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Leptin Prevents Lipopolysaccharide-Induced Depressive-Like Behaviors in Mice: Involvement of Dopamine Receptors
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Depression is a chronic and recurrent disorder, associated with high morbidity and risk of suicide. Leptin was firstly described as an anti-obesity hormone, but several actions of leptin in CNS have been reported. In fact, leptin regulates dopaminergic neurotransmission in mesolimbic areas and has antidepressant-like properties in stress-based models. In the present study, we investigated, for the first time, putative antidepressant-like effects of leptin in an animal model of depressive-like behaviors induced by lipopolysaccharide (LPS), and the potential involvement of dopamine receptors as mediators of those behavioral effects. Mice were injected leptin (1.5 mg/kg, IP) or imipramine prior to LPS administration. To evaluate the involvement of dopamine receptors, different experimental groups were pretreated with either the dopaminergic antagonist SCH23390, for D1 receptors or raclopride, for D2/D3 receptors, prior to leptin injection. Twenty-four hours post-LPS, mice were submitted to the forced swimming and sucrose preference tests. In addition, IL-1β levels were determined in the prefrontal cortex (PFC), hippocampus and striatum. BDNF levels were measured in the hippocampus. Our results showed that leptin, similarly to imipramine, prevented the core behavioral alterations induced by LPS (despair-like behavior and anhedonia), without altering locomotion. In neurochemical analysis, leptin restored LPS-induced changes in IL-1β levels in the PFC and striatum, and increased BDNF levels in the hippocampus. The blockade of dopamine D1 and D2/D3 receptors inhibited leptin's antidepressant-like effects, whilst only the blockade of D1-like receptors blunted leptin-induced increments in prefrontal IL-1β levels. Our results indicate that leptin has antidepressant-like effects in an inflammatory model of depression with the contribution, at least partial, of dopamine receptors.
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INTRODUCTION

Depression is the third leading source of years lived with disability worldwide and has a lifetime prevalence of 14.6% among people living in high-income countries (1, 2). In spite of the substantial burden associated with depression, only approximately a third of patients achieve remission after an adequate trial with first-line monoaminergic antidepressants (3). Therefore, the search of potential antidepressant compounds with genuinely novel mechanisms of action is an unmet need in the field (4).

Accumulating evidence indicates that peripheral immune activation and neuroinflammation may contribute to the development of depression (5, 6). For example, a recent meta-analysis evidenced that individuals with depression exhibit elevated peripheral levels interleukin (IL)-6, tumor necrosis factor (TNF)- α, IL-10, the soluble IL-2 receptor, C-C chemokine ligand 2, IL-13, IL-18, IL-12, the IL-1 receptor antagonist, and the soluble TNF receptor 2 compared to healthy controls (7). Furthermore, treatment resistant depression was accompanied by high inflammation (C-reactive protein >3 mg/l) in almost half of the patients enrolled in a previous study (8). Conversely, antidepressants may mitigate peripheral inflammation although it remains unclear whether anti-inflammatory mechanisms may predict antidepressant response (9). Peripheral immune activation and inflammation may contribute to the emergence of depression through several mechanisms including the activation of the kynurenine pathway (10), alterations in neuronal plasticity (11), microglial activation (12), and neuroendocrine effects (13).

Several lines of evidence also point to the involvement of Gram-negative bacteria in the pathophysiology of depression. For example, depression accompanied by high plasma IgA responses to antigens/lipopolysaccharide (LPS) of commensal gut bacteria and increased root canal LPS in patients with comorbid depression and chronic apical periodontitis (14, 15). Moreover, increased translocation of Gram-negative bacteria in depression is associated with higher levels of immune activation and nitro-oxidative stress (16, 17). The systemic administration of a Gram-negative bacterial lipopolysaccharide (LPS) also leads to microglial activation and subsequent increments in production of cytokines (18, 19).

Indeed, the animal model of depressive-like behaviors induced by the systemic administration of LPS was first proposed by Yirmiya (20). Earlier studies also showed that LPS administration may induce activation of various pathways associated with depression (21, 22). In humans and rodents, a unique systemic administration of LPS causes a spectrum of behavioral alterations that resembles depression, including depressed mood, fatigue, and psychomotor slowing in humans (23, 24), as well as anhedonia, decreased activity, cognitive dysfunction, and altered sleep in rodents (25, 26). Also, LPS-induced model has been increasingly used for the screening of new antidepressants because it induces important neurochemical and structural alterations in brain areas related to mood regulation (22, 27).

Abnormalities in the reward brain circuit have been well-described in depressive patients as well as in several animal models of depression (28, 29). Depressed individuals generally rate stimuli of positive valence as being less positive, less arousing, or less able to affect their mood (30). Neurobiological studies on anhedonia have focused primarily in neural substrates involved in motivation and reinforcement (“wanting”). In this regard, the neurotransmitter dopamine in brain sub-cortical structures, particularly the nucleus accumbens (NAcc), ventral tegmental area (VTA), amygdala and hippocampus, as well as in cortical regions such as the ventromedial prefrontal cortex (vmPFC) and orbital frontal cortex regulates motivation and reinforcement (31).

Neuroinflammation triggers alterations in dopamine brain circuits. In this regard, depressive behavior following interferon (IFN)-α administration to rhesus monkeys was related to lower cerebrospinal fluid (CSF) concentrations of the dopamine metabolites, homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) (32). Indeed, a number of experimental studies have pointed toward a decrease in striatal dopamine release (including from NAcc) in animals challenged with inflammatory cytokines, such as IL-1 β and IFN-α which correlates with decreased sucrose preference (impaired motivation) (33, 34).

Besides regulating motivated behavior, consistent evidence suggests that mesolimbic dopaminergic system also influences important aspects of feeding behavior and energy expenditure (35). Indeed, appetite and metabolic changes associated with depression range from severe hypophagia and anorexia to binge eating and obesity. In this context, the hormone leptin has received great attention (36). Leptin was initially described as an anti-obesity hormone, acting through a negative feedback loop between adipose tissue and the hypothalamus to control energy homeostasis (37). Beyond hypothalamus, the long form of the leptin receptor (ObRb) is expressed in several brain areas, such as the NAcc, VTA, hippocampus and prefrontal cortex (PFC) (38, 39). Interestingly, leptin regulates dopaminergic neurotransmission in these limbic structures by controlling firing rates of dopaminergic neurons in VTA as well as by regulating feeding behavior via dopamine D2 receptors (40).

