicotine-induced behavioral sensitization was monitored in locomotion boxes. Repeated nicotine exposure produced robust behavioral sensitization demonstrated as increased locomotor activity in response to a nicotine challenge following sub-chronic nicotine treatment (paired t-test, 1st vs. 15th injection: horizontal beam breaks: vehicle: t(8) = 0.9802, p = 0.3557; nicotine: t(9) = 5.325, p < 0.001; vertical beam breaks: vehicle: t(8) = 1.177, p = 0.2729; nicotine: t(9) = 4.223, p = 0.0022; Figures 3B–F). In addition, following drug-administration, an increase in the time spent in center zone was seen selectively in rats receiving repeated nicotine exposures (paired t-test, 1st vs. 15th injection vehicle: t(8) = 1.884, p = 0.0962; nicotine: t(9) = 3.752, p = 0.0045; Figures 3G,H). Neither time spent in center zone (vehicle 15th vs. nicotine 15th: t(13) = 0.4298, p = 0.6744) nor baseline locomotion (vehicle 15th vs. nicotine 15th: t(13) = 0.1657, p = 0.8709) were affected by sub-chronic nicotine administration when monitored during the habituation to the locomotor box (first 30 min, prior to drug-administration), suggesting that locomotor behavior during drug-free conditions were not significantly altered.
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FIGURE 3
 Repeated nicotine exposure produces behavioral sensitization in female rats. (A) Timeline for the described experiments. (B,C) Time-course graphs showing locomotor activity and rearing activity in response to nicotine injection. (D) Example picture showing ambulatory movement in a rat receiving vehicle injection. (E,F) Accumulated beam breaks elicited by either saline or nicotine exposure during the first and last injection demonstrated a selective increase in locomotion in rats receiving repeated nicotine injections. (G) Time spent in center zone was increased in response to repeated nicotine injections. (H) Example picture showing ambulatory movement in a rat receiving nicotine injection. Data are mean values ± SEM and based on 9–10 rats/treatment-group. *p < 0.05, **p < 0.01.




Neurophysiological transformations following sub-chronic nicotine exposure

In the next step, neurophysiological assessments were conducted in vivo and ex vivo in animals previously receiving sub-chronic administration of either saline or nicotine. Estimation of estrus phase did not reveal any significant deviations between treatment groups (Chi square test: p = 0.7652; Figure 4A). There was also no effect by repeated nicotine exposure on weight (t(16) = 0.7734, p = 0.4506; Figure 4B).

[image: Figure 4]

FIGURE 4
 Neurophysiological transformations following sub-chronic nicotine exposure. (A) Estimated estrus phase based on vaginal smears for animals used during neurophysiological assessments. (B) Animal weight did not differ between treatment groups at the time point for neurophysiological assessments. (C) Schematic drawing showing the position of the active space of the microdialysis probe. (D) The microdialysate level of dopamine was not significantly altered by sub-chronic nicotine exposure. (E) Acute administration of nicotine, as indicated by the arrow, increased striatal dopamine to a significantly greater extent in animals receiving sub-chronic nicotine exposure. (F) Ex vivo electrophysiological recordings demonstrated that the amplitude of evoked potentials was significantly depressed in the DLS of animals previously receiving nicotine. (G) Example traces showing evoked PSs in a brain slice from a vehicle-treated rat (upper trace) and a rat receiving sub-chronic nicotine exposure (lower trace). (H) PPR was not significantly modulated by sub-chronic nicotine exposure. (I) Bath perfused nicotine depressed evoked potentials to a significantly greater extent in brain slices from rats receiving sub-chronic nicotine exposure. (J) Synaptic depression induced by acute nicotine exposure was accompanied by an increase in PPR, indicating that nicotine reduces the probability of transmitter release. Data are mean values ± SEM. n = number of animals in (B,E), and number of slices in (F,I). Slices were taken from at least five animals/treatment. *p < 0.05, **p < 0.01.


In vivo microdialysis performed in the DLS 5 days after the last drug-treatment demonstrated no change in baseline extracellular dopamine levels in the DLS following sub-chronic nicotine exposure (t(28) = 1.439, p = 0.1614; Figure 4D). The relative responsiveness to acute nicotine administration (0.36 mg/kg), however, was significantly enhanced in animals previously receiving sub-chronic nicotine exposure (sub-chronic nicotine vs. vehicle: treatment: F(1,16) = 6.431, p = 0.0220; time: F(2,32) = 36.93, p < 0.001; time × treatment: F(2,32) = 0.8087, p = 0.4543; Figure 4E), indicative of a sensitized response to nicotine with regards to the relative dopamine release.

Electrophysiological recordings performed on nicotine abstinent rats 2–7 days after the last nicotine exposure demonstrated a sustained synaptic depression of evoked potentials in brain slices from rats receiving sub-chronic nicotine treatment (treatment: F(1,56) = 4.179, p = 0.00456; time: F(6,336) = 52.47, p < 0.001; time × drug: F(6,336) = 0.8307, p = 0.5468; Figures 4F,G), with no concomitant change in PPR (t(49) = 0.28, p = 0.7806; Figure 4H), indicating that repeated nicotine exposure may lead to sustained postsynaptic transformations that outlasts the presence of the drug. In addition, bath perfused nicotine (1 μM) further depressed PS amplitude to a significantly greater extent in brain slices from animals previously receiving nicotine (sub-chronic nicotine vs. vehicle: treatment: F(1,45) = 8.898, p = 0.0046; time: F(15,675) = 0.878, p < 0.001; time × treatment: F(15,675) = 0.818, p = 0.659; Figure 4I), indicating a sensitized response to nicotine also with respect to glutamatergic neurotransmission. Bath perfused nicotine increased PPR also in slices from rats receiving sub-chronic nicotine exposure (stats t(14) = 2.501, p = 0.0254; Figure 4J).



Regulation of synaptic plasticity in the form of HFS-LTD is modulated by repeated nicotine exposure in the female rat brain

In the last sets of experiments, the influence displayed by sub-chronic nicotine exposure in vivo on the induction and expression of striatal long-term synaptic plasticity was outlined. While eCB levels have been reported to be depressed following repeated nicotine exposure in male rats (Gonzalez et al., 2002), HFS-LTD was not impaired in brain slices from rats receiving sub-chronic nicotine exposure (sub-chronic nicotine vs. vehicle: treatment: F(1,31) = 0.7419, p = 0.3957; time: F(27,837) = 19.68, p < 0.001; time × treatment: F(27,837) = 1.396, p = 0.0878; Figure 5A). However, bath perfused nicotine (1 μM) facilitated HFS-LTD in brain slices from vehicle treated rats (treatment(nicotine acute): F(1,25) = 4.678, p = 0.0403; time: F(27,675) = 18.89, p < 0.001; time × treatment: F(27,675) = 1.480, p = 0.0566; Figure 5B), but not in brain slices from rats receiving sub-chronic nicotine treatment (treatment(nicotine acute): F(1,30) = 0.1912, p = 0.6651; time: F(27,810) = 13.74, p < 0.001; time × treatment: F(27, 810) = 2.306, p = 0.0002; Figure 5C).

