[image: image1]Activation of AMPA Receptors in the Lateral Habenula Produces Anxiolytic Effects in a Rat Model of Parkinson’s Disease

		ORIGINAL RESEARCH
published: 25 January 2022
doi: 10.3389/fphar.2022.821975


[image: image2]
Activation of AMPA Receptors in the Lateral Habenula Produces Anxiolytic Effects in a Rat Model of Parkinson’s Disease
Jin Zhang1, Xiaobing Wang2, Rick E. Bernardi3, Jun Ju4, Shoupeng Wei5* and Zhiting Gong2*
1State Key Laboratory of Chemical Oncogenomics, Guangdong Provincial Key Laboratory of Chemical Genomics, Shenzhen Graduate School, Peking University, Shenzhen, China
2Department of Anatomy, College of Preclinical Medicine, Dali University, Dali, China
3Institute of Psychopharmacology, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg, Germany
4Brain Research Centre and Department of Biology, Southern University of Science and Technology, Shenzhen, China
5Tomas Lindahl Nobel Laureate Laboratory, Precision Medicine Research Centre, Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen, China
Edited by:
Laura Orio, Complutense University of Madrid, Spain
Reviewed by:
Giuseppe Di Giovanni, University of Malta, Malta
Santiago J. Ballaz, Yachay Tech University, Ecuador
* Correspondence: Shoupeng Wei, shoupeng_wei@163.com; Zhiting Gong, gzhting@foxmail.com
Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Pharmacology
Received: 25 November 2021
Accepted: 07 January 2022
Published: 25 January 2022
Citation: Zhang J, Wang X, Bernardi RE, Ju J, Wei S and Gong Z (2022) Activation of AMPA Receptors in the Lateral Habenula Produces Anxiolytic Effects in a Rat Model of Parkinson’s Disease. Front. Pharmacol. 13:821975. doi: 10.3389/fphar.2022.821975