The role of leptin in depression has been extensively investigated. Some studies have demonstrated that chronic stress paradigms impair serum leptin levels, and the deletion of its receptor (long form) in hippocampus and VTA induces depressive- and anxiety-like behaviors (41, 42). Also, the direct antidepressant properties of leptin have been demonstrated both by peripheral as well as by in intrahippocampal injection (43, 44). These behavioral effects of leptin were accompanied by increased neurogenesis in the hippocampus and reversion of corticoid-induced alterations in intracellular signaling pathways, such as GSK3β/β-catenin (44). However, a recent meta-analysis showed that peripheral levels of leptin did not significantly differ between patients with depression and healthy controls although heterogeneity was large and body mass index of participants across studies emerged as a significant moderator (45).

Despite the well-known effects of leptin on dopamine signaling, to our knowledge, the involvement of dopamine receptors on leptin-induced antidepressant-like effects remain unexplored. Therefore, based on the putative role of dopaminergic signaling in the central effects of leptin and the absence of studies exploring the effects of this hormone in animal model of depressive-like behavior induced by immune challenge, we decided to test the hypothesis that leptin could prevent LPS-induced depressive-like behavior in mice and that this effect is mediated, at least partly, by the participation of D1- and/or D2-like dopamine receptors. Furthermore, we assessed whether leptin's antidepressant-like effects could be associated with alterations in IL-1β levels in limbic brain areas (PFC, hippocampus and striatum) and/or hippocampal BDNF levels in the brain of mice challenged with LPS.

MATERIALS AND METHODS

Animals

The experiments were performed in a total of 216 male Swiss mice (20–30 g) obtained from the Animal House of the Universidade Federal do Ceará. Animals were housed 8 per cage under standard animal housing conditions, polycarbonate cages (42 × 20.5 × 20 cm), temperature 22 ± 1°C, humidity 60 ± 5%, 12 h light-dark cycle (light on 6 a.m.) and food/water ad libitum. All experimental procedures were performed between 8 a.m. and 2 p.m., according to the Guide for the Care and Use of Laboratory Animals, from the US Department of Health and Human Services (46) and to the Brazilian legislation on animal experimentation (law n° 11.794). This research protocol was approved by the local ethic committee of Universidade Federal do Ceará. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Drugs

Lipopolysaccharide (LPS) from Escherichia coli, strain 055:B5 and R(+)-SCH23390 hydrochloride were obtained from Sigma-Aldrich Corp., St. Louis, USA. Recombinant Mouse Leptin Protein was purchased from R & D Systems. Raclopride was obtained from Tocris Bioscience, Bristol, United Kingdom. The drugs were administered at the following doses (mg/kg): LPS 0.5, leptin 1.5, imipramine 10, SCH23390 0.015 and raclopride 0.04. All drugs were freshly prepared and diluted in saline solution. All other chemicals used were of analytical grade.

Experimental Design

The first protocol of the study consisted of behavioral determinations to test the antidepressant-like effect of leptin in LPS acute model (Figure 1). To do this, mice were randomly divided into six groups of 20 animals each. The study comprised the following groups submitted to intraperitoneal (IP) administration at the volume of 0.1 ml/10 g body weight, as follows: saline (control) group—received two doses of saline; leptin group—received leptin (1.5 mg/kg) prior to saline; imipramine group—received imipramine (10 mg/kg) prior to saline; LPS group—received saline prior to LPS (0.5 mg/kg); Lep ± LPS group—received leptin prior to LPS; Imi ± LPS group—received imipramine prior to LPS. In all situations the administration of the drugs was separated by a 30 min interval. The behavioral determinations were performed 24 h after the last administration of saline or LPS. LPS dose (0.5 mg/kg) was chosen based on previous studies evaluating depressive-like behavioral changes and neurochemical alterations in mice (22, 25). The dose of leptin (1.5 mg/kg) was selected based on preclinical studies evaluating the antidepressant-like activity of this hormone (43, 44). Imipramine was used as standard antidepressant (25, 27).
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FIGURE 1. Schematic representation of the experimental design. Protocol 1 was designed to determine the antidepressant-like effects of leptin against LPS-induced depressive-like behavior. Protocol 2 was designed to determine the participation of D1-like dopamine receptors, by the pre-administration of the antagonist SCH23390 and of D2/D3 dopamine receptors by the administration of the antagonist, raclopride. *This group was submitted only to behavioral determinations. Lep, leptin; Imi, imipramine.



The second protocol was designed to determine the involvement of dopamine receptors in the antidepressant-like effects of leptin, by a systemic blockage of D1-like or D2-D3 receptors (Figure 1). In this protocol, the animals were divided into groups of 24 animals/group treated as follows: saline (control) group—received three injections of saline; LPS group—received two injections of saline prior to the administration of LPS; Lep ± LPS group—received one injection of saline followed by leptin and LPS; SCH ± Lep ± LPS group—received one injection of SCH followed by leptin and LPS; Rac ± Lep ± LPS—received raclopride prior to leptin and LPS; Imi ± LPS group—received saline prior to imipramine and LPS; SCH ± Imi ± LPS group—received one injection of SCH followed by imipramine and LPS; Rac ± Imi ± LPS group—received raclopride prior to imipramine and LPS. In all situations, a 30 min interval between injections was used. The doses of the antagonists, SCH23390 (0.015 mg/kg, IP, D1-like receptor antagonist) and raclopride (Rac−0.04 mg/kg, IP, D2-D3 receptor antagonist), were chosen based on previous studies (35, 47). Again, 24 h after the last administration of saline or LPS, animals were subjected to the behavioral tests.

Open field, forced swimming or sucrose preference tests were conducted to assess behavioral alterations. For these tests the animals were assigned into two distinct sets. The first set of mice comprised 6–10 animals/group, which were tested in the open field and forced swimming tests, in this order. The second set of animals was used for sucrose preference test comprising 6 animals/group. Distinct groups of animals were treated with the drugs and sacrificed for neurochemical determinations. The brain areas prefrontal cortex (PFC), hippocampus and striatum were dissected and immediately stored at −80°C until assayed. As hippocampus is one the main area that maintain active neurogenesis in adult brain, a mechanism involved in the response to antidepressants (48), we decided to evaluate BDNF levels in this area.

The primary outcome of this study was to determine changes in locomotion, behavioral despair (by the forced swimming test) and anhedonia (by the sucrose preference test) in animals administered leptin as well as the participation of dopamine receptors. The secondary outcome was to verify alterations in inflammatory cytokines and BDNF in brain areas related to mood regulation.