[image: Figure 5]

FIGURE 5
 Nicotine or dopamine D2 receptor activation does not facilitate LTD in slices from female rats receiving sub-chronic nicotine treatment. (A) HFS-LTD was not significantly modulated during acute withdrawal (2–7 days) after the last nicotine exposure. (B,C) Bath perfusion of nicotine facilitated HFS-LTD in slices from vehicle-treated rats but not from nicotine-treated rats. (D) The dopamine D2 receptor agonist quinpirole selectively facilitated HFS-LTD in slices from vehicle-treated rats. (E) Simplified schematic drawing depicting putative signaling pathways that nicotine may recruit to modulate neurotransmission and HFS-LTD in the DLS. Acute administration of nicotine may weakly stimulate eCB production and release by activating nAChRs located on dopaminergic terminals, thereby increasing the inhibitory tone by dopamine on cholinergic neurons. Reduced cholinergic tone relieves the inhibition of L-type calcium channels (Wang et al., 2006), thereby facilitating calcium influx and eCB production in MSNs. When nicotine is combined with HFS, eCB signaling is potentiated compared to HFS alone, thereby leading to a more robust depression of PS amplitude. Following sub-chronic nicotine exposure, however, the regulatory role of dopamine D2 receptors appears to be altered. Endocannabinoids may also reduce glutamate uptake (Brown et al., 2003), thereby increasing extrasynaptic glutamate levels and further promoting eCB signaling and synaptic depression. Data are mean values ± SEM. n = number of slices, taken from at least three animals. *p < 0.05, **p < 0.01.


eCB-LTD in male rats requires dopamine D2 signaling (Kreitzer and Malenka, 2005), and nicotine has been suggested to facilitate eCB-LTD by stimulating dopamine D2 receptor activation (Adermark et al., 2019). Previous studies performed on brain slices from male rats has suggested that nicotine produces changes in dopamine D2 receptor signaling which leads to distorted synaptic plasticity mechanisms (Adermark et al., 2019). In the last set of experiments responsiveness to dopamine D2 receptor activation and effects on HFS-LTD were assessed in brain slices from female rats receiving either sub-chronic treatment with nicotine or vehicle. Administration of the dopamine D2 receptor agonist quinpirole slightly depressed PS amplitude to a similar extent in both treatment groups (vehicle vs. sub-chronic nicotine: treatment: F(1,20) = 0.7264, p = 0.4042; time: F(15,300) = 7.064, p < 0.001; time × treatment: F(15,300) = 2.348, p = 0.0034; data not shown). Pre-treatment with quinpirole selectively enhanced HFS-LTD in brain slices from vehicle-treated rats (vehicle aCSF vs. vehicle quinpirole: treatment: F(1,21) = 4.343, p = 0.04961; time: F(27,567) = 8.182, p < 0.001; time × treatment: F(27,567) = 4.297, p < 0.001), and HFS-LTD in quinpirole-treated brain slices was significantly reduced in slices from rats receiving sub-chronic nicotine-treatment compared to slices from vehicle-treated control (vehicle vs. sub-chronic nicotine: treatment: F(1,17) = 11.87, p = 0.0031; time: F(27,459) = 7.035, p < 0.001; time × treatment: F(27,459) = 1.758, p = 0.0116; Figure 5D).




Discussion

The data presented here shows that nicotine acutely depresses neurotransmission in a manner that is not driven by CB1R activation or dopamine D2 receptor activation, indicating that dopamine may regulate these acute effects in a partially sex-dependent manner (Licheri et al., 2018). In addition, HFS produced eCB mediated long-standing synaptic plasticity in the DLS of female rats, and nicotine pre-exposure significantly enhanced this form of LTD. This finding is in agreement with previous data retrieved from male rats (Adermark et al., 2019). We also show that repeated exposure to nicotine produces a sustained depression of evoked potentials in the DLS and give rise to a sensitized response to nicotine with regards to both locomotor behavior, as well as dopaminergic and glutamatergic signaling in the DLS. At the same time, our data show that the plasticity facilitating property of nicotine vanishes following repeated nicotine exposure. We also demonstrate that dopamine D2 receptor activation is insufficient to facilitate HFS-LTD in slices from rats previously receiving nicotine. These findings suggest that repeated nicotine exposure produces neuroplastic transformations in the DLS and impaired regulation of stimulation-induced long-term depression, which in the extension may reduce behavioral flexibility and contribute to the development of persistent habits.

Acute administration of nicotine depressed PS amplitude in a manner that was concomitant with a decrease in the probability of transmitter release. This finding is in agreement with previous studies performed on male rats, showing that nicotine acutely depresses the frequency but not amplitude of spontaneous excitatory post synaptic currents in medium spiny neurons in the DLS (Licheri et al., 2018). The exact mechanisms underlying nicotine-induced neuroplasticity in the striatum is not fully understood, but dopamine D2 receptor signaling appears to mediate the down-stream effects of nAChR activation (Licheri et al., 2018; Grieder et al., 2022). Dopamine D2 receptors are also critical for induction of nicotine-induced conditioned place preference (CPP) in mice (Wilar et al., 2019), and the improving effect of nicotine on stress-induced memory impairment (Keshavarzian et al., 2018). Increased levels of dopamine D2 receptor mRNA and receptor binding has also been reported following repeated nicotine administration in experimental studies (Metaxas et al., 2010; Adermark et al., 2016), while a decrease in DAT availability is associated with tobacco addiction in humans (Leroy et al., 2012). Changes in dopaminergic neurotransmission may thus be involved in mediating both acute and protracted neuroplasticity elicited by nicotine. However, while data from male rats has shown that nicotine-induced synaptic depression is occluded by dopamine D2 receptor activation and blocked by dopamine D2 receptor antagonist (Licheri et al., 2018), this was not supported by the data presented here. While the net effect by nicotine on striatal neurotransmission appears to be the same, the mechanisms underlying synaptic depression may thus be partially sex-dependent. Interestingly, while HFS-LTD was enhanced by nicotine, synaptic depression elicited by nicotine alone was potentiated by CB1R antagonist. Since low levels of eCBs has been proposed to act primarily on GABAergic terminals (Uchigashima et al., 2007; Adermark and Lovinger, 2009), it is possible that nicotine stimulates eCB release but that the amount released is insufficient to affect glutamatergic synapses. When combined with HFS, however, eCB-levels are high enough to act on both excitatory and inhibitory terminals (Adermark and Lovinger, 2009). Importantly, the data presented here shows that nicotine-induced synaptic depression engage several signaling pathways and more research is required to fully understand the mechanisms involved.

HFS induced a long-term depression of PS amplitude with a concomitant increase in PPR indicating that synaptic depression is expressed presynaptically. While eCB-signaling has been shown to be important for HFS-LTD in the DLS of male rats (Gerdeman and Lovinger, 2001; Kreitzer and Malenka, 2005; Adermark and Lovinger, 2009), CB1R expression has been shown to be lower in the female mouse striatum compared to males (Liu et al., 2020), and other signaling pathways may thus be recruited. However, HFS-LTD was blocked in slices pre-treated with the CB1R antagonist AM251, showing that eCB-signaling is important for LTD also in the DLS of female rats. Endocannabinoids are produced on demand and the indiction of eCB signaling involves a complex interplay of dopaminergic, glutamatergic and cholinergic receptors (Kreitzer and Malenka, 2005; Wang et al., 2006; Adermark, 2011; Liput et al., 2022). Direct activation of L-type calcium channels produces eCB signaling that is independent on dopamine D2 receptors or mGluR group 1 receptors, suggesting that these signaling pathways are required for facilitating a postsynaptic calcium increase to enable eCB production and release (Adermark and Lovinger, 2007; outlined in schematic drawing, Figure 5E). Quinpirole has previously been shown to robustly increase striatal release of the eCB anandamide in a dopamine D2 dependent manner (Giuffrida et al., 1999). Nicotine could thus facilitate eCB signaling by increasing dopamine D2 receptor signaling, thereby inhibiting cholinergic neurons, and reliving the muscarinic break on post synaptic calcium channels to promote eCB signaling (Wang et al., 2006; Adermark and Lovinger, 2007; Figure 5E). Furthermore, eCB may further suppress activity at striatal synapses by decreasing glutamate transporter activity, resulting in elevated extrasynaptic glutamate concentrations and an indirect suppression of presynaptic glutamate release (Brown et al., 2003; Adermark et al., 2022). While it remains to be determined, the data presented here suggest that nicotine increases eCB signaling, but that HFS is warranted to reach the threshold required for synaptic depression at excitatory terminals (Uchigashima et al., 2007; Adermark and Lovinger, 2009).