Background: Parkinson’s disease (PD) is commonly accompanied with anxiety disorder, however, the mechanisms underlying PD-mediated anxiety remain elusive. The lateral habenula (LHb) is a critical brain region that influences the activity of the monoaminergic system in the midbrain and consequently modulates anxiety. Most neurons in the LHb express AMPA receptors (AMPARs). The PD model for the pharmacological intervention of AMPA receptors was established by the unilateral lesion of the substantia nigra pars compacta (SNc) with 6-hydroxydopamine (6-OHDA).
Methods: The AMPAR agonist (S)-AMPA and antagonist NBQX were microinjected into the LHb, respectively, to examine whether anxiety-like behaviors were altered in sham-operated and SNc-lesion rats, measured with the paradigms of the open-field test (OPT) and elevated plus maze (EPM). Furthermore, dopamine (DA) and 5-hydroxytryptamine (5-HT) levels in the basolateral amygdala (BLA) were measured using in vivo microdialysis immediately following the injections of (S)-AMPA and NBQX into the LHb.
Results: Activation of LHb AMPA receptors by (S)-AMPA produced anxiolytic-like behaviors and enhanced the extracellular DA and 5-HT in the BLA. Conversely, NBQX induced anxiety-like effects and suppressed the extracellular DA and 5-HT in the BLA. In addition, the minimal doses inducing the effects in the SNc-lesion rats were lower than those in sham-operated rats.
Conclusion: These findings suggest that the effects of AMPA receptors in the LHb on anxiety-like behaviors likely involve the extracellular levels of DA and 5-HT in the BLA. The present results may improve our understanding of the neuropathology and/or treatment of PD.
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INTRODUCTION
The lateral habenula (LHb) is a crucial structure of the epithalamus, and neuronal axons from the LHb project onto monoaminergic neurons in the midbrain (Bernard and Veh, 2012). Increasing studies suggest that the LHb is highly involved in the regulation of anxiety-like behaviors; for example, the rats refraining from chronic excessive alcohol consumption showed an anxiety-like phenotype, an increase in glutamate release, and hyperactivity of LHb neurons (Kurumaji et al., 2003; Berger et al., 2018). Moreover, blocking glutamate transmission or LHb neuronal activity rescued anxiety-like behaviors in alcohol-depriving rats and suppressed alcohol intake upon the reexposure to alcohol (Li et al., 2017; Shah et al., 2017; Kang et al., 2018; Fu et al., 2020). In addition, the LHb also plays an important role in chronic nicotine-induced anxiety (Casarrubea et al., 2021) and bilateral electrolytic lesion of the LHb may induced an anxiolytic-like effect (Pobbe and Zangrossi, 2008; Casarrubea et al., 2015). The amygdaloid complex is a heterogeneous cluster of 13 nuclei in the medial temporal lobe. Its nuclei are divided into three groups based on the anatomical structure, one of the groups includes the lateral and basal nuclei [oftentimes referred to together as the basolateral nucleus (BLA)], as well as the accessory basal nucleus. Increasing evidence indicates that the BLA is closely related to anxiety-like behaviors, because the levels of extracellular dopamine (DA) and serotonin (5-HT) were increased in the BLA in the anxiety-like state (Sah et al., 2003; Sun et al., 2018; Liu et al., 2019; Du et al., 2021).
Parkinson’s disease (PD) is a neurodegenerative disease with a high incidence rate among elderly people, closely associated with a severe loss of dopaminergic neurons in substantia nigra. PD is traditionally defined by motor features such as: resting tremor, bradykinesia and rigidity. However, the non-motor symptoms, such as anxiety, can also dramatically affect a patients’ quality of life; approximately 25–49% of PD patients are affected by anxiety (Pontone et al., 2009). Previous studies have demonstrated that degenerated neurotransmitter systems in the cerebral cortex and brainstem in PD may represent an underlying cause of anxiety (Walsh and Bennett, 2001; Bassetti, 2011; Prediger et al., 2019), though the possible neurologic explanations of anxiety in PD remain complicated and poorly understood (Hurtado-Lorenzo et al., 2004; Bassetti, 2011). Furthermore, many tests have shown that 6-hydroxydopamine (6-OHDA) lesions of the nigrostriatal circuit induce anxiety-like responses as measured by different paradigms of anxiety evaluation (Tadaiesky et al., 2008; Li et al., 2012; Hui et al., 2015; Sun et al., 2015; Sun et al., 2018) and increase the firing rates of LHb neurons (Wang et al., 2017; Zhang et al., 2019). These results supported the essential role of LHb in PD-associated anxiety.
Most neurons located in the LHb are glutamatergic (Brinschwitz et al., 2010; Li et al., 2011; Aizawa et al., 2012) and express α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors (AMPARs) (Li et al., 2011; Meye et al., 2013; Shabel et al., 2014). AMPARs are built by four subunits (GluR1–4) and categorized into GluR2-lacking (Ca2+-permeable AMPA receptors, CP-AMPARs) and GluR2-containing AMPARs (Ca2+-impermeable AMPA receptors, CI-AMPARs) (Greger et al., 2017); in other words, the lack or presence of the GluR2 subunit renders AMPA receptors permeable (CP-AMPARs) or impermeable (CI-AMPARs), respectively, to calcium (Cull-Candy et al., 2006). The LHb receives strong excitatory inputs, including the Globus Pallidus Internal Segment/Entopeduncular Nucleus (GPi/EPN), the lateral hypothalamus (LHA) and lateral preoptic area (LPO) which exerting excitatory effects on the targeted LHb cells (Hu et al., 2020). Further, several studies from our laboratory have found AMPARs in the LHb effected the synthesis and release of DA and 5-HT in depression. Anxiety disorders may precede or be accompanied by depression and, in such cases, even when the depression is treated, anxiety may remain (Butala et al., 2019). However, little has been known about the role of the AMPARs in the LHb on the regulation of anxiety-like behaviors in Parkinsonian animals up to now. Thus, the aim of the present study was to investigate the effects of activating and blocking LHb AMPARs on anxiety-like behaviors and changes of dopamine (DA) and serotonin (5-HT) release in the ipsilateral basolateral nucleus of BLA.
MATERIALS AND METHODS
Animals and Drugs
Male Sprague-Dawley rats (weighing 280–330 g, provided by the Experimental Animal Center of Xi’an Jiaotong University, Xi’an, China) were housed in a room with constant temperature (21 ± 1°C) under a regular light/dark cycle schedule (light on, 8:00–20:00 h). They had ad libitum access to standard food and drinking water. All the experiments were strictly conducted in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals (NIH publication, 8th edition, 2011), and All the experimental procedures were strictly abided by the National Institute of Health Guidelines and approved by the Animal Care and Use Committee of the Xi’an Jiao Tong University. All efforts were made to minimize the number of animals used and reduce their discomfort.
Desipramine hydrochloride, 6-OHDA hydrochloride, apomorphine (Sigma-Aldrich, USA), (S)-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid [(S)-AMPA, a selective AMPARs agonist] and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, a potent AMPARs antagonist) (Tocris, UK) were utilized in this study. Desipramine, (S)-AMPA and NBQX were dissolved in saline, while 6-OHDA and apomorphine were prepared in saline containing 0.02% ascorbic acid. All injections of the drugs were freshly prepared just prior to use.
6-OHDA Lesion Surgeries and 6-OHDA Model Validation
After being anesthetized with sodium pentobarbital (40 mg/kg, i.p.), rats were fixed in a customized stereotaxic frame (SN-2N; Narishige, Tokyo, Japan) and administered an infusion of 6-OHDA (8 μg/4 μl) or saline containing 0.02% ascorbic acid (sham-operated) into the SNc of the left hemisphere (AP–5.0, ML–2.0, DV–7.3, relative to bregma; Paxinos et al., 1980). To protect noradrenergic terminals, each rat received an injection of desipramine (25 mg/kg, i.p.) approximately 30 min before 6-OHDA administration. One week after surgery, turning behavior induced by apomorphine (0.05 mg/kg, s.c.) was monitored to assess the effectiveness of the SNc lesion, and rats exhibiting more than 20 contralateral turns per 5 min were applied into the further tests (Wang et al., 2009a). All rats used in this study demonstrated >35 turns per 5 min. All experiments were conducted in the fourth week after the lesion surgeries. Experiments are summarized in Figure 1.