Behavioral Tests

Forced Swimming Test

In this test, animals were subjected individually to the analysis of the depressive-like behavior, based on a model adapted from Porsolt et al. (49). In this task the immobility period of the animal (during 5 min) is registered after a 1-min period of habituation and, the greater this time, the lower the animal's motivation to escape, representing, thus, a depressive-like behavior (50). Animals were placed individually inside an acrylic cylinder (25 cm high, 10 cm diameter and 8 cm depth) containing water at 25°C. Mice were unable to escape or touch the bottom of the cylinder. Any mouse appearing to have difficulty keeping its head above the water was removed from the cylinder and excluded from the study.

Open Field Test

This test was adapted from the model initially proposed by Archer (51) and was used here to evaluate the animals' locomotor activity and anxiety-like behavior (52). The experimental trial was conducted in a dark room with red light where the mice were individually placed in a transparent acrylic box (80 × 80 × 30 cm) divided equally into 9 quadrants. Each animal was placed in the center of the arena immediately before the test and allowed to explore it for 5 min. The number of squares crossed by the animals was registered and used as a parameter of locomotor activity whereas the time spent in the center of the field was used for the determination of anxiety-like behavior. The arena was cleaned with a 5% ethanol solution between each test animal. The experiment was videotaped and analyzed by two raters blinded to the treatment groups.

Sucrose Preference Test

The test was performed 24 h after LPS administration to evaluate anhedonia. The procedure consisted of an adaptation period 72 h before the test in which mice were trained to adapt to sucrose solution with two bottles of 1% (w/v) sucrose solution placed in each cage. Twenty-four hours later, sucrose solution in one bottle was replaced with tap water during 24 h. After this adaptation period, mice were deprived of water and food for further 24 h. For the sucrose preference test mice were housed in individual cages with free access to two bottles containing 100 ml of sucrose solution (1% w/v) and 100 ml of water. After 1 h, the volumes of consumed sucrose solution and water were recorded and the sucrose preference was calculated as follows: % sucrose consumption = sucrose consumption/(water + sucrose consumption) × 100 (53).

Neurochemical Determinations

Immunoassay for IL-1β

Each brain area was homogenized in 8 volumes of PBS buffer with protease (EMD Biosciences) and phosphatase (Sigma-Aldrich) inhibitors and centrifuged (10,000 rpm, 5 min). For IL-1β determinations 50 μL samples were used. The immunoenzymatic assay (ELISA) was performed according to the manufacturer's protocol (R&D systems, Minneapolis, MN, USA) and expressed in pg/g tissue.

Immunoassay for BDNF

Each hippocampus was homogenized in 20 volumes of PBS buffer with protease (EMD Biosciences) and phosphatase (Sigma-Aldrich) inhibitors and centrifuged (10,000 rpm, 5 min). For BDNF determinations 50 μL samples were used. The immunoenzymatic assay (ELISA) was performed according to the manufacturer's protocol ELISA (Merck Millipore, Merck KGaA, Darmstadt, Germany) and expressed in pg/g tissue.

Statistical Analyses

Data from behavioral and neurochemical determinations are present as mean ± S.E.M. (standard errors of the mean). Kolmogorov–Smirnov normality test was conducted to verify the normal distribution of data. Statistical analyses were conducted by regular one- or two-way ANOVA with Tukey's multiple comparisons as post-hoc test. In the case of two-way ANOVA, the factors “LPS model” (saline and LPS) and “drug treatment” (control, leptin and imipramine) were used. The significance level was set at P ≤ 0.05. GraphPad Prism 6.0 Version for Windows, GraphPad Software (San Diego, CA, USA) was used.

RESULTS

As a first step, we evaluated the antidepressant-like effect of leptin and of the standard antidepressant imipramine in the forced swimming test (Figure 2A). Two-way ANOVA revealed a significant interaction between the factors “LPS model” and “drug treatment” [F(2, 42) = 19.61, P < 0.0001], with significant main effect of “drug treatment” [F(2, 42) = 60.66, P < 0.0001]. As expected, LPS alone significantly increased immobility time (P < 0.0001) when compared to control animals. Pretreatment with leptin kept immobility time akin to control animals (P < 0.0001 in relation to LPS-challenged group). On the other hand, imipramine decreased mice immobility time in relation to control group when administered alone (P = 0.0070) and when administered before LPS (Imi+LPS group) in relation to LPS-challenged group (P < 0.0001).


[image: image]

FIGURE 2. Immobility time (s) in the forced swimming test (FST) of animals submitted to protocol 1 (A) and protocol 2 (B). Bars represent mean ± standard error of the mean (S.E.M.) of 6–10 animals/group. The results in part A were analyzed by two-way ANOVA, while in part B by one-way ANOVA, in both cases with Tukey's as post-hoc test. **P < 0.01, ***P < 0.001, ****P < 0.0001 as indicated by the connectors. Sal, saline; SCH, SCH23390; Rac, raclopride; Lep, leptin, Imi, imipramine; LPS, Lipopolysaccharide.



In the evaluation of forced swimming in animals submitted to the second protocol (Figure 2B), pre-administration of D1-like or D2/D3 receptor antagonists abrogated leptin antidepressant-like effects (SCH+Lep+LPS vs. Lep+LPS, P < 0.0001; Rac+Lep+LPS vs. Lep+LPS, P = 0.0002). On the other hand, neither D1-like nor D2/D3 receptor antagonists prevented the reduction in immobility time observed in Imi+LPS group in relation to LPS group [one-way ANOVA: (F(7, 53) = 22.80, P < 0.0001)].

We next determined alterations in the locomotor activity to better address LPS-induced sickness behavior in these mice, a complex behavioral phenotype associated with hypolocomotion (Figure 3). In our results, we observed no significant interaction between the factors “LPS model” and “drug treatment” [F(2, 37) = 0.4668, P = 0.6307] (Figure 3A). This result suggests that the animals used in the present study were not in sickness behavior. In the evaluation of the involvement of dopamine receptors in the locomotor activity of the animals (Figure 3B), we only observed a significant decrease in the number of crossings in the group Rac+Imi+LPS in relation to Imi+LPS (P = 0.0038). Still in the open field test, the measure of anxiety-like behavior evaluated by the time spent in the center of the field (Figure 3C) revealed a significant main effect of “drug treatment” [F(1, 41) = 14.22, P = 0.0005]. We observed that LPS-treated and Lep+LPS mice presented a decrease in the time spent in the center of the field in relation to saline-treated mice (P < 0.05).
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FIGURE 3. Number of crossings in the open field test of animals submitted to protocol 1 (A) and protocol 2 (B). Time spent in the center of the open field (C). Bars represent mean ± standard error of the mean (S.E.M.) of 6–10 animals/group. The results in part A and C were analyzed by two-way ANOVA, while in part B by one-way ANOVA, in both cases with Tukey's as post-hoc test. *P<0.05, **P < 0.01 as indicated by the connectors. Sal, saline; SCH, SCH23390; Rac, raclopride; Lep, leptin, Imi, imipramine; LPS, Lipopolysaccharide.