Importantly, while drugs of abuse produce synaptic plasticity mechanisms in the acute phase, repeated exposure has been shown to impair eCB signaling (Blanco et al., 2016; Wang et al., 2020). This holds true not only for nicotine (Baca et al., 2013; Xia et al., 2017; Adermark et al., 2019), but also for alcohol and cocaine (Adermark et al., 2011b; Wang et al., 2020). Especially, repeated nicotine exposure appears to impair dopamine D2R-dependent induction of LTD, rather than CB1R signaling per se (Baca et al., 2013; Adermark et al., 2019). In fact, HFS-LTD in male rats have been shown to be restored by quinpirole alone (Adermark et al., 2019), or by quinpirole in combination with the NMDA receptor antagonist APV (Xia et al., 2017). While the data presented here shows that pre-treatment with quinpirole enhance HFS-LTD in slices from vehicle-treated rats, it did not facilitate HFS-LTD in slices from rats receiving sub-chronic nicotine exposure. Interestingly, elevated levels of acetylcholine, which has been reported during nicotine abstinence (Rada et al., 2001), may transform dopamine D2 receptor signaling (Scarduzio et al., 2017). If this is a factor underlying the shifted response to quinpirole remains to be determined.

Repeated exposure to nicotine produced a robust behavioral sensitization, which is in agreement with previous studies (Benwell and Balfour, 1992; Ericson et al., 2010; Hamilton et al., 2014; Morud et al., 2016; Honeycutt et al., 2020). Behavioral sensitization to repeated psychostimulant administration has been proposed to reflect many of the neurochemical changes that are characteristic for drug addiction (Robinson and Berridge, 1993; Steketee and Kalivas, 2011), and is in this regard a well-established model to outline behavioral transformations elicited by drugs of abuse. Behavioral sensitization elicited by psychostimulants has been proposed to be driven by an interplay between dopaminergic and glutamatergic neuroadaptations (Robinson and Becker, 1982; Vezina, 1996; Kim and Vezina, 2002; Bamford et al., 2008; Yoon et al., 2008; Jing et al., 2018; Kim et al., 2022), and neuroplasticity in the dorsal striatum appears to be especially important for establishing these behavioral transformations (Durieux et al., 2012; Kim et al., 2022; Lotfi et al., 2022). The neurophysiological data presented here demonstrated a sensitized response to nicotine with respect to both dopaminergic-and glutamatergic signaling, thereby supporting a role for striatal neuroplasticity in behavioral sensitization. Part of these findings may be linked to increased number of nAChRs, which has been observed in the brains of experimental animals during nicotine treatment and in the brains of human smokers at autopsy (Benwell et al., 1988; Collins et al., 1994; Breese et al., 1997; Alasmari et al., 2021). However, the establishment of behavioral sensitization may also be linked to other forms of striatal neuroplasticity. In fact, inhibition of CB1R has been shown to enhance the motor stimulatory property of the dopamine D2 agonist quinpirole (Giuffrida et al., 1999). This finding suggests that the eCB system may act as an inhibitory feedback mechanism counteracting dopamine-induced facilitation of locomotion. This is especially interesting considering the finding that synaptic depression induced by acute nicotine exposure was potentiated in slices pre-treated with CB1R antagonist. In addition, the data presented here showed reduced HFS-LTD in response to dopamine D2 receptor activation in slices from rats receiving sub-chronic nicotine exposure. It is thus possible that impaired eCB signaling contributes the potentiation of behavioral and neurophysiological response to acute nicotine in rats receiving sub-chronic nicotine exposure.

While nicotine preferentially increases dopamine in the ventral as compared to dorsal striatum in animal studies (Imperato et al., 1986; Shim et al., 2001; Danielsson et al., 2021b), raclopride binding in dorsal striatum of humans have been shown to correlate with subjective measures of the rewarding properties of nicotine (Montgomery et al., 2007). Furthermore, when characterizing the effects of smoking on the mesolimbic dopamine system in humans, dopamine elevations in ventral striatum were consistent with studies performed in men, whereas dopamine responses in women were associated with subregions of dorsal striatum (Cosgrove et al., 2014). Nicotine may thus display sex-specific effects on striatal dopamine transmission. The data presented here show that nicotine elevates the microdialysate concentration of dopamine in the DLS, and that repeated exposure produces a sensitized response to the dopamine-elevating property of nicotine. The sensitized dopamine response may contribute to behavioral transformations and enhanced neuroplasticity in response to nicotine. While sensitized responses to nicotine-induced dopamine elevations have primarily been studied in the nucleus accumbens (Balfour et al., 1998; Vezina et al., 2007), our finding is in agreement with a previous study showing an increased dopamine elevation in dorsal striatum following local administration of nicotine (5 mM) in nicotine exposed rats (Shim et al., 2001). However, more research outlining dopaminergic neurotransmission in dorsal striatal subregions in females is warranted to outline putative sex-specific effects.

Abstinence to nicotine is associated with reduced dopamine levels (Rada et al., 2001; Rahman et al., 2004; Domino and Tsukada, 2009; Rademacher et al., 2016), and withdrawal-induced by the nAChR antagonist mecamylamine has been shown to produce a more pronounced decrease in dopamine levels in the nucleus accumbens of female compared to male rats (Carcoba et al., 2018). However, in vivo microdialysis performed in the DLS revealed no significant decrease in baseline dopamine levels at the time-point assessed here (5 days after the last nicotine injection). This finding may be associated with the fact that drug-induced changes in baseline dopamine levels are more pronounced in the nucleus accumbens compared to the dorsal striatum (Balfour et al., 1998; Danielsson et al., 2021a). In addition, findings may also be highly dependent on the time-point when dopamine levels were assessed (Hirth et al., 2016).

Repeated administration of nicotine resulted in a sustained suppression of evoked potentials in the DLS of female rats. This is partially in agreement with studies performed in male rats, although the neuroadaptations described here arise at an earlier time-point (Adermark et al., 2016). While increased eCB signaling in response to nicotine exposure might contribute to the sustained synaptic depression, decreased PS amplitude in nicotine abstinent rats was not associated with a change in PPR indicating that postsynaptic transformations may underly the sustained synaptic depression. While it remains to be determined what changes that underly the decrease in PS amplitude, impaired glutamate uptake may be one contributing factor. Both nicotine and eCB signaling impair glutamate uptake (Brown et al., 2003; Lim and Kim, 2003a,b; Alasmari et al., 2021), and elevated glutamate levels are reported following repeated nicotine exposure (Carcoba et al., 2018). Reduced glutamate clearance may thus contribute to both acute and sustained neuroplasticity elicited by nicotine (Adermark et al., 2022), possibly through remodeling of synaptic networks and post-translational modifications of glutamate receptors and their interacting proteins (Zheng et al., 2008; outlined in schematic drawing, Figure 5E).

Sex hormones may have the potential to modulate neurohormonal responses to nicotine and influence the psychoactive and reinforcing properties of the drug (Bertrand et al., 1991). Estradiol treatment decreased striatal dopamine D2 receptor binding, and variations in dopamine levels and binding are seen in different phases of the estrous cycle in rats (Bazzett and Becker, 1994; Al Sweidi et al., 2013). Still, there appears to be no estrous cycle dependent changes or sex differences when monitoring nicotine self-administration and reinstatement of nicotine-seeking (Feltenstein et al., 2012; Leyrer-Jackson et al., 2021). In vivo spontaneous activity of dopamine neurons, as well as ex vivo intrinsic and synaptic properties, have also been reported to be similar in male and female rats (Melis et al., 2013), even though there appears to be a sex difference with regards to tonic 2-AG signaling on to dopaminergic neurons (Melis et al., 2013).

There are several limitations with this study. Especially, electrophysiological recordings are conducted ex vivo and the reciprocal connection with other brain regions is thus lost. Field potential recordings also represent the collective activity of hundreds of neurons evoked by electrical stimulation, and differences in direct–indirect pathway neurons can thus not be assessed. Still, eCB-induced LTD is reported in glutamatergic synapses targeting both dopamine D1 and D2 expressing MSNs (Adermark and Lovinger, 2007). Another limitation is that plasticity in the DLS may be especially important during contingent administration and operant behaviors, but nicotine was administered in a non-volitional manner. While the data presented here demonstrates that nicotine produces acute and long-lasting effects on neurotransmission even without the involvement of instrumental learning, it is thus important to further evaluate nicotine-induced neuroplasticity following operant self-administration.