[image: Figure 1]FIGURE 1 | We first validated the effectiveness of the PD rat model. SNc-lesion (n = 23) and sham-operated (n = 24) rats were used to demonstrate that 6-OHDA microinfusions into the SNc and VTA caused a significant reduction in the number of TH-ir neurons in both brain areas using immunohistochemistry. First, the brain sections were blocked with 3% bovine serum albumin (BSA) in PBS containing 0.3% Triton X-100 at room temperature for 0.5 h and then incubated with anti-TH monoclonal antibodies (1:800, Chemicon, CA, USA) at 4°C for 48 h. Next, the brain sections were incubated with biotinylated anti-mouse IgG (1:200, Chemicon) for 2 h and then with avidin–biotin–peroxidase complex (1:100, Vector Laboratories, CA, USA) for 2 h at room temperature. Finally, they were exposed to a solution of 0.05% 3,3′-diaminobenzidine (Sigma-Aldrich) containing 0.01% H2O2 for 10–15 min at room temperature, serving as chromogen in the subsequent visualization reaction. After TH staining, the brain sections were rinsed, mounted onto gelatin-coated slides, dehydrated, cleared in xylene and coverslipped. Then counting the dopaminergic neuron bodies in the SNc and VTA was performed within the representative two sections per animal. A neuron was considered when intact, round with clear nucleus and/or cytoplasm. The full extent of the structure in each section was investigated in both the lesioned and non-lesioned hemisphere. Only the sections where the lateral and medial parts of the VTA and SNc were clearly divided by the medial terminal nucleus of the accessory optic tract level were chosen for the further analyses of tyrosine hydroxylase immunoreactive (TH-ir) neurons. Only the rats with a total or subtotal loss of TH immunoreactivity within the SNc were taken for analyzing electrophysiological recordings (Wang et al., 2009b).
A separate group of SNc-lesion (n = 28) and sham-operated (n = 28) rats were utilized to investigate the degree of the degeneration of striatal dopaminergic neurons. The brains of rats were removed immediately after they were decapitated. The striatum ipsilateral to sham or DA lesion were collected. The concentrations of DA in the striatal structure were measured by reverse-phase high performance liquid chromatography (HPLC) with electrochemical detection (ECD). Only rats with a depletion of DA (>90%) in the ipsilateral striatum were taken to analyze the data (Han et al., 2016).
Behavioral Testing (Open Field Test and Elevated Plus Maze)
SNc-lesion (n = 10) and sham-operated (n = 10) rats were mounted with a unilateral stainless steel cannula 1 mm above the LHb (AP -3.7, ML–0.8, DV–3.7; Paxinos et al., 1980) through a hole drilled in the skull. A cannula was fixed to the skull with 3 stainless steel screws and then covered with dental acrylic cement. A dummy was inserted into the cannula to prevent potential obstruction, and rats were given a 1-week recovery period prior to behavioral tests.
SNc-lesion and sham-operated rats were administered one of the following combinations of infusions: saline/(S)-AMPA (doses: 0.01875, 0.0375, or 0.075 μg), saline/NBQX (0.25, 0.5, or 1.0 μg), or (S)-AMPA (0.075 μg)/NBQX (1.0 μg). During infusions, rats were gently handled by the experimenters, the stylet was withdrawn from the guide cannula, and a microinjector that was inserted alongside the guide cannula extended 1 mm beneath the cannula tip. The microinjector was connected to a 1-μl microsyringe through PE-10 tubing. The drugs were injected into the left LHb at a speed of 0.3 μl/min. Behavioral tests were conducted 10 min after the intra-LHb microinjection, and the interval between 2 subsequent injections was 5 min. Behavioral experiments were performed on the subsequent days, with the open field test (OFT) followed 24 h later by the elevated plus maze (EPM).
A paradigm of the OFT was designed to indicate spontaneous locomotor activity and anxiety-like behavior in rodents. The apparatus was constructed with a white Plexiglass floor of 100 cm wide × 100 cm long and 4 white walls 40 cm high. The floor area was further divided into 25 squares of 20 cm × 20 cm by black lines. Tests were performed under low-light environment (35–45 lux). Ten minutes post the microinfusion, the rat was placed in the center of the open field and allowed to freely explore the area for 5 min. The number of squares crossed (horizontal locomotion) and rearings (vertical activity) was recorded to indicate spontaneous locomotor activity, and the percentage of time spent in the central area (60 cm × 60 cm) of the open field was taken as an index of anxiety, calculated as time spent in the central area (s)/300 (s) × 100 (Tadaiesky et al., 2008; Sun et al., 2015; Sun et al., 2018; Liu et al., 2019; Du et al., 2021).
A paradigm of the EPM test was taken to evaluate spontaneous locomotor activity and anxiety-like behavior as well. The EPM apparatus had a central platform (10 cm × 10 cm) connected to two open arms (50 cm long × 10 cm wide) and two closed arms (50 cm long × 10 cm wide, walls 45 cm high) in the shape of crossing, elevated 50 cm above the floor. The illumination in the open arms, closed arms and central platform was 16, 16 and 4 lux, respectively. Twenty-4 hours following the OFT, intra-LHb infusions were repeated as above in each group. Ten minutes later, each rat was put in the center of the maze facing an open arm, while the behavior was recorded for 5 min. The number of entering the open arms was used as an indicator of spontaneous locomotor activity. The percentage of the open-arm entries [(number of open arm entries/number of open closed arm entries) × 100] and percentage of time spent in the open arms [(time in open arms/time in open closed arms) × 100] were calculated. The percentages of time spent and the entries into open arms were used to reflect the anxiety level (Tadaiesky et al., 2008; Sun et al., 2015; Sun et al., 2018; Liu et al., 2019; Du et al., 2021).
In Vivo Microdialysis and Neurochemistry
SNc-lesion (n = 8) and sham-operated (n = 8) rats were stereotaxically implanted with guide cannulae into the left LHb (AP -3.7, ML–0.8, DV–3.7) for drug injection and the left BLA (AP -2.5, ML–4.9, DV–7.0; Paxinos et al., 1980) for microdialysis. A guide cannula was secured to the skull with dental acrylic cement. After a 24 h recovery period, microdialysis was conducted in unanesthetized, freely moving rats. We inserted microdialysis probes (membrane length 2 mm; Eicom, Kyoto, Japan) through the guide cannula and perfused at 1 μl/min with Ringer’s solution (147 mM NaCl, 4 mM KCl, 2.3 mM CaCl2).
Following a 2 h equilibration period, dialysis samples were collected every 10 min for 30 min, and the 3 fractions as the baseline values before the drug injections in the two groups of rats. To monitor the alterations in the extracellular levels of DA and 5-HT in the BLA after the intra-LHb infusion of (S)-AMPA (0.0375 μg) or NBQX (0.5 μg), dialysis samples were collected every 10 min for 60 min, and the concentrations were immediately measured the HPLC (Alexys Uhplc; Antec, Zoeterwoude; Netherlands) with an ECD (Decade II, Antec; HPLC-ED) as previously described (Wang et al., 2017).
Immunohistochemistry and Histology
After all experiments were finished, rats were administered with an overdose of urethane and transcardially perfused with saline followed by 4% paraformaldehyde. The brains were quickly removed, fixed in 4% paraformaldehyde for 4 h and cryoprotected in 30% sucrose solution until saturation. Brain slices were cut at 40 μm with a cryostat microtome (Olympus, Tokyo, Japan). Brains slices from rats in Experiments 1, 2, and 3 were used for tyrosine hydroxylase (TH) immunohistochemical staining in the SNc and ventral tegmental area (VTA), as previously described (Wang et al., 2009a). Brains slices from rats in Experiments 2 and 3 were also stained with cresyl violet to verify anatomical placement of the cannulae and microdialysis probes. In the present study, behavioral and microdialysis data were only analyzed from the rats with a nearly complete loss of TH immunoreactive (TH-ir) neurons in the left SNc, and the correct anatomical placement of the cannulae, recording sites and microdialysis probes. Only rats with a depletion of DA tissue content >90% were considered for the further analysis of behavioral tests and in vivo microdialysis.
Data Analysis and Statistics
All data represent as the mean ± SEM (standard error of mean). Statistical analyses were performed with SigmaStat 3.5 (Systat, San Jose, CA, USA). Data from behavioral tests and in vivo microdialysis data were analyzed using two-way ANOVA followed by Bonferroni’s test. Immunohistochemical data were assessed using an independent samples t-test. The significance level was set at p < 0.05.
RESULTS
6-OHDA Model Validation
Unilateral lesions of the SNc induced an almost complete loss of TH-ir neurons in the ipsilateral SNc (-92%; p < 0.001) and a partial loss in the VTA (−30%; p < 0.001, unpaired Student’s t-test; Figure 2A–C), compared to the sham-operated rats. Lesions of the SNc also resulted in a significantly decrease in the tissue content of DA in the ipsilateral striatum (−96%; p < 0.001, unpaired Student’s t-test; Figure 2D).