To better evaluate LPS-induced anhedonia, sucrose preference test was performed (Figure 4). In Figure 4A we observed a significant interaction between the factors “LPS model” and “drug treatment” [F(2, 29) = 7.729, P = 0.0020], with significant main effect of “LPS model” [F(1, 29) = 4.883, P = 0.0352]. The results showed that 24 h after the endotoxin administration, mice displayed a significant decrease in sucrose preference when compared to control group (P < 0.0001). The administration of leptin (P = 0.0043) or imipramine (P = 0.0004) prevented the decrease in sucrose preference induced by LPS.
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FIGURE 4. Sucrose preference measured as % of sucrose consumption of animals submitted to protocol 1 (A) and protocol 2 (B). Bars represent mean ± standard error of the mean (S.E.M.) of 6 animals/group. The results in part A were analyzed by two-way ANOVA, while in part B by one-way ANOVA, in both cases with Tukey's as post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 as indicated by the connectors. Sal, saline; SCH, SCH23390; Rac, raclopride; Lep, leptin, Imi, imipramine; LPS, Lipopolysaccharide.



In the second protocol (Figure 4B), the percentage of sucrose consumption in the groups SCH+Lep+LPS (P = 0.0026) or Rac+Lep+LPS (P < 0.0001) was lower than the observed in the control group, being like LPS group, revealing that both D1-like and D2/D3 antagonism abrogate the effect of leptin in this test. Imipramine (P = 0.0004), as leptin (P = 0.0039), prevented the decrease in sucrose preference in LPS-treated animals, although pretreatment with D1 and D2/D3 receptor antagonists did not change the effects of imipramine in sucrose consumption [one-way ANOVA: (F(7, 36) = 10.06, P < 0.0001)].

Since LPS-induced depressive-like behavior is related to the induction of pro-inflammatory cytokines in the brain, the levels of IL-1β were measured (Figure 5A). We found that IL-1β levels were increased in LPS treated animals when compared to saline group in the PFC (P = 0.0287) [one-way ANOVA: (F(5, 31) = 5.743, P = 0.0007)] and striatum (P = 0.038) [one-way ANOVA: (F(5, 30) = 6.498, P = 0.0003)]. Pretreatment with imipramine (P < 0.0001) or leptin (P < 0.001) significantly decreased IL-1β levels in these brain areas when compared to LPS group. The antagonism of D1-like receptors partially inhibited the effects of leptin in PFC IL-1β levels. We did not observe a significant difference in this parameter in the group SCH+Lep+LPS in relation to Sal+LPS or control groups. No significant difference was observed in the evaluation of IL-1β levels in the hippocampus.
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FIGURE 5. (A) Levels of IL-1β in the prefrontal cortex, hippocampus and striatum and (B) BDNF levels in the hippocampus of animals of animals submitted to protocol 2. Bars represent mean ± standard error of the mean (S.E.M.) of 6–7 animals/group. aP < 0.05 vs. control, bP < 0.05 vs. LPS according to one-way ANOVA followed by Tukey's multiple comparison test. SCH, SCH23390; Rac, raclopride; Lep, leptin; Imi, imipramine; LPS, Lipopolysaccharide; HP, hippocampus; PFC, prefrontal cortex; ST, striatum; IL-1β, interleukin−1β; BDNF, brain-derived neurotrophic factor.



Finally, because oxidative stress and inflammation alters the brain levels of neurotrophic factors, BDNF content was evaluated in the hippocampus (Figure 5B), the main site of neurogenesis in the adult brain. Twenty-four hours post-LPS injection, BDNF levels were increased in LPS-treated group when compared to controls (P = 0.0178). The group Lep+LPS also presented increased levels of BDNF when compared to control (P = 0.0003), while in the group pretreated with imipramine there was no significant alteration. The groups treated with SCH+Lep+LPS (P < 0.0001) or Rac+Lep+LPS (P = 0.0005) maintained the increase in BDNF levels observed in Lep+LPS treated mice being the results significant in relation to saline group (P < 0.05). In the case of SCH+Lep+LPS group, the increase in BDNF levels was also significant in relation to Sal+LPS group (P = 0.0041) [one-way ANOVA: (F(5, 37) = 19.99, P < 0.0001)].

DISCUSSION

In the present study, we are showing the antidepressant-like effects of leptin in LPS-induced inflammatory model of depression through two established behavioral paradigms, namely forced swimming and sucrose preference test. We also, demonstrated the involvement of D1-like and D2/D3 dopamine receptors in the behavioral effects of leptin, as well as in the ability of this hormone to rescue LPS-induced increases in IL-1β levels in the PFC and striatum. Interestingly, D1-like receptors blockade blunted the effects of leptin on IL-1β levels in the PFC, but not in the striatum. Additionally, hippocampal BDNF levels were increased in leptin-treated mice and unaffected by the blockade of dopamine receptors. Regarding anxiety-like behavior evaluated in the open field test, leptin was not able to prevent LPS-induced anxiety-like behavior. Therefore, this study brings new evidence about the antidepressant-like properties of leptin, while suggests the participation of dopaminergic receptors in the behavioral effects of this hormone as well as the participation of D1-like receptors in its anti-inflammatory effect in the PFC.

Leptin's antidepressant-like effect was already demonstrated in stress models of depression, such as chronic unpredictable stress and chronic social defeat. Indeed, this previous study showed that animals exposed to stress-induced depression present low plasma levels of leptin, while leptin treatment restores these parameters (43). These authors also found that the hippocampus was the main site of leptin antidepressant-like action (43). Based on the results obtained in our study we can infer that other areas of the limbic system, such as striatum and PFC also contribute to leptin antidepressant effect.

Regarding LPS-induced depressive-like behavior, it is well known that animals injected with LPS develop an acute mild state of nosothymia, termed sickness-behavior. However, 24 h post LPS, a state of depressive-like behavior emerges, a time-point when motor activity and food and drink consumption return to normal (6, 22). Accordingly, in our results, the animals challenged with LPS and pretreated with leptin or imipramine did not display any significant locomotor impairment. Leptin, in a similar way that of the antidepressant imipramine, prevented the core characteristics of depressive-like behavior induced by LPS, showing its antidepressant-like properties in this model.