In conclusion, the data presented here demonstrates that nicotine facilitates eCB-mediated LTD and produces striatal synaptic depression by reducing the probability of transmitter release. These findings are similar to what has previously been reported in male rats suggesting that the acute effects mediated by nicotine on excitatory neurotransmission are independent on sex (Licheri et al., 2018; Adermark et al., 2019). However, a sustained depression of evoked PS amplitudes was observed at an earlier time-point in female rats, suggesting that they might be more susceptible to nicotine-induced neuroplasticity (Adermark et al., 2016). In addition, the acute effect of nicotine on PS amplitude was not occluded by dopamine D2 receptor activation, and D2 stimulation did also not facilitate HFS-LTD following sub-chronic nicotine exposure, which also disagrees with findings from male rats (Adermark et al., 2019). Considering the plastic interplay between dopamine and acetylcholine in eCB signaling and glutamate-induced synaptic depression (Calabresi et al., 1999; Wang et al., 2006; Adermark, 2011), these findings might be explained by the proposed sex specificity observed with regards to dopaminergic neurotransmission and dopaminergic regulation of reward-related behavior (Melis et al., 2013; Hynes et al., 2020, 2021). But more studies are required to fully establish sex-specific neuroplasticity associated with repeated nicotine exposure.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Göteborgs djurförsöksetiska nämnd, Gothenburg Sweden.



Author contributions

LA designed the study, conducted electrophysiological recordings, assembled figures, and drafted the manuscript. EL handled the animals, conducted behavioral experiments, and assisted during electrophysiological recordings. BS and ME assisted in data interpretation. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Swedish research council (vetenskapsrådet: Dnr: 2018‐02814, 2020-00559, 2020-01346, 2020-02105), and governmental support under the ALF agreement (ALFGBG-966287).



Acknowledgments

We greatly appreciate the assistance provided by Davide Cadeddu, Rosita Stomberg, Jonas Smith, Marcus Burman, Tobias Eriksson, and Edvin Vestin.



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Adermark, L. (2011). Modulation of endocannabinoid-mediated long-lasting disinhibition of striatal output by cholinergic interneurons. Neuropharmacology 61, 1314–1320. doi: 10.1016/j.neuropharm.2011.07.039 

 Adermark, L., Clarke, R. B., Soderpalm, B., and Ericson, M. (2011a). Ethanol-induced modulation of synaptic output from the dorsolateral striatum in rat is regulated by cholinergic interneurons. Neurochem. Int. 58, 693–699. doi: 10.1016/j.neuint.2011.02.009 

 Adermark, L., Jonsson, S., Ericson, M., and Soderpalm, B. (2011b). Intermittent ethanol consumption depresses endocannabinoid-signaling in the dorsolateral striatum of rat. Neuropharmacology 61, 1160–1165. doi: 10.1016/j.neuropharm.2011.01.014 

 Adermark, L., Lagstrom, O., Loften, A., Licheri, V., Havenang, A., Loi, E. A., et al. (2022). Astrocytes modulate extracellular neurotransmitter levels and excitatory neurotransmission in dorsolateral striatum via dopamine D2 receptor signaling. Neuropsychopharmacology 47, 1493–1502. doi: 10.1038/s41386-021-01232-x 

 Adermark, L., and Lovinger, D. M. (2007). Combined activation of L-type Ca2+ channels and synaptic transmission is sufficient to induce striatal long-term depression. J. Neurosci. 27, 6781–6787. doi: 10.1523/JNEUROSCI.0280-07.2007 

 Adermark, L., and Lovinger, D. M. (2009). Frequency-dependent inversion of net striatal output by endocannabinoid-dependent plasticity at different synaptic inputs. J. Neurosci. 29, 1375–1380. doi: 10.1523/JNEUROSCI.3842-08.2009 

 Adermark, L., Morud, J., Lotfi, A., Danielsson, K., Ulenius, L., Soderpalm, B., et al. (2016). Temporal rewiring of striatal circuits initiated by nicotine. Neuropsychopharmacology 41, 3051–3059. doi: 10.1038/npp.2016.118 

 Adermark, L., Morud, J., Lotfi, A., Ericson, M., and Soderpalm, B. (2019). Acute and chronic modulation of striatal endocannabinoid-mediated plasticity by nicotine. Addict. Biol. 24, 355–363. doi: 10.1111/adb.12598 

 Adermark, L., Morud, J., Lotfi, A., Jonsson, S., Soderpalm, B., and Ericson, M. (2015). Age-contingent influence over accumbal neurotransmission and the locomotor stimulatory response to acute and repeated administration of nicotine in Wistar rats. Neuropharmacology 97, 104–112. doi: 10.1016/j.neuropharm.2015.06.001 

 Al Sweidi, S., Morissette, M., Rouillard, C., and Di Paolo, T. (2013). Estrogen receptors and lesion-induced response of striatal dopamine receptors. Neuroscience 236, 99–109. doi: 10.1016/j.neuroscience.2012.12.058 

 Alasmari, F., Crotty Alexander, L. E., Hammad, A. M., Horton, A., Alhaddad, H., Schiefer, I. T., et al. (2021). E-cigarette aerosols containing nicotine modulate nicotinic acetylcholine receptors and astroglial glutamate transporters in mesocorticolimbic brain regions of chronically exposed mice. Chem. Biol. Interact. 333:109308. doi: 10.1016/j.cbi.2020.109308 

 Antin, T. M. J., Annechino, R., Hunt, G., Lipperman-Kreda, S., and Young, M. (2017). The gendered experience of smoking stigma: implications for tobacco control. Crit. Public Health 27, 443–454. doi: 10.1080/09581596.2016.1249825 

 Baca, M., Allan, A. M., Partridge, L. D., and Wilson, M. C. (2013). Gene-environment interactions affect long-term depression (LTD) through changes in dopamine receptor affinity in Snap25 deficient mice. Brain Res. 1532, 85–98. doi: 10.1016/j.brainres.2013.08.012 

 Balfour, D. J., Benwell, M. E., Birrell, C. E., Kelly, R. J., and Al-Aloul, M. (1998). Sensitization of the mesoaccumbens dopamine response to nicotine. Pharmacol. Biochem. Behav. 59, 1021–1030. doi: 10.1016/s0091-3057(97)00537-6 

 Bamford, N. S., Zhang, H., Joyce, J. A., Scarlis, C. A., Hanan, W., Wu, N. P., et al. (2008). Repeated exposure to methamphetamine causes long-lasting presynaptic corticostriatal depression that is renormalized with drug readministration. Neuron 58, 89–103. doi: 10.1016/j.neuron.2008.01.033 

 Bazzett, T. J., and Becker, J. B. (1994). Sex differences in the rapid and acute effects of estrogen on striatal D2 dopamine receptor binding. Brain Res. 637, 163–172. doi: 10.1016/0006-8993(94)91229-7 

 Belin, D., Jonkman, S., Dickinson, A., Robbins, T. W., and Everitt, B. J. (2009). Parallel and interactive learning processes within the basal ganglia: relevance for the understanding of addiction. Behav. Brain Res. 199, 89–102. doi: 10.1016/j.bbr.2008.09.027 

 Benowitz, N. L., and Hatsukami, D. (1998). Gender differences in the pharmacology of nicotine addiction. Addict. Biol. 3, 383–404. doi: 10.1080/13556219871930

 Benwell, M. E., and Balfour, D. J. (1992). The effects of acute and repeated nicotine treatment on nucleus accumbens dopamine and locomotor activity. Br. J. Pharmacol. 105, 849–856. doi: 10.1111/j.1476-5381.1992.tb09067.x 

 Benwell, M. E., Balfour, D. J., and Anderson, J. M. (1988). Evidence that tobacco smoking increases the density of (−)-[3H]nicotine binding sites in human brain. J. Neurochem. 50, 1243–1247. doi: 10.1111/j.1471-4159.1988.tb10600.x 

 Bertrand, D., Valera, S., Bertrand, S., Ballivet, M., and Rungger, D. (1991). Steroids inhibit nicotinic acetylcholine receptors. Neuroreport 2, 277–280. doi: 10.1097/00001756-199105000-00016

 Blanco, E., Galeano, P., Palomino, A., Pavon, F. J., Rivera, P., Serrano, A., et al. (2016). Cocaine-induced behavioral sensitization decreases the expression of endocannabinoid signaling-related proteins in the mouse hippocampus. Eur. Neuropsychopharmacol. 26, 477–492. doi: 10.1016/j.euroneuro.2015.12.040 

 Breese, C. R., Marks, M. J., Logel, J., Adams, C. E., Sullivan, B., Collins, A. C., et al. (1997). Effect of smoking history on [3H]nicotine binding in human postmortem brain. J. Pharmacol. Exp. Ther. 282, 7–13.