[image: Figure 2]FIGURE 2 | Staining of dopaminergic neurons in the SNc and VTA, and DA tissue content in the striatum in sham-operated and SNc-lesion rats. Photomicrographs show TH immunostaining of the SNc and VTA in sham-operated (A) and SNc-lesion (B) rats. A unilateral injection of 6-OHDA into the SNc in a rat led to a nearly complete loss of TH-ir neurons in the SNc and a partial loss in the VTA, compared to sham-operated rats [(C); sham-operated: n = 24 rats/group; SNc-lesion: n = 23 rats/group]. A unilateral injection of 6-OHDA also decreased the DA level in the ipsilateral striatum compared to sham-operated rats [(D); n = 28 rats/group]. ***p < 0.001 vs. sham-operated rats; unpaired Student’s t-test. Data are represented as means ± SEM. MTN, medial terminal nucleus of the accessory optic tract. Scale bars: A, B = 500 μm.
Effects of SNc Lesions and Pharmacological Manipulations of LHb AMPARs on Locomotor Activity in the OFT
In terms of horizontal and vertical activity in rats, we investigated the effects of the unilateral lesions of the SNc and the intra-LHb microinjection of saline/saline, saline/(S)-AMPA, saline/NBQX or (S)-AMPA/NBQX in the OFT. A two-way ANOVA (lesion × drug) revealed a significant effect of lesion on locomotor activity (F(1, 105) = 127.536, p < 0.001; F(1, 76) = 56.196, p < 0.001 for horizontal activity, Figures 3A,B; F(1, 105) = 33.994, p < 0.001; F(1, 76) = 25.357, p < 0.001 for vertical activity, Figures 3C,D), but no effects of drug and no interactions. Post hoc analyses revealed that intra-LHb drug treatments did not affect locomotor activity relative to saline/saline treatment in either sham-operated or SNc-lesion rats.
[image: Figure 3]FIGURE 3 | The effects of 6-OHDA lesions and the intra-LHb microinjections of (S)-AMPA and NBQX as the AMPARs agonist and antagonist, respectively, on spontaneous locomotor activity in the OFT. Unilateral SNc lesions decreased the number of squares crossed (A, B; horizontal movement) and rearings (C, D; vertical movement) in rats compared to that in sham-operated ones. Intra-LHb injections of (S)-AMPA, NBQX/(S)-AMPA or NBQX did not alter the number of squares crossed (A,B) or rearings (C,D) relative to the saline/saline injections in either sham-operated or 6-OHDA lesioned rats. ***p < 0.001 vs. sham-operated rats; two-way ANOVA followed by Bonferroni’s test. Data are represented as means ± SEM; n = 10–12 rats/group.
Effects of SNc-Lesion and Pharmacological Manipulations of LHb AMPARs on Anxiety-like Behaviors in the OFT
In terms of anxiety-like behaviors measured using the OFT, unilateral 6-OHDA lesions of the SNc attenuated the percentage of time spent in the central area compared to sham operations [(S)-AMPA: p < 0.05; NBQX: p < 0.001; unpaired Student’s t-test; Figures 4A,B]. A two-way ANOVA of (S)-AMPA-treated groups (lesion × drug) revealed significant main effects of lesion and drug on the percentage of time spent in the center (lesion: F(1, 90) = 5.556, p < 0.05, Figure 4A; drug: F(4, 90) = 16.414, p < 0.001), but without lesion × drug interaction effect (F(4, 90) = 2.115, p = 0.09, Figure 4A). Post hoc analyses showed that the treatment with (S)-AMPA significantly enhanced the percentage of time spent in the central area (sham-operated rats: 0.075μg, p < 0.05; SNc-lesion rats: 0.0375μg, p < 0.001; 0.075μg, p < 0.001, Figure 4A).
[image: Figure 4]FIGURE 4 | The effects of 6-OHDA lesions and the intra-LHb microinjections of (S)-AMPA and NBQX as the AMPAR agonist and antagonist, respectively, on anxiety-like behaviors measured using the OFT and EPM. Unilateral SNc lesions reduced the percent time spent in the central area in the OFT (A,B), the percent time entering the open arms of the EPM (C,D), and open-arm entries in the EPM (E,F), compared to that in sham-operated rats. In both groups, an intra-LHb injection of (S)-AMPA increased the percentage of time spent in central area (A), and the percent open-arm time (C) and open arm entries (E) relative to the saline/saline injection in lesioned rats; whereas the injection caused anxiolytic-like behaviors in both groups (A,C,E). Pretreatment with NBQX (1.0 μg/0.3 μl) administered into the LHb blocked the effects of (S)-AMPA (0.075 μg/0.3 μl) on anxiety-like behaviors. Intra-LHb administration of vehicle/NBQX significantly lowered the percentage of time spent in central area (B), open-arm time (D) and entries into open arms (F) relative to vehicle/vehicle injection in the two groups. The doses leading to the alterations in anxiety-like behaviors in the lesioned rats were lower than those in sham-operated rats. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. vehicle/vehicle injection into the LHb in the same group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham-operated rats; a two-way ANOVA followed by Bonferroni’s test. Data are represented as means ± SEM; n = 10 rats/group.
A two-way ANOVA of NBQX-treated groups (lesion × drug) also revealed significant main effects of lesion and drug on the duration in the central area (lesion: F(1, 72) = 52.752, p < 0.001, Figure 4B; drug: F(3, 72) = 13.328, p < 0.001), but no interaction (F(3, 72) = 1.644, p = 0.19, Figure 4B). In contrast to the effects of (S)-AMPA, post hoc analyses indicated that treatment with NBQX robustly reduced the time spent in central area in the two groups (sham-operated rats: 1.0 μg, p < 0.001; SNc-lesion rats: 0.5 μg, p < 0.01; 1.0 μg, p < 0.05, Figure 4B).
These results indicate that (S)-AMPA injections suppressed anxiety-like behaviors, while NBQX treatment augmented anxiety-like behaviors, and the dose required to produce a change in the anxiety-like phenotype in the SNc-lesion rats was lower than that in sham-operated ones (for (S)-AMPA: sham-operated vs. SNc-lesion: 0.075 μg vs. 0.0375 μg, Figure 4A; for NBQX: sham-operated vs. SNc-lesion: 1.0 μg vs. 0.05 μg, Figure 4B). Furthermore, the pretreatment with NBQX blocked the effect of (S)-AMPA on anxiety-like behavior in both sham-operated and lesioned groups (Figures 4A,B).
Effects of SNc-Lesion and Pharmacological Manipulations of LHb AMPARs on Anxiety-like Behaviors in the EPM
In the EPM test, unilateral 6-OHDA lesion of the SNc significantly reduced the percentage of time spent in the open arms and the number of open-arm entries relative to sham-operated rats ((S)-AMPA: t = 10.254, p < 0.01; NBQX: t = 3.424, p < 0.001 of time spent in the open arms and (S)-AMPA: t = 2.370, p < 0.001; NBQX: t = 1.555, p < 0.001 of number of open-arm entries; unpaired Student’s t-test; Figures 4C–F). A two-way ANOVA of (S)-AMPA-treated groups (lesion × drug) revealed main effects of both lesion and drug with respect to time spent in the open arms (lesion: F(1, 90) = 8.767, p < 0.05, Figure 4C; drug: F(4, 90) = 8.497, p < 0.001), but no interaction (F(4, 90) = 2.330, p = 0.06, Figure 4C). A two-way ANOVA of (S)-AMPA-treated groups (lesion × drug) also revealed significant main effects of lesion and drug with respect to open-arm entries (lesion: F(1, 90) = 13.730, p < 0.05, Figure 4E; drug: F(4, 90) = 12.163, p < 0.001), but no interaction (F(4, 90) = 1.295, p = 0.278, Figure 4E). Post hoc analyses showed that (S)-AMPA treatment significantly raised the open-arm times and open-arm entries, indicating an increase in anxiolytic-like behavior following the injection of (S)-AMPA (open-arm time in sham-operated rats: 0.075 μg, p < 0.01; SNc-lesion rats: 0.0375 μg, p < 0.01; 0.075 μg, p < 0.01; open arm entries in sham-operated rats: 0.075, p < 0.01; SNc-lesion rats: 0.0375 μg, p < 0.001; 0.075 μg, p < 0.001; Figures 4C,E).
A two-way ANOVA of NBQX-treated groups (lesion by drug) revealed significant main effects of lesion and drug with respect to open arm time (lesion: F(1, 72) = 42.376, p < 0.001, Figure 4D; drug: F(3, 72) = 10.349, p < 0.001) but no interaction (F(3, 72) = 0.990, p = 0.403, Figure 4D). A two-way ANOVA of NBQX-treated groups (lesion x drug) also revealed main effects of both lesion and drug with respect to open arm entries (lesion: F(1, 72) = 21.674, p < 0.001, Figure 4F; drug: F(3, 72) = 6.997, p < 0.001), but without lesion × drug interaction effect (F(3, 72) = 0.445, p = 0.722, Figure 4F). In contrast to the effects of (S)-AMPA, post hoc analyses displayed that NBQX significantly decreased the percent time staying in the open arms and open arm entries of the two groups, indicating that NBQX increases anxiety-like behavior (open-arm time in sham-operated rats: 1.0 μg, p < 0.001; SNc-lesion rats: 0.5 μg, p < 0.05; 1.0 μg, p < 0.05; open arm entries in sham-operated rats: 1.0 μg, p < 0.01; SNc-lesion rats: 0.5 μg, p < 0.01; 1.0 μg, p < 0.05; Figures 4D,F).
These results again suggested that (S)-AMPA treatment reduced anxiety-like behaviors, while NBQX treatment induced anxiolytic-like behaviors, and the dose required to produce a change in anxiety-like behavior in the SNc-lesion groups was lower than that in sham-operated groups (for (S)-AMPA: sham-operated vs. SNc-lesion: 0.075 μg vs. 0.0375 μg, Figures 4C,E; for NBQX: sham-operated vs. SNc-lesion: 1.0 μg vs. 0.05 μg, Figures 4D,F). Furthermore, NBQX pretreatment blocked the effect of (S)-AMPA in both groups (Figures 4C–F).