Furthermore, by using the number of entries in the center of the open field as a parameter of anxiety-like behavior, we observed that LPS-induced anxiety-like behavior was not prevented by leptin administration. This absence of anxiolytic effect by leptin in this inflammatory model of depression must be confirmed in future studies. In a previous study of our group, we did not observe anxiety-like alterations in the plus maze test 24 h post LPS, only 1.5 h after the endotoxin challenge, a time-point related to sickness behavior (22).

A number of studies advocate for abnormalities in dopaminergic neurotransmission in major depressive disorder (54). Initially, these data came from studies showing a reduced DA turnover (decreased homovanilic acid levels) in cerebrospinal fluid (CSF) of these patients (55, 56). Subsequently, neuroimaging studies showed an important impairment in L-DOPA uptake in the striatum of depressive individuals, as well as abnormalities in dopamine transporter (DAT) and dopamine receptors functioning (57, 58).

Some studies have reported that immune-inflammatory stimuli, such as LPS, or direct cytokine administration can severely affect dopaminergic system to mediate depressive symptoms, such as anhedonia and psychomotor retardation (59). In fact, it was described that bacterial endotoxin and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) reduce ventral striatum responses to reward (60), and decrease dopamine availability and its metabolites levels in CSF and striatum (34, 61). Not only this, it was previously reported that pro-inflammatory cytokines: (i) decrease the expression of vesicular monoamine transporter 2 (VMAT2), responsible for packaging cytosolic dopamine into vesicles for release, in rat synaptosomes, (ii) consume tetrahydrobiopterin (BH4) cofactor, which is an essential step for dopamine biosynthesis mediated by tyrosine hydroxylase (TH) (62), and (iii) increase the expression or function of the dopamine transporter (DAT). Altogether these mechanisms lead to a decrease in synaptic dopamine content.

As aforementioned, neuroinflammatory alterations observed in depression and modeled by inflammatory models of depression can compromise dopamine neurotransmission in brain areas related to motivation, such as striatum, and to the integration of motivation and cognitive control for decision making, such as PFC (63). Noteworthy, mPFC has a causal importance in regulating behavioral despair in the forced swimming test since it was previously shown that different physiologically-defined mPFC neural populations can regulate despair-like states, one being selectively inhibited, and the other selectively activated (64). Since dopamine is the main neurotransmitter in the PFC as well as related to the regulation of motivated behavior in the striatum (65), we chose, in the present study, these two brain areas for evaluation.

Leptin seems to regulate brain-reward circuit mainly by altering dopamine signaling. Evidences for leptin regulation of reward circuit are the reversal of drug-seeking behavior induced by heroin withdrawal (66) and increases in amphetamine-induced locomotor sensitization (67). In this context, an elegant study demonstrated that a peripheral injection of leptin increased the expression and phosphorylation of TH in the NAcc as well as normalized deficits in dopamine release and its cytosolic contents in leptin-deficient-mice (ob/ob mice) (68). Additionally, a recent study showed that the ablation of the signal transducer and activator of transcription-3 (STAT3), a main transcriptional factor involved in leptin receptor (long-form) activation, importantly impaired axonal dopamine overflow in VTA and reduced the expression of TH and dopamine D1 receptors (69).

In the present study, we are showing the participation of D1-like and D2/D3 dopamine receptors in leptin antidepressant-like action in LPS-induced depressive-like behavior. Despite evidence indicating the involvement of dopaminergic neurotransmission in leptin effects, no previous study had evaluated the participation of dopamine receptors in the antidepressant mechanism of this hormone. Indeed, strong evidences advocates for the participation of dopamine receptors in depression: (i) chronic treatment with antidepressants of different classes increase the striatal expression of dopamine D2/D3 (70) and D1-D5 receptors (71), (ii) dopamine D1 receptor acute stimulation results in antidepressant-like effect in the forced swimming and learned helplessness tests, whereas its blockade hinders the effect of antidepressant drugs in these tests (35, 72), (iii) dopamine D2 receptors stimulation exerts antidepressant-like effects in the forced swimming test, while D2 receptors antagonism prevent the effects of classical monoaminergic agents (73–75), (iv) the anti-immobility effect of dopamine reuptake inhibitors in the forced swimming test depends on D1- and D2-like receptors activation (76), and (v) blockade of D2- and D1-like receptors reduced the sucrose consumption in two bottle preference test (77) and inhibited conditioned place preference induced by sweet solutions (sucrose, fructose, and glucose) (78, 79).

In our study, the blockade of D1- and D2-like dopamine receptors equally abrogated leptin effects in the forced swimming and sucrose preference tests. It is worth to mention that leptin regulatory effect in hedonic feeding is dependent on dopamine signaling through D2 receptor activation, and is inhibited by the pharmacological and genetic deletion of this receptor (40). Also, leptin-deficient mice presented reduced D2 receptor binding affinity in the striatum and leptin treatment restored this deficit (80). Therefore, our results corroborate previous evidence about the involvement of dopamine signaling in leptin central actions, by showing the participation of dopamine receptors in the antidepressant-like effects of this hormone.

Regarding IL-1β levels, our results point to a possible anti-inflammatory mechanism mediating leptin antidepressant-like effect. In this study, we assessed IL-1β levels as a parameter of active inflammation in relevant brain areas related to mood control. Indeed, leptin plays an important regulatory role in the immune system, in addition to its already established neuroendocrine functions. The levels of leptin seem to rapidly increase in acute inflammatory conditions, such as cholecystectomy and sepsis, particularly favored by cytokines such as TNF-α, IL-6, and IL-1β (81).

Nevertheless, it was also reported that leptin exhibits some peripheral anti-inflammatory properties (82). In the brain, the peripheral administration of leptin seem to regulate IL-1β transcripts in many regions, such as the hypothalamus, hippocampus, cortex, and cerebellum (83). Also, leptin increases IL-1β cleavage and release in sham (not immune stimulated) microglia (84). Furthermore, it was reported that leptin also increases IL-1β receptor antagonist expression in brain areas (85). It is important to highlight that IL-1β acts as a pleiotropic pro-inflammatory cytokine, inducing its own synthesis and of other pro-inflammatory cytokines, such as IL-18 and IL-6 (86).