 Brown, T. M., Brotchie, J. M., and Fitzjohn, S. M. (2003). Cannabinoids decrease corticostriatal synaptic transmission via an effect on glutamate uptake. J. Neurosci. 23, 11073–11077. doi: 10.1523/JNEUROSCI.23-35-11073.2003 

 Buczynski, M. W., Polis, I. Y., and Parsons, L. H. (2013). The volitional nature of nicotine exposure alters anandamide and oleoylethanolamide levels in the ventral tegmental area. Neuropsychopharmacology 38, 574–584. doi: 10.1038/npp.2012.210 

 Bystrowska, B., Frankowska, M., Smaga, I., Niedzielska-Andres, E., Pomierny-Chamiolo, L., and Filip, M. (2019). Cocaine-induced reinstatement of cocaine seeking provokes changes in the endocannabinoid and N-Acylethanolamine levels in rat brain structures. Molecules 24:1125. doi: 10.3390/molecules24061125 

 Calabresi, P., Centonze, D., Gubellini, P., Marfia, G. A., and Bernardi, G. (1999). Glutamate-triggered events inducing corticostriatal long-term depression. J. Neurosci. 19, 6102–6110. doi: 10.1523/JNEUROSCI.19-14-06102.1999 

 Carcoba, L. M., Flores, R. J., Natividad, L. A., and O'Dell, L. E. (2018). Amino acid modulation of dopamine in the nucleus accumbens mediates sex differences in nicotine withdrawal. Addict. Biol. 23, 1046–1054. doi: 10.1111/adb.12556 

 Castane, A., Valjent, E., Ledent, C., Parmentier, M., Maldonado, R., and Valverde, O. (2002). Lack of CB1 cannabinoid receptors modifies nicotine behavioural responses, but not nicotine abstinence. Neuropharmacology 43, 857–867. doi: 10.1016/s0028-3908(02)00118-1 

 Cheer, J. F., Wassum, K. M., Sombers, L. A., Heien, M. L., Ariansen, J. L., Aragona, B. J., et al. (2007). Phasic dopamine release evoked by abused substances requires cannabinoid receptor activation. J. Neurosci. 27, 791–795. doi: 10.1523/JNEUROSCI.4152-06.2007 

 Christian, D. T., Stefanik, M. T., Bean, L. A., Loweth, J. A., Wunsch, A. M., Funke, J. R., et al. (2021). GluN3-containing NMDA receptors in the rat nucleus accumbens core contribute to incubation of cocaine craving. J. Neurosci. 41, 8262–8277. doi: 10.1523/JNEUROSCI.0406-21.2021 

 Cohen, C., Perrault, G., Voltz, C., Steinberg, R., and Soubrie, P. (2002). SR141716, a central cannabinoid (CB(1)) receptor antagonist, blocks the motivational and dopamine-releasing effects of nicotine in rats. Behav. Pharmacol. 13, 451–463. doi: 10.1097/00008877-200209000-00018 

 Collins, A. C., Luo, Y., Selvaag, S., and Marks, M. J. (1994). Sensitivity to nicotine and brain nicotinic receptors are altered by chronic nicotine and mecamylamine infusion. J. Pharmacol. Exp. Ther. 271, 125–133.

 Cosgrove, K. P., Wang, S., Kim, S. J., McGovern, E., Nabulsi, N., Gao, H., et al. (2014). Sex differences in the brain's dopamine signature of cigarette smoking. J. Neurosci. 34, 16851–16855. doi: 10.1523/JNEUROSCI.3661-14.2014 

 Dani, J. A., Ji, D., and Zhou, F. M. (2001). Synaptic plasticity and nicotine addiction. Neuron 31, 349–352. doi: 10.1016/s0896-6273(01)00379-8

 Danielsson, K., Lagstrom, O., Ericson, M., Soderpalm, B., and Adermark, L. (2021a). Subregion-specific effects on striatal neurotransmission and dopamine-signaling by acute and repeated amphetamine exposure. Neuropharmacology 194:108638. doi: 10.1016/j.neuropharm.2021.108638 

 Danielsson, K., Stomberg, R., Adermark, L., Ericson, M., and Soderpalm, B. (2021b). Differential dopamine release by psychosis-generating and non-psychosis-generating addictive substances in the nucleus accumbens and dorsomedial striatum. Transl. Psychiatry 11:472. doi: 10.1038/s41398-021-01589-z 

 Domino, E. F., and Tsukada, H. (2009). Nicotine sensitization of monkey striatal dopamine release. Eur. J. Pharmacol. 607, 91–95. doi: 10.1016/j.ejphar.2009.02.011 

 Durieux, P. F., Schiffmann, S. N., and de Kerchove d'Exaerde, A. (2012). Differential regulation of motor control and response to dopaminergic drugs by D1R and D2R neurons in distinct dorsal striatum subregions. EMBO J. 31, 640–653. doi: 10.1038/emboj.2011.400 

 Ericson, M., Norrsjo, G., and Svensson, A. I. (2010). Behavioral sensitization to nicotine in female and male rats. J. Neural Transm. 117, 1033–1039. doi: 10.1007/s00702-010-0449-9

 Feltenstein, M. W., Ghee, S. M., and See, R. E. (2012). Nicotine self-administration and reinstatement of nicotine-seeking in male and female rats. Drug Alcohol Depend. 121, 240–246. doi: 10.1016/j.drugalcdep.2011.09.001 

 Gerdeman, G., and Lovinger, D. M. (2001). CB1 cannabinoid receptor inhibits synaptic release of glutamate in rat dorsolateral striatum. J. Neurophysiol. 85, 468–471. doi: 10.1152/jn.2001.85.1.468 

 Gerdeman, G. L., Partridge, J. G., Lupica, C. R., and Lovinger, D. M. (2003). It could be habit forming: drugs of abuse and striatal synaptic plasticity. Trends Neurosci. 26, 184–192. doi: 10.1016/S0166-2236(03)00065-1 

 Giuffrida, A., Parsons, L. H., Kerr, T. M., Rodriguez de Fonseca, F., Navarro, M., and Piomelli, D. (1999). Dopamine activation of endogenous cannabinoid signaling in dorsal striatum. Nat. Neurosci. 2, 358–363. doi: 10.1038/7268 

 Gonzalez, S., Cascio, M. G., Fernandez-Ruiz, J., Fezza, F., Di Marzo, V., and Ramos, J. A. (2002). Changes in endocannabinoid contents in the brain of rats chronically exposed to nicotine, ethanol or cocaine. Brain Res. 954, 73–81. doi: 10.1016/s0006-8993(02)03344-9

 Grieder, T. E., Yee, M., Vargas-Perez, H., Maal-Bared, G., George, S., Ting, A. K. R., et al. (2022). Administration of BDNF in the ventral tegmental area produces a switch from a nicotine-non-dependent D1R-mediated motivational state to a nicotine-dependent-like D2R-mediated motivational state. Eur. J. Neurosci. 55, 714–724. doi: 10.1111/ejn.15579 