Extracellular DA and 5-HT Concentration Measurements in the BLA After SNc Lesion and Pharmacological Manipulations of LHb AMPARs
SNc lesions in rats significantly suppressed the extracellular DA level in the BLA compared to sham-operated rats (-85%; p < 0.001, unpaired Student’s t-test; Figures 5A–D); however, the lesions did not alter the extracellular 5-HT level in the BLA (Figure 5E), indicating that lesions of the SNc specifically affect DA release in the BLA.
[image: Figure 5]FIGURE 5 | The alterations of the extracellular DA and 5-HT levels in the BLA in sham-operated and SNc-lesion rats prior to and following an intra-LHb injection of the AMPARs agonist (S)-AMPA or antagonist NBQX. Schematic drawing adapted from Paxinos et al. (1980). (A). The microinjector tip aimed at the LHb (B) and photomicrographs of cresyl violet staining indicated the sites of microdialysis probes in the BLA (C). Unilateral SNc lesions in rats suppressed the DA level in the ipsilateral BLA relative to sham-operated rats (D) but did not impact the 5-HT level [(E); n = 9 rats/group]. Intra-LHb injection of (S)-AMPA (0.0375 μg/0.3 μl) raised the levels of DA and 5-HT in the BLA in both sham and SNc-lesion rats [(F,G); n = 8 rats/group], while NBQX (0.5 μg/0.3 μl) inhibited the concentrations of DA and 5-HT in the BLA [(H,I); n = 7 rats/group). Although (S)-AMPA and NBQX affected the DA and 5-HT levels in both groups, the durations of the increase or decrease were longer in the lesion group than in sham-operated rats. **p < 0.001 vs. sham-operated rats; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. baseline, two-way ANOVA with repeated measures followed by Bonferroni’s test. Data are represented as means ± SEM.
Intra-LHb injection of (S)-AMPA enhanced the extracellular DA level in the BLA compared to baseline in both sham-operated and SNc-lesion groups (Figure 5F). A two-way ANOVA (time × group) revealed a significant main effect of time (F(6, 42) = 10.644, p < 0.001), but no main effect of group (F(1, 42) = 0.807, p = 0.399) or time × group interaction effect (F(6, 42) = 0.639, p = 0.699). (S)-AMPA also increased the extracellular 5-HT level in the BLA compared to baseline in the two groups (Figure 5G). A two-way ANOVA (time x group) revealed a significant main effect of time (F(6, 42) = 13.182, p < 0.001), but no main effect of group (F(1, 42) = 0.0002, p = 0.988) or time × group interaction effect (F(6, 42) = 0.721, p = 0.635). However, the effects of (S)-AMPA on DA and 5-HT concentrations in the SNc-lesion group lasted much longer than that in the sham-operated group (sham-operated vs. SNc-lesion: DA, 10 min vs. 20 min; 5-HT, 10 min vs. 20 min; Figures 5F,G).
Conversely, an intra-LHb NBQX injection reduced the extracellular DA level in the BLA compared to baseline in both sham-operated and the SNc-lesion groups (Figure 5H). A two-way ANOVA (time × group) revealed a significant main effect of time (F(6, 42) = 4.882, p < 0.001), but no main effect of group (F(1, 42) = 1.247, p = 0.307) or time × group interaction effect (F(6, 42) = 0.376, p = 0.889). NBQX treatment also reduced the extracellular 5-HT level in the BLA compared to baseline in both groups (Figure 5I). A two-way ANOVA (time × group) revealed a significant main effect of time (F(6, 36) = 7.799, p < 0.001), but no main effect of group (F(1, 36) = 0.134, p = 0.727) or time × group interaction effect (F(6, 42) = 1.017, p = 0.430). Again, the pharmacological effects of NBQX on the levels of DA and 5-HT in the SNc-lesion group lasted longer than in sham-operated group (sham-operated vs. SNc-lesion: DA, 10 min vs. 20 min; 5-HT, 10 min vs. 20 min; Figures 5H,I).
Here, the data indicated that activating and antagonizing AMPARs in the LHb regulated DA and 5-HT release in the BLA of both groups, while DA depletion enhanced the responses of LHb neurons to AMPARs stimulation.
DISCUSSION
The present study examined whether AMPARs in the LHb are involved in the regulation of PD-associated anxiety-like phenotypes. We found that a unilateral lesion of the SNc led to a reduction in the number of DA neurons in the midbrain, which mimics the loss of DA neurons seen in late-stage PD patients. Furthermore, activation of AMPARs by (S)-AMPA induced anxiolytic-like effects and enhanced concentrations of extracellular DA and 5-HT in the BLA in both SNc-lesion and control rats; conversely, blockade of AMPARs by NBQX produced anxiety-like effects and decreased the extracellular DA and 5-HT levels in the BLA in both groups. The anxiolytic- and anxiety-like effects of activation and blockade, respectively, of AMPARs in the LHb were achieved with lower doses in the SNc lesion groups relative to the sham groups. Similarly, the drugs at lower doses also prolonged the duration of the DA and 5-HT release in the BLA in the lesioned rats.
Anxiety is a non-motor symptom commonly present in PD patients. In this study, the behavioral tests showed that unilateral SNc lesions suppressed the anxiety-like phenotypes in the OFT and EPM tests, suggesting that the depletion of DA induced anxiety-like behaviors. These results were confirmed by the previous studies from our group and supported by the publications demonstrating that rats with unilateral SNc lesions displayed augmented anxiety-like phenotypes in the EPM test, social interaction (SI) tests, and amphetamine-induced hyperlocomotion (AIH) (Hui et al., 2015; Sun et al., 2018). This study also exhibited that unilateral SNc dysfunction suppressed the DA level in the ipsilateral BLA, while the 5-HT level was unaffected, indicating that DA depletion within the cortico-limbic circuit likely plays an essential role in PD-associated anxiety.
The LHb regulates anxiety-related behaviors through its complex connection with distal regions. Based on these connections (Jhou et al., 2009; Xie et al., 2016), the LHb modulates neurotransmitter systems including DA and 5-HT, and participates in various physiological and pathophysiological processes such as anxiety, depression, reward-aversion and addiction (Nair et al., 2013; Lecca et al., 2014). Moreover, the inhibitory inputs from the LHb have been proved to involve in manipulating reward-related activities, and this function has been linked to 5-HT modulation (Teissier et al., 2015) and DA transmission (Matsumoto and Hikosaka, 2007), which can produce anxiety-like behaviors (Huang et al., 2017; Vadodaria et al., 2018). Inactivation of the LHb by GABA receptor agonists attenuates the anxiolytic-like effects as seen by an increased time staying in the open arms of the EPM test (Friedman et al., 2011; Meng et al., 2011; Gill et al., 2013), again indicating an association between the LHb and anxiety. The afferent inputs innervate the BLA neurons through the systems to maintain a balance between inhibitory and excitatory post-synaptic currents, ultimately determining the primary state of excitability of BLA efferent neurons (Rainnie et al., 1991a; Rainnie et al., 1991b). This balance plays an important role in amygdala-mediated behaviors, such as anxiety (Sajdyk and Shekhar, 1997a; Sajdyk and Shekhar, 1997b). The BLA mainly receives dopaminergic and serotonergic afferents from the VTA and raphe nuclei (Ma et al., 1991; Scibilia et al., 1992; Pinard et al., 2008). Previously research showed that the LHb plays a critical role in mediating the effects of acute and chronic nicotine by activating DA neurons (Pierucci et al., 2022) and regulating 5-HT receptors in the VTA (Bombardi et al., 2021a; Bombardi et al., 2021b). Moreover, the LHb strictly controls the activity of dopaminergic and serotonergic neurons that provide DA and 5-HT neurotransmitter to the forebrain (Lecca et al., 2014; Metzger et al., 2017), and lesions of the LHb produced anxiolytic effects in Parkinsonian rats (Du et al., 2021). However, it is unclear on how activation and blockade of AMPARs within the LHb affects the BLA in the anxiety-like behaviors. Here we observed that the intra-LHb microinjection of (S)-AMPA led to anxiolytic-like responses and enhanced the extracellular DA and 5-HT concentrations in the BLA; conversely, NBQX produced opposite effects, likely resulting from the lowered extracellular DA and 5-HT concentrations in the BLA.
Most LHb projections are glutamatergic (Geisler et al., 2007; Brinschwitz et al., 2010) and predominantly express AMPARs (Li et al., 2011; Maroteaux and Mameli, 2012; Meye et al., 2013). AMPARs consisted of four subunits (GluR1–GluR4; Traynelis et al., 2010) and can be clustered into the calcium-impermeable GluR2-containing and calcium-permeable GluR2-lacking AMPARs (Keinanen et al., 1990; Seeburg et al., 1998). AMPARs mediate rapid excitatory synaptic transmission, neuronal death, and synaptic plasticity. Our study shows that activation of LHb AMPARs produced an anxiolytic-like effect in both sham-operated rats and SNc-lesion rats. (S)-AMPA injected into the LHb significantly raised anxiety-like behaviors in the OFT and EPM tests, while blockade of LHb AMPARs using NBQX produced an anxiety-like behavior in both groups and suppressed the anxiety-like phenotypes in rats. Interestingly, the minimal doses inducing the effects in the SNc-lesion rats were lower than those in sham-operated rats, suggesting that the action of AMPARs in the LHb regulates anxiety-like behavior and SNc lesions enhanced the sensitivity of AMPARs.