According to our results, leptin plays an apparent anti-inflammatory effect as it reduced IL-1β levels in the PFC and striatum of mice challenged with LPS. It is important to note, that in our experimental conditions, we tested leptin effects in an established pro-inflammatory milieu induced by LPS, but not in control conditions, as performed in the abovementioned studies. Additionally, a recent study demonstrated leptin's anti-inflammatory actions in primary glial cell cultures challenged by the pro-inflammatory cytokines TNFα, IL-1β, and IFN-γ (87).

Our results also pointed to an interesting involvement of D1-like receptors in leptin anti-inflammatory effect in the PFC. Previous evidence showed that the activation of dopamine receptors can modulate cytokine production in immune cells (88). In this context, an elegant study showed that dopamine inhibits inflammasome signaling and IL-1β synthesis through activation of dopamine D1 receptors (89). Recently, another study confirmed these findings by demonstrating that a selective agonist of D1 receptors (A68930) exerts important anti-inflammatory effects in the brain of mice submitted to intracerebral hemorrhage. Of note, a D1 agonist partially inhibited the activation of microglia and decreased Nod-like receptor protein (NLRP) 3, caspase 1, and IL-1β expression (90). Therefore, our results on the involvement of D1-like receptors in leptin anti-inflammatory effects are in line with the previous findings of the involvement of these receptors in brain inflammatory alterations, and represent a potential mechanism involved in leptin antidepressant-like effect.

Neurotrophic factors are critical regulators of the formation and plasticity of neuronal networks. BDNF is an abundant neurotrophin in the brain involved in neuronal proliferation and differentiation (91). Experimental studies have demonstrated that stress reduces BDNF expression or hippocampal activity being this reduction prevented by the treatment with antidepressant drugs (92). Similar decreases in BDNF levels have been reported in the plasma of depressive patients, and the increase in this neurotrophin has been suggested as a predictor of antidepressant response (93).

In our experimental conditions, 24 h post LPS, we did not observe decreases in hippocampal BDNF levels, although pretreatment with both imipramine and leptin increased this parameter compared to saline and LPS-treated animals. This absence of alteration in hippocampal BDNF levels 24 h post LPS was also observed in previous studies of our research group (25).

This variability in BDNF 24 h post LPS, observed in our results, might be explained by the release of the immature form of BDNF, namely proBDNF, which has apoptotic effects. Regarding leptin effects, a previous study reported that the subcutaneous administration of this peptide increases BDNF levels in the hippocampus of non-obese mice and simultaneously induces an antidepressant-like effect in forced swimming test (94). Besides this, the intrahippocampal injection of the BDNF receptor blocker (K252a) fully abolished leptin antidepressant effect (94). Therefore, these findings corroborate our results of leptin ability to increase hippocampal BDNF levels and suggests its possible involvement in the mechanism of leptin antidepressant-like effect. Despite this, we found that the pharmacological blockade of dopamine receptors did not affect leptin effects in BDNF levels, which lead us to hypothesize that these receptors are not directly involved in this action of leptin. However, this proposition needs to be better explored.

The present study has some limitations. Indeed, human depression is a syndrome, comprising symptoms such as depressed mood, diminished interest or pleasure, fatigue or loss of energy, social withdrawal and cognitive dysfunction, among others, and for this reason should be evaluated in experimental models by behavioral tests related to these symptoms. In the present study, we focused on core alterations of depression, namely behavioral despair and anhedonia and in a less extent anxiety-like alterations. Hence, it is important to address, in future studies, leptin's effects in other behavioral tests related to anxiety, social interaction, and cognitive function. Furthermore, it is important to determine alterations in dopaminergic receptors in brain areas of mice exposed to LPS depression model, to better address the participation of these receptors in this inflammatory model as well as the effects of leptin administration in these receptors.

CONCLUSION

In summary, the present study demonstrated leptin's ability to rescue LPS-induced depressive-like behaviors including anhedonia and despair-like behavior, and some immune changes, namely increases in IL-1β levels in the PFC and striatum. This is the first study showing the involvement of dopamine receptors in the antidepressant-like effects of leptin, suggesting the participation of D1-like receptors in this hormone immunoregulatory effects in the PFC. Of note, a previous study have pointed to hippocampus as the main site of leptin antidepressant effects (43). Therefore, considering the broad impact of depression and the marked limitations of the existing antidepressants, identifying the key brain regions and molecular targets that mediate leptin's antidepressant action may provide new insights into the pathogenesis of depression and the development of novel therapeutic strategies for the treatment of this illness.

AUTHOR CONTRIBUTIONS

RC conceived the study, conducted the experiments, and wrote the first draft. AF, VT, CM, AQ, and NG conducted the experiments, and analyzed and interpreted the data. MM analyzed the data, interpreted the data, and provided intellectual input to the manuscript. DM and AC conceived the study, supervised the experiments, analyzed and interpreted the data, and provided intellectual input to the manuscript. All authors have reviewed and approved the manuscript prior to submission.

FUNDING

This research was funded by the Brazilian Institution FUNCAP, grant number: 740.486/2010.

REFERENCES

 1. Bromet E, Andrade LH, Hwang I, Sampson NA, Alonso J, de Girolamo G, et al. Cross-national epidemiology of DSM-IV major depressive episode. BMC Med. (2011) 9:90. doi: 10.1186/1741-7015-9-90

 2. Vos T, Barber RM, Bell B, Bertozzi-Villa A, Biryukov S, Bolliger I, et al. Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and injuries in 188 countries, 1990–2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet. (2015) 386:743–800. doi: 10.1016/S0140-6736(15)60692-4

 3. Carvalho AF, Berk M, Hyphantis TN, McIntyre RS. The integrative management of treatment-resistant depression: a comprehensive review and perspectives. Psychother Psychosom. (2014) 83:70–88. doi: 10.1159/000357500

 4. Rosenblat JD, McIntyre RS, Alves GS, Fountoulakis KN, Carvalho AF. Beyond monoamines-novel targets for treatment-resistant depression: a comprehensive review. Curr Neuropharmacol. (2015) 13:636–55. doi: 10.2174/1570159X13666150630175044

 5. Leonard B, Maes M. Mechanistic explanations how cell-mediated immune activation, inflammation and oxidative and nitrosative stress pathways and their sequels and concomitants play a role in the pathophysiology of unipolar depression. Neurosci Biobehav Rev. (2012) 36:764–85. doi: 10.1016/j.neubiorev.2011.12.005

 6. Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation to sickness and depression: when the immune system subjugates the brain. Nat Rev Neurosci. (2008) 9:46–56. doi: 10.1038/nrn2297