 Hamilton, K. R., Elliott, B. M., Berger, S. S., and Grunberg, N. E. (2014). Environmental enrichment attenuates nicotine behavioral sensitization in male and female rats. Exp. Clin. Psychopharmacol. 22, 356–363. doi: 10.1037/a0037205 

 Hernandez, G., Oleson, E. B., Gentry, R. N., Abbas, Z., Bernstein, D. L., Arvanitogiannis, A., et al. (2014). Endocannabinoids promote cocaine-induced impulsivity and its rapid dopaminergic correlates. Biol. Psychiatry 75, 487–498. doi: 10.1016/j.biopsych.2013.09.005 

 Hilario, M. R., Clouse, E., Yin, H. H., and Costa, R. M. (2007). Endocannabinoid signaling is critical for habit formation. Front. Integr. Neurosci. 1:2007. doi: 10.3389/neuro.07.006.2007 

 Hirth, N., Meinhardt, M. W., Noori, H. R., Salgado, H., Torres-Ramirez, O., Uhrig, S., et al. (2016). Convergent evidence from alcohol-dependent humans and rats for a hyperdopaminergic state in protracted abstinence. Proc. Natl. Acad. Sci. U. S. A. 113, 3024–3029. doi: 10.1073/pnas.1506012113 

 Honeycutt, S. C., Garrett, P. I., Barraza, A. G., Maloy, A. N., and Hillhouse, T. M. (2020). Repeated nicotine vapor inhalation induces behavioral sensitization in male and female C57BL/6 mice. Behav. Pharmacol. 31, 583–590. doi: 10.1097/FBP.0000000000000562 

 Hynes, T. J., Ferland, J. M., Feng, T. L., Adams, W. K., Silveira, M. M., Tremblay, M., et al. (2020). Chemogenetic inhibition of dopaminergic projections to the nucleus accumbens has sexually dimorphic effects in the rat gambling task. Behav. Neurosci. 134, 309–322. doi: 10.1037/bne0000372 

 Hynes, T. J., Hrelja, K. M., Hathaway, B. A., Hounjet, C. D., Chernoff, C. S., Ebsary, S. A., et al. (2021). Dopamine neurons gate the intersection of cocaine use, decision making, and impulsivity. Addict. Biol. 26:e13022. doi: 10.1111/adb.13022 

 Imperato, A., Mulas, A., and Di Chiara, G. (1986). Nicotine preferentially stimulates dopamine release in the limbic system of freely moving rats. Eur. J. Pharmacol. 132, 337–338. doi: 10.1016/0014-2999(86)90629-1 

 Iyer, V., Rangel-Barajas, C., Woodward, T. J., Kulkarni, A., Cantwell, L., Crystal, J. D., et al. (2022). Negative allosteric modulation of CB1 cannabinoid receptor signaling suppresses opioid-mediated reward. Pharmacol. Res. 185:106474. doi: 10.1016/j.phrs.2022.106474 

 Jackson, M. E., and Moghaddam, B. (2001). Amygdala regulation of nucleus accumbens dopamine output is governed by the prefrontal cortex. J. Neurosci. 21, 676–681. doi: 10.1523/JNEUROSCI.21-02-00676.2001 

 Jing, L., Liu, B., Zhang, M., and Liang, J. H. (2018). Involvement of dopamine D2 receptor in a single methamphetamine-induced behavioral sensitization in C57BL/6J mice. Neurosci. Lett. 681, 87–92. doi: 10.1016/j.neulet.2018.02.067 

 Jones, J. L., Day, J. J., Aragona, B. J., Wheeler, R. A., Wightman, R. M., and Carelli, R. M. (2010). Basolateral amygdala modulates terminal dopamine release in the nucleus accumbens and conditioned responding. Biol. Psychiatry 67, 737–744. doi: 10.1016/j.biopsych.2009.11.006 

 Keshavarzian, E., Ghasemzadeh, Z., and Rezayof, A. (2018). The basolateral amygdala dopaminergic system contributes to the improving effect of nicotine on stress-induced memory impairment in rats. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 86, 30–35. doi: 10.1016/j.pnpbp.2018.05.008 

 Kim, S., Sohn, S., and Choe, E. S. (2022). Phosphorylation of Glu A1-Ser831 by CaMKII activation in the caudate and putamen is required for behavioral sensitization after challenge nicotine in rats. Int. J. Neuropsychopharmacol. 25, 678–687. doi: 10.1093/ijnp/pyac034 

 Kim, J. H., and Vezina, P. (2002). The mGlu2/3 receptor agonist LY379268 blocks the expression of locomotor sensitization by amphetamine. Pharmacol. Biochem. Behav. 73, 333–337. doi: 10.1016/s0091-3057(02)00827-4 

 Kreitzer, A. C., and Malenka, R. C. (2005). Dopamine modulation of state-dependent endocannabinoid release and long-term depression in the striatum. J. Neurosci. 25, 10537–10545. doi: 10.1523/JNEUROSCI.2959-05.2005 

 Lagstrom, O., Danielsson, K., Soderpalm, B., Ericson, M., and Adermark, L. (2019). Voluntary ethanol intake produces subregion-specific neuroadaptations in striatal and cortical areas of Wistar rats. Alcohol. Clin. Exp. Res. 43, 803–811. doi: 10.1111/acer.14014 

 Lee, J. H., Ribeiro, E. A., Kim, J., Ko, B., Kronman, H., Jeong, Y. H., et al. (2020). Dopaminergic regulation of nucleus accumbens cholinergic interneurons demarcates susceptibility to cocaine addiction. Biol. Psychiatry 88, 746–757. doi: 10.1016/j.biopsych.2020.05.003 

 Leroy, C., Karila, L., Martinot, J. L., Lukasiewicz, M., Duchesnay, E., Comtat, C., et al. (2012). Striatal and extrastriatal dopamine transporter in cannabis and tobacco addiction: a high-resolution PET study. Addict. Biol. 17, 981–990. doi: 10.1111/j.1369-1600.2011.00356.x 

 Leyrer-Jackson, J. M., Holter, M., Overby, P. F., Newbern, J. M., Scofield, M. D., Olive, M. F., et al. (2021). Accumbens cholinergic interneurons mediate Cue-induced nicotine seeking and associated glutamatergic plasticity. eNeuro 8:ENEURO.0276-20.2020. doi: 10.1523/ENEURO.0276-20.2020 

 Licheri, V., Lagstrom, O., Lotfi, A., Patton, M. H., Wigstrom, H., Mathur, B., et al. (2018). Complex control of striatal neurotransmission by nicotinic acetylcholine receptors via excitatory inputs onto medium spiny neurons. J. Neurosci. 38, 6597–6607. doi: 10.1523/JNEUROSCI.0071-18.2018 

 Lim, D. K., and Kim, H. S. (2003a). Chronic exposure of nicotine modulates the expressions of the cerebellar glial glutamate transporters in rats. Arch. Pharm. Res. 26, 321–329. doi: 10.1007/BF02976963 

 Lim, D. K., and Kim, H. S. (2003b). Opposite modulation of glutamate uptake by nicotine in cultured astrocytes with/without cAMP treatment. Eur. J. Pharmacol. 476, 179–184. doi: 10.1016/s0014-2999(03)02186-1 

 Liput, D. J., Puhl, H. L., Dong, A., He, K., Li, Y., and Lovinger, D. M. (2022). 2-Arachidonoylglycerol mobilization following brief synaptic stimulation in the dorsal lateral striatum requires glutamatergic and cholinergic neurotransmission. Neuropharmacology 205:108916. doi: 10.1016/j.neuropharm.2021.108916 

 Liu, X., Li, X., Zhao, G., Wang, F., and Wang, L. (2020). Sexual dimorphic distribution of cannabinoid 1 receptor mRNA in adult C57BL/6J mice. J. Comp. Neurol. 528, 1986–1999. doi: 10.1002/cne.24868 