CONCLUSION
In conclusion, the intra-LHb (S)-AMPA infusion enhanced the extracellular DA and 5-HT concentrations in the BLA. In contrast, NBQX treatment decreased the release of DA and 5-HT in the BLA. In addition to the increase and decrease in anxiety-like behaviors demonstrated here by (S)-AMPA and NBQX, respectively, these findings support a role for LHb AMPARs in mediating anxiety via its effects on DA and 5-HT in the BLA. This study lays a foundation for further understanding the involvement of AMPARs in the LHb in the regulation of PD-related anxiety, and suggests a novel therapeutic role of AMPARs in treating PD-related anxiety.
COMPLIANCE WITH ETHICAL STANDARDS
The present study was performed on rats. All the experimental procedures were strictly abided by the National Institute of Health Guidelines and approved by the Animal Care and Use Committee of the Xi’an Jiao Tong University. All efforts were made to minimize the number of animals used and reduce their pain.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by National Institute of Health Guidelines and Animal Care and Use Committee of the Xi’an Jiao Tong University.
AUTHOR CONTRIBUTIONS
JZ designed and performed the experiments, JZ and XW derived the models and analysed the data. JJ, JZ, and RB drafted the manuscript and designed the figures. SW and RB wrote the manuscript in consultation with JZ and ZG.
FUNDING
This research article is a part of the first author’s JZ thesis. Funding for this study was provided by the National Natural Science Foundations of China (Grant.ID: 81771383), Li Yunqing expert workstation of Yunnan Province (NO. 202005AF150014), Basic and Applied Basic Research Fund Committee of Guangdong Province (2020A1515110161, JJ) and Basic Research Project of Science, Technology and Innovation Commission of Shenzhen (No. JCYJ20210324134800002, SW).
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, orclaim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors wish to acknowledge Hui-Sheng Wang for technical support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.821975/full#supplementary-material
REFERENCES
 Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T., and Okamoto, H. (2012). Molecular Characterization of the Subnuclei in Rat Habenula. J. Comp. Neurol. 520, 4051–4066. doi:10.1002/cne.23167
 Bassetti, C. L. (2011). Nonmotor Disturbances in Parkinson's Disease. Neurodegener Dis. 8, 95–108. doi:10.1159/000316613
 Berger, A. L., Henricks, A. M., Lugo, J. M., Wright, H. R., Warrick, C. R., Sticht, M. A., et al. (2018). The Lateral Habenula Directs Coping Styles under Conditions of Stress via Recruitment of the Endocannabinoid System. Biol. Psychiatry 84, 611–623. doi:10.1016/j.biopsych.2018.04.018
 Bernard, R., and Veh, R. W. (2012). Individual Neurons in the Rat Lateral Habenular Complex Project Mostly to the Dopaminergic Ventral Tegmental Area or to the Serotonergic Raphe Nuclei. J. Comp. Neurol. 520, 2545–2558. doi:10.1002/cne.23080
 Bombardi, C., Delicata, F., Tagliavia, C., Grandis, A., Pierucci, M., Marino Gammazza, A., et al. (2021a). Lateral Habenula 5-HT2C Receptor Function Is Altered by Acute and Chronic Nicotine Exposures. Int. J. Mol. Sci. 22 (9), 4775. doi:10.3390/ijms22094775
 Bombardi, C., Delicata, F., Tagliavia, C., Pierucci, M., Deidda, G., Casarrubea, M., et al. (2021b). Acute and Chronic Nicotine Exposures Differentially Affect Central Serotonin 2A Receptor Function: Focus on the Lateral Habenula. Int. J. Mol. Sci. 21, 1873. doi:10.3390/ijms21051873
 Brinschwitz, K., Dittgen, A., Madai, V. I., Lommel, R., Geisler, S., and Veh, R. W. (2010). Glutamatergic Axons from the Lateral Habenula Mainly Terminate on GABAergic Neurons of the Ventral Midbrain. Neuroscience 168, 463–476. doi:10.1016/j.neuroscience.2010.03.050
 Butala, A., Shepard, M., and Pontone, G. (2019). Neuropsychiatric Aspects of Parkinson Disease Psychopharmacology: Insights from Circuit Dynamics. Handb Clin. Neurol. 165, 83–121. doi:10.1016/B978-0-444-64012-3.00007-1
 Casarrubea, M., Davies, C., Faulisi, F., Pierucci, M., Colangeli, R., Partridge, L., et al. (2015). Acute Nicotine Induces Anxiety and Disrupts Temporal Pattern Organization of Rat Exploratory Behavior in Hole-Board: a Potential Role for the Lateral Habenula. Front Cel Neurosci 9, 197. doi:10.3389/fncel.2015.00197
 Casarrubea, M., Davies, C., Pierucci, M., Colangeli, R., Deidda, G., Santangelo, A., et al. (2021). The Impact of Chronic Daily Nicotine Exposure and its Overnight Withdrawal on the Structure of Anxiety-Related Behaviors in Rats: Role of the Lateral Habenula. Prog. Neuropsychopharmacol. Biol. Psychiatry 105, 110131. doi:10.1016/j.pnpbp.2020.110131
 Cull-Candy, S., Kelly, L., and Farrant, M. (2006). Regulation of Ca2+-Permeable AMPA Receptors: Synaptic Plasticity and beyond. Curr. Opin. Neurobiol. 16, 288–297. doi:10.1016/j.conb.2006.05.012
 Du, C. X., Guo, Y., and Liu, J. (2021). Lesions of the Lateral Habenula Produce Anxiolytic Effects in a Rat Model of Parkinson's Disease. Neurol. Res. 43, 785–792. doi:10.1080/01616412.2021.1935100
 Friedman, A., Lax, E., Dikshtein, Y., Abraham, L., Flaumenhaft, Y., Sudai, E., et al. (2011). Electrical Stimulation of the Lateral Habenula Produces an Inhibitory Effect on Sucrose Self-Administration. Neuropharmacology 60, 381–387. doi:10.1016/j.neuropharm.2010.10.006
 Fu, R., Mei, Q., Shiwalkar, N., Zuo, W., Zhang, H., Gregor, D., et al. (2020). Anxiety during Alcohol Withdrawal Involves 5-HT2C Receptors and M-Channels in the Lateral Habenula. Neuropharmacology 163, 107863. doi:10.1016/j.neuropharm.2019.107863
 Geisler, S., Derst, C., Veh, R. W., and Zahm, D. S. (2007). Glutamatergic Afferents of the Ventral Tegmental Area in the Rat. J. Neurosci. 27, 5730–5743. doi:10.1523/jneurosci.0012-07.2007
 Gill, M. J., Ghee, S. M., Harper, S. M., and See, R. E. (2013). Inactivation of the Lateral Habenula Reduces Anxiogenic Behavior and Cocaine Seeking under Conditions of Heightened Stress. Pharmacol. Biochem. Behav. 111, 24–29. doi:10.1016/j.pbb.2013.08.002
 Greger, I. H., Watson, J. F., and Cull-Candy, S. G. (2017). Structural and Functional Architecture of AMPA-type Glutamate Receptors and Their Auxiliary Proteins. Neuron 94, 713–730. doi:10.1016/j.neuron.2017.04.009
 Han, L. N., Zhang, L., Sun, Y. N., Du, C. X., Zhang, Y. M., Wang, T., et al. (2016). Serotonin7 Receptors in the Lateral Habenular Nucleus Regulate Depressive-like Behaviors in the Hemiparkinsonian Rats. Brain Res. 1644, 79–87. doi:10.1016/j.brainres.2016.05.016
 Hu, H., Cui, Y., and Yang, Y. (2020). Circuits and Functions of the Lateral Habenula in Health and in Disease. Nat. Rev. Neurosci. 21, 277–295. doi:10.1038/s41583-020-0292-4
 Huang, L., Yuan, T., Tan, M., Xi, Y., Hu, Y., Tao, Q., et al. (2017). A Retinoraphe Projection Regulates Serotonergic Activity and Looming-Evoked Defensive Behaviour. Nat. Commun. 8, 14908. doi:10.1038/ncomms14908
 Hui, Y. P., Wang, T., Han, L. N., Li, L. B., Sun, Y. N., Liu, J., et al. (2015). Anxiolytic Effects of Prelimbic 5-HT(1A) Receptor Activation in the Hemiparkinsonian Rat. Behav. Brain Res. 277, 211–220. doi:10.1016/j.bbr.2014.04.053
 Hurtado-Lorenzo, A., Millan, E., Gonzalez-Nicolini, V., Suwelack, D., Castro, M. G., and Lowenstein, P. R. (2004). Differentiation and Transcription Factor Gene Therapy in Experimental Parkinson's Disease: Sonic Hedgehog and Gli-1, but Not Nurr-1, Protect Nigrostriatal Cell Bodies from 6-OHDA-Induced Neurodegeneration. Mol. Ther. 10, 507–524. doi:10.1016/j.ymthe.2004.05.021
 Jhou, T. C., Geisler, S., Marinelli, M., Degarmo, B. A., and Zahm, D. S. (2009). The Mesopontine Rostromedial Tegmental Nucleus: A Structure Targeted by the Lateral Habenula that Projects to the Ventral Tegmental Area of Tsai and Substantia Nigra Compacta. J. Comp. Neurol. 513, 566–596. doi:10.1002/cne.21891
 Kang, D., Bresin, K., and Fairbairn, C. E. (2018). The Impact of Alcohol and Social Context on the Startle Eyeblink Reflex. Alcohol. Clin. Exp. Res. 42, 1951–1960. doi:10.1111/acer.13838
 Keinänen, K., Wisden, W., Sommer, B., Werner, P., Herb, A., Verdoorn, T. A., et al. (1990). A Family of AMPA-Selective Glutamate Receptors. Science 249, 556–560. doi:10.1126/science.2166337
 Kurumaji, A., Umino, A., Tanami, M., Ito, A., Asakawa, M., and Nishikawa, T. (2003). Distribution of Anxiogenic-Induced C-Fos in the Forebrain Regions of Developing Rats. J. Neural Transm. (Vienna) 110, 1161–1168. doi:10.1007/s00702-003-0023-9
 Lecca, S., Meye, F. J., and Mameli, M. (2014). The Lateral Habenula in Addiction and Depression: an Anatomical, Synaptic and Behavioral Overview. Eur. J. Neurosci. 39, 1170–1178. doi:10.1111/ejn.12480