 7. Köhler CA, Freitas TH, Maes M, de Andrade NQ, Liu CS, Fernandes BS, et al. Peripheral cytokine and chemokine alterations in depression: a meta-analysis of 82 studies. Acta Psychiatr Scand. (2017) 135:373–87. doi: 10.1111/acps.12698

 8. Raison CL, Rutherford RE, Woolwine BJ, Shuo C, Schettler P, Drake DF, et al. A randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-resistant depression: the role of baseline inflammatory biomarkers. JAMA Psychiatry. (2012) 70:31–41. doi: 10.1001/2013.jamapsychiatry.4

 9. Köhler CA, Freitas TH, Stubbs B, Maes M, Solmi M, Veronese N, et al. Peripheral alterations in cytokine and chemokine levels after antidepressant drug treatment for major depressive disorder: systematic review and meta-analysis. Mol Neurobiol. (2017) 55:4195–206. doi: 10.1007/s12035-017-0632-1

 10. Réus GZ, Jansen K, Titus S, Carvalho AF, Gabbay V, Quevedo J. Kynurenine pathway dysfunction in the pathophysiology and treatment of depression: evidences from animal and human studies. J Psychiatr Res. (2015) 68:316–28. doi: 10.1016/j.jpsychires.2015.05.007

 11. Iwata M, Ota KT, Duman RS. The inflammasome: pathways linking psychological stress, depression, and systemic illnesses. Brain Behav Immun. (2013) 31:105–14. doi: 10.1016/j.bbi.2012.12.008

 12. Mondelli V, Vernon AC, Turkheimer F, Dazzan P, Pariante CM. Brain microglia in psychiatric disorders. Lancet Psychiatry. (2017) 4:563–72. doi: 10.1016/S2215-0366(17)30101-3

 13. Pariante CM. Why are depressed patients inflamed? A reflection on 20 years of research on depression, glucocorticoid resistance and inflammation. Eur Neuropsychopharmacol. (2017) 27:554–9. doi: 10.1016/j.euroneuro.2017.04.001

 14. Maes M, Kubera M, Leunis J-C, Berk M. Increased IgA and IgM responses against gut commensals in chronic depression: further evidence for increased bacterial translocation or leaky gut. J Affect Disord. (2012) 141:55–62. doi: 10.1016/j.jad.2012.02.023

 15. Gomes C, Martinho FC, Barbosa DS, Antunes LS, Póvoa HCC, Baltus THL, et al. Increased root canal endotoxin levels are associated with chronic apical periodontitis, increased oxidative and nitrosative stress, major depression, severity of depression, and a lowered quality of life. Mol Neurobiol. (2017) 55:2814–27. doi: 10.1007/s12035-017-0545-z

 16. Slyepchenko A, Maes M, Machado-Vieira R, Anderson G, Solmi M, Sanz Y, et al. Intestinal dysbiosis, gut hyperpermeability and bacterial translocation: missing links between depression, obesity and type 2 diabetes. Curr Pharm Des. (2016) 22:6087–106. doi: 10.2174/1381612822666160922165706

 17. Maes M, Kubera M, Leunis JC, Berk M, Geffard M, Bosmans E. In depression, bacterial translocation may drive inflammatory responses, oxidative and nitrosative stress (O&NS), and autoimmune responses directed against O&NS-damaged neoepitopes. Acta Psychiatr Scand. (2013) 127:344–54. doi: 10.1111/j.1600-0447.2012.01908.x

 18. Zhu F, Zhang L, Ding YQ, Zhao J, Zheng Y. Neonatal intrahippocampal injection of lipopolysaccharide induces deficits in social behavior and prepulse inhibition and microglial activation in rats: implication for a new schizophrenia animal model. Brain Behav Immun. (2014) 38:166–74. doi: 10.1016/j.bbi.2014.01.017

 19. Scholz H, Eder C. Lysophosphatidylcholine activates caspase-1 in microglia via a novel pathway involving two inflammasomes. J Neuroimmunol. (2017) 310:107–10. doi: 10.1016/j.jneuroim.2017.07.004

 20. Yirmiya R. Endotoxin produces a depressive-like episode in rats. Brain Res. (1996) 711:163–74. doi: 10.1016/0006-8993(95)01415-2

 21. Ban E, Haour F, Lenstra R. Brain interleukin 1 gene expression induced by peripheral lipopolysaccharide administration. Cytokine. (1992) 4:48–54. 

 22. Custódio CS, Mello BSF, Cordeiro RC, de Araújo FYR, Chaves JH, Vasconcelos SMM, et al. Time course of the effects of lipopolysaccharide on prepulse inhibition and brain nitrite content in mice. Eur J Pharmacol. (2013) 713:31–8. doi: 10.1016/j.ejphar.2013.04.040

 23. Benson S, Brinkhoff A, Lueg L, Roderigo T, Kribben A, Wilde B, et al. Effects of acute systemic inflammation on the interplay between sad mood and affective cognition. Transl Psychiatry. (2017) 7:1281. doi: 10.1038/s41398-017-0043-0

 24. DellaGioia N, Hannestad J. A critical review of human endotoxin administration as an experimental paradigm of depression. Neurosci Biobehav Rev. (2010) 34:130–43. doi: 10.1016/j.neubiorev.2009.07.014

 25. Mello BSF, Monte AS, McIntyre RS, Soczynska JK, Custódio CS, Cordeiro RC, et al. Effects of doxycycline on depressive-like behavior in mice after lipopolysaccharide (LPS) administration. J Psychiatr Res. (2013) 47:1521–9. doi: 10.1016/j.jpsychires.2013.06.008

 26. Dinel A-L, André C, Aubert A, Ferreira G, Layé S, Castanon N. Lipopolysaccharide-induced brain activation of the indoleamine 2,3-dioxygenase and depressive-like behavior are impaired in a mouse model of metabolic syndrome. Psychoneuroendocrinology. (2014) 40:48–59. doi: 10.1016/j.psyneuen.2013.10.014

 27. Tomaz VS, Cordeiro RC, Costa AMN, de Lucena DF, Nobre Júnior HV, de Sousa FCF, et al. Antidepressant-like effect of nitric oxide synthase inhibitors and sildenafil against lipopolysaccharide-induced depressive-like behavior in mice. Neuroscience. (2014) 268:236–46. doi: 10.1016/j.neuroscience.2014.03.025