 Livingstone-Banks, J., Norris, E., Hartmann-Boyce, J., West, R., Jarvis, M., Chubb, E., et al. (2019). Relapse prevention interventions for smoking cessation. Cochrane Database Syst. Rev. 2019:CD003999. doi: 10.1002/14651858.CD003999.pub6 

 Lotfi, A., Licheri, V., Andersson, J., Soderpalm, B., Ericson, M., and Adermark, L. (2022). Sustained inhibitory transmission but dysfunctional dopamine D2 receptor signaling in dorsal striatal subregions following protracted abstinence from amphetamine. Pharmacol. Biochem. Behav. 218:173421. doi: 10.1016/j.pbb.2022.173421 

 Melis, M., De Felice, M., Lecca, S., Fattore, L., and Pistis, M. (2013). Sex-specific tonic 2-arachidonoylglycerol signaling at inhibitory inputs onto dopamine neurons of Lister hooded rats. Front. Integr. Neurosci. 7:93. doi: 10.3389/fnint.2013.00093 

 Merritt, L. L., Martin, B. R., Walters, C., Lichtman, A. H., and Damaj, M. I. (2008). The endogenous cannabinoid system modulates nicotine reward and dependence. J. Pharmacol. Exp. Ther. 326, 483–492. doi: 10.1124/jpet.108.138321 

 Metaxas, A., Bailey, A., Barbano, M. F., Galeote, L., Maldonado, R., and Kitchen, I. (2010). Differential region-specific regulation of alpha4beta2* nAChRs by self-administered and non-contingent nicotine in C57BL/6J mice. Addict. Biol. 15, 464–479. doi: 10.1111/j.1369-1600.2010.00246.x 

 Montgomery, A. J., Lingford-Hughes, A. R., Egerton, A., Nutt, D. J., and Grasby, P. M. (2007). The effect of nicotine on striatal dopamine release in man: a [11C]raclopride PET study. Synapse 61, 637–645. doi: 10.1002/syn.20419 

 Morud, J., Adermark, L., Perez-Alcazar, M., Ericson, M., and Soderpalm, B. (2016). Nicotine produces chronic behavioral sensitization with changes in accumbal neurotransmission and increased sensitivity to re-exposure. Addict. Biol. 21, 397–406. doi: 10.1111/adb.12219 

 Partridge, J. G., Apparsundaram, S., Gerhardt, G. A., Ronesi, J., and Lovinger, D. M. (2002). Nicotinic acetylcholine receptors interact with dopamine in induction of striatal long-term depression. J. Neurosci. 22, 2541–2549. doi: 10.1523/JNEUROSCI.22-07-02541.2002 

 Pascoli, V., Hiver, A., Li, Y., Harada, M., Esmaeili, V., and Luscher, C. (2022). Cell-type specific synaptic plasticity in dorsal striatum is associated with punishment-resistance compulsive-like cocaine self-administration in mice. Neuropsychopharmacology. doi: 10.1038/s41386-022-01429-8 [Epub ahead of print]

 Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates. Amsterdam: Elsevier, Academic Press.

 Perkins, K. A., Giedgowd, G. E., Karelitz, J. L., Conklin, C. A., and Lerman, C. (2012). Smoking in response to negative mood in men versus women as a function of distress tolerance. Nicotine Tob. Res. 14, 1418–1425. doi: 10.1093/ntr/nts075 

 Phillips, A. G., Ahn, S., and Howland, J. G. (2003). Amygdalar control of the mesocorticolimbic dopamine system: parallel pathways to motivated behavior. Neurosci. Biobehav. Rev. 27, 543–554. doi: 10.1016/j.neubiorev.2003.09.002 

 Rada, P., Jensen, K., and Hoebel, B. G. (2001). Effects of nicotine and mecamylamine-induced withdrawal on extracellular dopamine and acetylcholine in the rat nucleus accumbens. Psychopharmacology 157, 105–110. doi: 10.1007/s002130100781 

 Rademacher, L., Prinz, S., Winz, O., Henkel, K., Dietrich, C. A., Schmaljohann, J., et al. (2016). Effects of smoking cessation on presynaptic dopamine function of addicted male smokers. Biol. Psychiatry 80, 198–206. doi: 10.1016/j.biopsych.2015.11.009 

 Rahman, S., Zhang, J., Engleman, E. A., and Corrigall, W. A. (2004). Neuroadaptive changes in the mesoaccumbens dopamine system after chronic nicotine self-administration: a microdialysis study. Neuroscience 129, 415–424. doi: 10.1016/j.neuroscience.2004.08.010 

 Rivera, A., Suarez-Boomgaard, D., Miguelez, C., Valderrama-Carvajal, A., Baufreton, J., Shumilov, K., et al. (2021). Dopamine D4 receptor is a regulator of morphine-induced plasticity in the rat dorsal striatum. Cells 11:31. doi: 10.3390/cells11010031 

 Robinson, T. E., and Becker, J. B. (1982). Behavioral sensitization is accompanied by an enhancement in amphetamine-stimulated dopamine release from striatal tissue in vitro. Eur. J. Pharmacol. 85, 253–254. doi: 10.1016/0014-2999(82)90478-2 

 Robinson, T. E., and Berridge, K. C. (1993). The neural basis of drug craving: an incentive-sensitization theory of addiction. Brain Res. Brain Res. Rev. 18, 247–291. doi: 10.1016/0165-0173(93)90013-p 

 Rouillon, C., Abraini, J. H., and David, H. N. (2008). Prefrontal cortex and basolateral amygdala modulation of dopamine-mediated locomotion in the nucleus accumbens core. Exp. Neurol. 212, 213–217. doi: 10.1016/j.expneurol.2008.04.002 

 Scarduzio, M., Zimmerman, C. N., Jaunarajs, K. L., Wang, Q., Standaert, D. G., and McMahon, L. L. (2017). Strength of cholinergic tone dictates the polarity of dopamine D2 receptor modulation of striatal cholinergic interneuron excitability in DYT1 dystonia. Exp. Neurol. 295, 162–175. doi: 10.1016/j.expneurol.2017.06.005 

 Shim, I., Javaid, J. I., Wirtshafter, D., Jang, S. Y., Shin, K. H., Lee, H. J., et al. (2001). Nicotine-induced behavioral sensitization is associated with extracellular dopamine release and expression of c-Fos in the striatum and nucleus accumbens of the rat. Behav. Brain Res. 121, 137–147. doi: 10.1016/s0166-4328(01)00161-9 

 Speranza, L., di Porzio, U., Viggiano, D., de Donato, A., and Volpicelli, F. (2021). Dopamine: the neuromodulator of long-term synaptic plasticity, reward and movement control. Cells 10:735. doi: 10.3390/cells10040735 

 Steketee, J. D., and Kalivas, P. W. (2011). Drug wanting: behavioral sensitization and relapse to drug-seeking behavior. Pharmacol. Rev. 63, 348–365. doi: 10.1124/pr.109.001933 

 Uchigashima, M., Narushima, M., Fukaya, M., Katona, I., Kano, M., and Watanabe, M. (2007). Subcellular arrangement of molecules for 2-arachidonoyl-glycerol-mediated retrograde signaling and its physiological contribution to synaptic modulation in the striatum. J. Neurosci. 27, 3663–3676. doi: 10.1523/JNEUROSCI.0448-07.2007 

 Ulenius, L., Andren, A., Adermark, L., Soderpalm, B., and Ericson, M. (2020). Sub-chronic taurine administration induces behavioral sensitization but does not influence ethanol-induced dopamine release in the nucleus accumbens. Pharmacol. Biochem. Behav. 188:172831. doi: 10.1016/j.pbb.2019.172831 

 Urakubo, H., Yagishita, S., Kasai, H., and Ishii, S. (2020). Signaling models for dopamine-dependent temporal contiguity in striatal synaptic plasticity. PLoS Comput. Biol. 16:e1008078. doi: 10.1371/journal.pcbi.1008078 

 van Huijstee, A. N., and Mansvelder, H. D. (2014). Glutamatergic synaptic plasticity in the mesocorticolimbic system in addiction. Front. Cell. Neurosci. 8:466. doi: 10.3389/fncel.2014.00466 