 Li, B., Piriz, J., Mirrione, M., Chung, C., Proulx, C. D., Schulz, D., et al. (2011). Synaptic Potentiation onto Habenula Neurons in the Learned Helplessness Model of Depression. Nature 470, 535–539. doi:10.1038/nature09742
 Li, J., Kang, S., Fu, R., Wu, L., Wu, W., Liu, H., et al. (2017). Inhibition of AMPA Receptor and CaMKII Activity in the Lateral Habenula Reduces Depressive-like Behavior and Alcohol Intake in Rats. Neuropharmacology 126, 108–120. doi:10.1016/j.neuropharm.2017.08.035
 Li, Q., Luo, T., Jiang, X., and Wang, J. (2012). Anxiolytic Effects of 5-HT₁A Receptors and Anxiogenic Effects of 5-HT₂C Receptors in the Amygdala of Mice. Neuropharmacology 62, 474–484. doi:10.1016/j.neuropharm.2011.09.002
 Liu, K. C., Guo, Y., Zhang, J., Chen, L., Liu, Y. W., Lv, S. X., et al. (2019). Activation and Blockade of Dorsal Hippocampal Serotonin6 Receptors Regulate Anxiety-like Behaviors in a Unilateral 6-hydroxydopamine Rat Model of Parkinson's Disease. Neurol. Res. 41, 791–801. doi:10.1080/01616412.2019.1611204
 Ma, Q. P., Yin, G. F., Ai, M. K., and Han, J. S. (1991). Serotonergic Projections from the Nucleus Raphe Dorsalis to the Amygdala in the Rat. Neurosci. Lett. 134, 21–24. doi:10.1016/0304-3940(91)90499-j
 Maroteaux, M., and Mameli, M. (2012). Cocaine Evokes Projection-specific Synaptic Plasticity of Lateral Habenula Neurons. J. Neurosci. 32, 12641–12646. doi:10.1523/jneurosci.2405-12.2012
 Matsumoto, M., and Hikosaka, O. (2007). Lateral Habenula as a Source of Negative Reward Signals in Dopamine Neurons. Nature 447, 1111–1115. doi:10.1038/nature05860
 Meng, H., Wang, Y., Huang, M., Lin, W., Wang, S., and Zhang, B. (2011). Chronic Deep Brain Stimulation of the Lateral Habenula Nucleus in a Rat Model of Depression. Brain Res. 1422, 32–38. doi:10.1016/j.brainres.2011.08.041
 Metzger, M., Bueno, D., and Lima, L. B. (2017). The Lateral Habenula and the Serotonergic System. Pharmacol. Biochem. Behav. 162, 22–28. doi:10.1016/j.pbb.2017.05.007
 Meye, F. J., Lecca, S., Valentinova, K., and Mameli, M. (2013). Synaptic and Cellular Profile of Neurons in the Lateral Habenula. Front. Hum. Neurosci. 7, 860. doi:10.3389/fnhum.2013.00860
 Nair, S. G., Strand, N. S., and Neumaier, J. F. (2013). DREADDing the Lateral Habenula: a Review of Methodological Approaches for Studying Lateral Habenula Function. Brain Res. 1511, 93–101. doi:10.1016/j.brainres.2012.10.011
 Paxinos, G., Watson, C. R., and Emson, P. C. (1980). AChE-stained Horizontal Sections of the Rat Brain in Stereotaxic Coordinates. J. Neurosci. Methods 3, 129–149. doi:10.1016/0165-0270(80)90021-7
 Pierucci, M., Delicata, F., Colangeli, R., Marino Gammazza, A., Pitruzzella, A., Casarrubea, M., et al. (2022). Nicotine Modulation of the Lateral Habenula/ventral Tegmental Area Circuit Dynamics: An Electrophysiological Study in Rats. Neuropharmacology 202, 108859. doi:10.1016/j.neuropharm.2021.108859
 Pinard, C. R., Muller, J. F., Mascagni, F., and McDonald, A. J. (2008). Dopaminergic Innervation of Interneurons in the Rat Basolateral Amygdala. Neuroscience 157, 850–863. doi:10.1016/j.neuroscience.2008.09.043
 Pobbe, R. L., and Zangrossi, H. (2008). Involvement of the Lateral Habenula in the Regulation of Generalized Anxiety- and Panic-Related Defensive Responses in Rats. Life Sci. 82, 1256–1261. doi:10.1016/j.lfs.2008.04.012
 Pontone, G. M., Williams, J. R., Anderson, K. E., Chase, G., Goldstein, S. A., Grill, S., et al. (2009). Prevalence of Anxiety Disorders and Anxiety Subtypes in Patients With Parkinson’s Disease. Mov. Disord. 24, 1333–1338. doi:10.1002/mds.22611
 Prediger, R. D., Schamne, M. G., Sampaio, T. B., Moreira, E. L. G., and Rial, D. (2019). Animal Models of Olfactory Dysfunction in Neurodegenerative Diseases. Handb Clin. Neurol. 164, 431–452. doi:10.1016/b978-0-444-63855-7.00024-1
 Rainnie, D. G., Asprodini, E. K., and Shinnick-Gallagher, P. (1991a). Excitatory Transmission in the Basolateral Amygdala. J. Neurophysiol. 66, 986–998. doi:10.1152/jn.1991.66.3.986
 Rainnie, D. G., Asprodini, E. K., and Shinnick-Gallagher, P. (1991b). Inhibitory Transmission in the Basolateral Amygdala. J. Neurophysiol. 66, 999–1009. doi:10.1152/jn.1991.66.3.999
 Sah, P., Faber, E. S., Lopez De Armentia, M., and Power, J. (2003). The Amygdaloid Complex: Anatomy and Physiology. Physiol. Rev. 83, 803–834. doi:10.1152/physrev.00002.2003
 Sajdyk, T. J., and Shekhar, A. (1997a). Excitatory Amino Acid Receptors in the Basolateral Amygdala Regulate Anxiety Responses in the Social Interaction Test. Brain Res. 764, 262–264. doi:10.1016/s0006-8993(97)00594-5
 Sajdyk, T. J., and Shekhar, A. (1997b). Excitatory Amino Acid Receptor Antagonists Block the Cardiovascular and Anxiety Responses Elicited by Gamma-Aminobutyric acidA Receptor Blockade in the Basolateral Amygdala of Rats. J. Pharmacol. Exp. Ther. 283, 969–977. 
 Scibilia, R. J., Lachowicz, J. E., and Kilts, C. D. (1992). Topographic Nonoverlapping Distribution of D1 and D2 Dopamine Receptors in the Amygdaloid Nuclear Complex of the Rat Brain. Synapse 11, 146–154. doi:10.1002/syn.890110208
 Seeburg, P. H., Higuchi, M., and Sprengel, R. (1998). RNA Editing of Brain Glutamate Receptor Channels: Mechanism and Physiology. Brain Res. Brain Res. Rev. 26, 217–229. doi:10.1016/s0165-0173(97)00062-3
 Shabel, S. J., Proulx, C. D., Piriz, J., and Malinow, R. (2014). Mood Regulation. GABA/glutamate Co-release Controls Habenula Output and Is Modified by Antidepressant Treatment. Science 345, 1494–1498. doi:10.1126/science.1250469
 Shah, A., Zuo, W., Kang, S., Li, J., Fu, R., Zhang, H., et al. (2017). The Lateral Habenula and Alcohol: Role of Glutamate and M-type Potassium Channels. Pharmacol. Biochem. Behav. 162, 94–102. doi:10.1016/j.pbb.2017.06.005
 Sun, Y. N., Wang, T., Wang, Y., Han, L. N., Li, L. B., Zhang, Y. M., et al. (2015). Activation of 5-HT₁A Receptors in the Medial Subdivision of the central Nucleus of the Amygdala Produces Anxiolytic Effects in a Rat Model of Parkinson's Disease. Neuropharmacology 95, 181–191. doi:10.1016/j.neuropharm.2015.03.007
 Sun, Y. N., Yao, L., Li, L. B., Wang, Y., Du, C. X., Guo, Y., et al. (2018). Activation and Blockade of Basolateral Amygdala 5-HT6 Receptor Produce Anxiolytic-like Behaviors in an Experimental Model of Parkinson's Disease. Neuropharmacology 137, 275–285. doi:10.1016/j.neuropharm.2018.05.016
 Tadaiesky, M. T., Dombrowski, P. A., Figueiredo, C. P., Cargnin-Ferreira, E., Da Cunha, C., and Takahashi, R. N. (2008). Emotional, Cognitive and Neurochemical Alterations in a Premotor Stage Model of Parkinson's Disease. Neuroscience 156, 830–840. doi:10.1016/j.neuroscience.2008.08.035
 Teissier, A., Chemiakine, A., Inbar, B., Bagchi, S., Ray, R. S., Palmiter, R. D., et al. (2015). Activity of Raphé Serotonergic Neurons Controls Emotional Behaviors. Cell Rep 13, 1965–1976. doi:10.1016/j.celrep.2015.10.061
 Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M., Ogden, K. K., et al. (2010). Glutamate Receptor Ion Channels: Structure, Regulation, and Function. Pharmacol. Rev. 62, 405–496. doi:10.1124/pr.109.002451
 Vadodaria, K. C., Stern, S., Marchetto, M. C., and Gage, F. H. (2018). Serotonin in Psychiatry: In Vitro Disease Modeling Using Patient-Derived Neurons. Cell Tissue Res 371, 161–170. doi:10.1007/s00441-017-2670-4
 Walsh, K., and Bennett, G. (2001). Parkinson's Disease and Anxiety. Postgrad. Med. J. 77, 89–93. doi:10.1136/pmj.77.904.89
 Wang, S., Qi, X. J., and Han, D. (2009a). Effect of Electroacupuncture Scalp point-through-point Therapy on the Expression of Tyrosine Hydroxylase and Dopamine Transporter mRNAs in Substantia Nigra of Parkinson's Disease Model Rats. Zhongguo Zhen Jiu 29, 391–394.
 Wang, S., Zhang, Q. J., Liu, J., Wu, Z. H., Wang, T., Gui, Z. H., et al. (2009b). Unilateral Lesion of the Nigrostriatal Pathway Induces an Increase of Neuronal Firing of the Midbrain Raphe Nuclei 5-Ht Neurons and a Decrease of Their Response to 5-Ht1a Receptor Stimulation in the Rat. Neuroscience 159, 850–861. doi:10.1016/j.neuroscience.2008.12.051
 Wang, T., Zhang, L., Zhang, Q. J., Wang, Y., Du, C. X., Sun, Y. N., et al. (2017). Involvement of Lateral Habenula α1 Subunit-Containing GABAA Receptor-Mediated Inhibitory Transmission in the Regulation of Depression-Related Behaviors in Experimental Parkinson's Disease. Neuropharmacology 116, 399–411. doi:10.1016/j.neuropharm.2017.01.015
 Xie, G., Zuo, W., Wu, L., Li, W., Wu, W., Bekker, A., et al. (2016). Serotonin Modulates Glutamatergic Transmission to Neurons in the Lateral Habenula. Sci. Rep. 6, 23798. doi:10.1038/srep23798
 Zhang, J., Lv, S., Tang, G., Bian, G., Yang, Y., Li, R., et al. (2019). Activation of Calcium-Impermeable GluR2-Containing AMPA Receptors in the Lateral Habenula Produces Antidepressant-like Effects in a Rodent Model of Parkinson's Disease. Exp. Neurol. 322, 113058. doi:10.1016/j.expneurol.2019.113058
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Wang, Bernardi, Ju, Wei and Gong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-821975-g005.gif