 Vezina, P. (1996). D1 dopamine receptor activation is necessary for the induction of sensitization by amphetamine in the ventral tegmental area. J. Neurosci. 16, 2411–2420. doi: 10.1523/JNEUROSCI.16-07-02411.1996 

 Vezina, P., McGehee, D. S., and Green, W. N. (2007). Exposure to nicotine and sensitization of nicotine-induced behaviors. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 31, 1625–1638. doi: 10.1016/j.pnpbp.2007.08.038 

 Wang, R., Hausknecht, K. A., Gancarz-Kausch, A. M., Oubraim, S., Shen, R. Y., and Haj-Dahmane, S. (2020). Cocaine self-administration abolishes endocannabinoid-mediated long-term depression of glutamatergic synapses in the ventral tegmental area. Eur. J. Neurosci. 52, 4517–4524. doi: 10.1111/ejn.14980 

 Wang, Z., Kai, L., Day, M., Ronesi, J., Yin, H. H., Ding, J., et al. (2006). Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny neurons is mediated by cholinergic interneurons. Neuron 50, 443–452. doi: 10.1016/j.neuron.2006.04.010 

 Wilar, G., Shinoda, Y., Sasaoka, T., and Fukunaga, K. (2019). Crucial role of dopamine D2 receptor signaling in nicotine-induced conditioned place preference. Mol. Neurobiol. 56, 7911–7928. doi: 10.1007/s12035-019-1635-x 

 Xia, J., Meyers, A. M., and Beeler, J. A. (2017). Chronic nicotine alters corticostriatal plasticity in the striatopallidal pathway mediated by NR2B-containing silent synapses. Neuropsychopharmacology 42, 2314–2324. doi: 10.1038/npp.2017.87 

 Yoon, H. S., Jang, J. K., and Kim, J. H. (2008). Blockade of group II metabotropic glutamate receptors produces hyper-locomotion in cocaine pre-exposed rats by interactions with dopamine receptors. Neuropharmacology 55, 555–559. doi: 10.1016/j.neuropharm.2008.07.012 

 Zheng, K., Scimemi, A., and Rusakov, D. A. (2008). Receptor actions of synaptically released glutamate: the role of transporters on the scale from nanometers to microns. Biophys. J. 95, 4584–4596. doi: 10.1529/biophysj.108.129874 

OPS/images/fnmol-15-1104648-g005.jpg
Nicotna 1 )/ iCSF

3&%
PS ampiitude.
% of bacaine)
; %

o o e 10 20]s Subovoni enierscsE o=
oo subomono Nootine rer7) 17 o ]2 suocronic vericesncaire (=t
) ST
ime i) Time (min
- Nicotna (1) aCSF D Cummesm)
=3
Rt
3z °W%
i1 P W ¢
1] ¥

20]0 Subchonic Nicote+aGSF (n=17)— 20fe Subctvonic vehice ¢
o |0 Subctroic Neoinerniotne (=15 o Subchono ot

°T @™ m @ v W =
Time (min) Time (min)






OPS/images/fnmol-15-1104648-g003.jpg
Anival [Habituation  [Handiing],, [ Nicotinefsaline s.c. | _[Surgeryirest  [Neurophysiological ., ey
180-200g 1 week 1week | |thur, fri, mon, tue, wed x3 2-4 days BT E Iys
15 injections, 3 weeks X Vivo
Electrophysiology

X Assessment N

"Locomotor activity
_ c
Foo g Veticle 1st
e 5 o Vehice 15th
58 / 23 Nicotine 1st
g5 i3
. / S5 Nicotne 16t
g2 £5
§2 S A £3
T 200 a &5
g ! 3
2 o7 < o4
W 0 10 2 % 4 © 0 w 2 2
Time (min) Time (min)
wix F G
4000 [
@ 7 5 - Vehicle 1%
B Y ] u Vohich1s®
£t / 35 5 o icotne 1%
20 / 83 1
g3 o 23 H o Nicotine 15"
i3 07 B3 H B2
7€ 1o 83 £ Bl
8 F £
& -~ g £
o e
Vehicle Nicotine Veicle Nicotine Vehicle Nicotine

Nicotine





OPS/images/fnmol-15-1104648-g004.jpg
Electrophysiology

>

vivo

In
Microdialysi

PS amplitude (mV)

Estrous phase

o

Number of animals

Metestrous.

Proestrous

@ Sub-chronic Vehidle (n=21)
‘Sub-chronic Nicotine

20 a0
Stimulation Intensity (A)

A0

Animal weight

Dopamine

(% of baseline)

‘Sub-chronic
Vehicle

Nicotine

Sub-chronic
Nicotine

(036 mghkg)

B sub-chronic
Veicle
3 Sub-chronic
Nicoline
Estrous
D
10
ns
s
HER
k. e
3
2 e
goc0g
o T
Subchronic  Sub-chronic
Vehicle  Nicotine
1
Sub-chronic
___Vehicle =
1 — o
al =
\ L gro
I 2 &
4
Subchronic & ps
4 go
Nicotine a
o

PS amplitude
(% of baseline)

o Sub-chronic Vehicle
|0 Sub-shronc Nicoine (v

20

),
5)

J

&

o Basaline

0.0 Lo Niaine (1 i)

® Sub-chronic Vehicle
©  Sub-chronic Nicotine

o

10 20
Time (min)

30

Sub-chronic Nicotina





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Acute and chronic effects by nicotine on striatal neurotransmission and synaptic plasticity in the female rat brain



		Introduction



		Materials and methods



		Research outline



		Animals



		Electrophysiological recordings



		Brain slice preparation



		Field potential recordings









		Nicotine-treatment and behavioral sensitization



		Microdialysis



		Statistical analysis









		Results



		Acute nicotine perfusion depresses evoked field potentials in the female rat striatum



		Nicotine promotes synaptic plasticity in the form of endocannabinoid-mediated LTD



		Repeated nicotine exposure produces robust behavioral sensitization in female rats



		Neurophysiological transformations following sub-chronic nicotine exposure



		Regulation of synaptic plasticity in the form of HFS-LTD is modulated by repeated nicotine exposure in the female rat brain









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnmol-15-1104648-g001.jpg
Baseline

Nicotine (1 M) / aCSF

120 _— 20 =
™
S8 |
w Suap E 3 |
@ Fro =
. F iooine
o b=
o SO0, = %%1e- Baseine
E ©_Nicotine (n=15)- % |-o- Drug-perfusion
I Ncotine _sGSF , [
Time (min)
E Quinpirole {5 uM) / aCSF. F G WINS5,212-2 (5 uM) / aCSF
120 Nicoline (1 uM)/ aCSF 3 120 Nicotine (1 uM) / aCSF 3 * %
2w 22 § 22
H ? 24 g
B 0], o £ S 1o wesriin &
200 ECSFin=20)— w0 OSFO=0) —,
o Qunprole =10, o WNGE2122 (0e12)
o ot o
R R R
e
! J AM251 (5 uM) / aCSF IS o L AM251
s (st s s
120 EuM) 120 Nicotine (1 uM) o
100 i s
£ g 4 “ 2" L
HE) ia %, g1
55 ] £ AM2514nicotine
22w ) £ = i
£ B & 0s 7
o s, oy P Iy
o AN Lo awestimey ) - J
S S S P [k
Time (i Time mi] &
ime (min) (min) Q,é* & &





OPS/images/fnmol-15-1104648-g002.jpg
W‘#WM
o oS -,

o Conmi
o Nicotine

Tie {min)

Nicotine

A /

PPR(PS2PS1)

ANZ51 (5.0} 305

R 20
. § H
H 4
/o ' 2
I = 2 g
-+ cacaina L
JLe- v o_contel 1)
Contrsl Nicotne T
Tims (min)





OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Acute and chronic eeff cts
by nicotine on striatal
neurotransmission and synaptic
plasticity in the female rat brain












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Molecular Neuroscience