OPS/images/fphar-13-821975-g003.gif





OPS/images/fphar-13-821975-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Activation of AMPA Receptors in the Lateral Habenula Produces Anxiolytic Effects in a Rat Model of Parkinson’s Disease		Introduction

		Materials and Methods		Animals and Drugs

		6-OHDA Lesion Surgeries and 6-OHDA Model Validation

		Behavioral Testing (Open Field Test and Elevated Plus Maze)

		In Vivo Microdialysis and Neurochemistry

		Immunohistochemistry and Histology

		Data Analysis and Statistics





		Results		6-OHDA Model Validation

		Effects of SNc Lesions and Pharmacological Manipulations of LHb AMPARs on Locomotor Activity in the OFT

		Effects of SNc-Lesion and Pharmacological Manipulations of LHb AMPARs on Anxiety-like Behaviors in the OFT

		Effects of SNc-Lesion and Pharmacological Manipulations of LHb AMPARs on Anxiety-like Behaviors in the EPM

		Extracellular DA and 5-HT Concentration Measurements in the BLA After SNc Lesion and Pharmacological Manipulations of LHb AMPARs





		Discussion

		Conclusion

		Compliance With Ethical Standards

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Activation of AMPA Receptors in
the Lateral Habenula Produces
Anxiolytic Effects in a Rat Model
of Parkinson’s Disease





OPS/images/fphar-13-821975-g001.gif





OPS/images/fphar-13-821975-g002.gif
c. o

&a A . - st sam
3 P e
g I i Srai B

g &l i-m 1

3 ! i

i

PR sE— “Stristum.









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