 28. Dremencov E, Newman ME, Kinor N, Blatman-Jan G, Schindler CJ, Overstreet DH, et al. Hyperfunctionality of serotonin-2C receptor-mediated inhibition of accumbal dopamine release in an animal model of depression is reversed by antidepressant treatment. Neuropharmacology. (2005) 48:34–42. doi: 10.1016/j.neuropharm.2004.09.013

 29. Kram ML, Kramer GL, Ronan PJ, Steciuk M, Petty F. Dopamine receptors and learned helplessness in the rat: an autoradiographic study. Prog Neuropsychopharmacol Biol Psychiatry. (2002) 26:639–45. doi: 10.1016/s0278-5846(01)00222-6

 30. Rizvi SJ, Pizzagalli DA, Sproule BA, Kennedy SH. Assessing anhedonia in depression: potentials and pitfalls. Neurosci Biobehav Rev. (2016) 65:21–35. doi: 10.1016/j.neubiorev.2016.03.004

 31. Treadway MT, Zald DH. Reconsidering anhedonia in depression: lessons from translational neuroscience. Neurosci Biobehav Rev. (2011) 35:537–55. doi: 10.1016/j.neubiorev.2010.06.006

 32. Felger JC, Alagbe O, Hu F, Mook D, Freeman AA, Sanchez MM, et al. Effects of interferon-alpha on rhesus monkeys: a nonhuman primate model of cytokine-induced depression. Biol Psychiatry. (2007) 62: 1324–33. doi: 10.1016/j.biopsych.2007.05.026

 33. Nunes EJ, Randall PA, Estrada A, Epling B, Hart EE, Lee CA, et al. Effort-related motivational effects of the pro-inflammatory cytokine interleukin 1-beta: studies with the concurrent fixed ratio 5/ chow feeding choice task. Psychopharmacology. (2014) 231:727–36. doi: 10.1007/s00213-013-3285-4

 34. Felger JC, Mun J, Kimmel HL, Nye JA, Drake DF, Hernandez CR, et al. Chronic interferon-α decreases dopamine 2 receptor binding and striatal dopamine release in association with anhedonia-like behavior in nonhuman primates. Neuropsychopharmacology. (2013) 38:2179–87. doi: 10.1038/npp.2013.115

 35. D'Aquila PS, Galistu A. Possible role of dopamine D1-like and D2-like receptors in behavioural activation and evaluation of response efficacy in the forced swimming test. Neuropharmacology. (2012) 62:1717–29. doi: 10.1016/j.neuropharm.2011.11.018

 36. Hryhorczuk C, Sharma S, Fulton SE. Metabolic disturbances connecting obesity and depression. Front Neurosci. (2013) 7:1–14. doi: 10.3389/fnins.2013.00177

 37. Kwon O, Kim KW, Kim MS. Leptin signalling pathways in hypothalamic neurons. Cell Mol Life Sci. (2016) 73:1457–77. doi: 10.1007/s00018-016-2133-1

 38. Mercer JG, Hoggard N, Williams LM, Lawrence CB, Hannah LT, Trayhurn P. Localization of leptin receptor mRNA and the long form splice variant (Ob-Rb) in mouse hypothalamus and adjacent brain regions by in situ hybridization. FEBS Lett. (1996) 387:113–6. 

 39. Leshan RL, Bjornholm M, Munzberg H, Myers Jr MG. Leptin receptor signaling and action in the central nervous system. Obesity. (2006) 14 (Suppl. 5):208S−12S. doi: 10.1038/oby.2006.310

 40. Billes SK, Simonds SE, Cowley MA. Leptin reduces food intake via a dopamine D2 receptor-dependent mechanism. Mol Metab. (2012) 1:86–93. doi: 10.1016/j.molmet.2012.07.003

 41. Liu J, Guo M, Lu X-Y. Leptin/LepRb in the ventral tegmental area mediates anxiety-related behaviors. Int J Neuropsychopharmacol. (2016) 19:pyv115. doi: 10.1093/ijnp/pyv115

 42. Guo M, Huang T-Y, Garza JC, Chua SC, Lu X-Y. Selective deletion of leptin receptors in adult hippocampus induces depression-related behaviours. Int J Neuropsychopharmacol. (2013) 16:857–67. doi: 10.1017/S1461145712000703

 43. Lu X-Y, Kim CS, Frazer A, Zhang W. Leptin: a potential novel antidepressant. Proc Natl Acad Sci USA. (2006) 103:1593–8. doi: 10.1073/pnas.0508901103

 44. Garza JC, Guo M, Zhang W, Lu X-Y. Leptin restores adult hippocampal neurogenesis in a chronic unpredictable stress model of depression and reverses glucocorticoid-induced inhibition of GSK-3β/β-catenin signaling. Mol Psychiatry. (2012) 17:790–808. doi: 10.1038/mp.2011.161

 45. Carvalho AF, Rocha DQC, McIntyre RS, Mesquita LM, Köhler CA, Hyphantis TN, et al. Adipokines as emerging depression biomarkers: a systematic review and meta-analysis. J Psychiatr Res. (2014) 59:28–37. doi: 10.1016/j.jpsychires.2014.08.002

 46. NIH. Guide for the Care and Use of Laboratory Animals. Institute of Laboratory Animal Research, National Research Council. Washington, D.C: National Academic Press (1996). 

 47. D'Aquila PS, Canu S, Sardella M, Spanu C, Serra G, Franconi F. Dopamine is involved in the antidepressant-like effect of allopregnanolone in the forced swimming test in female rats. Behav Pharmacol. (2010) 21:21–8. doi: 10.1097/FBP.0b013e32833470a7

 48. Castrén E, Rantamäki T. The role of BDNF and its receptors in depression and antidepressant drug action: reactivation of developmental plasticity. Dev Neurobiol. (2010) 70:289–97. doi: 10.1002/dneu.20758

 49. Porsolt RD, Bertin A, Jalfre M. “Behavioural despair” in rats and mice: strain differences and the effects of imipramine. Eur J Pharmacol. (1978) 51:291–4. doi: 10.1016/0014-2999(78)90414-4

 50. Porsolt RD. Animal model of depression. Biomedicine. (1979) 30:139–40. 

 51. Archer J. Tests for emotionality in rats and mice: a review. Anim Behav. (1973) 21:205–35. 

 52. Seibenhener ML, Wooten MC. Use of the Open Field Maze to measure locomotor and anxiety-like behavior in mice. J Vis Exp. (2015) 96:e52434. doi: 10.3791/52434

 53. Mao Q-Q, Huang Z, Zhong X-M, Xian Y-F, Ip S-P. Brain-derived neurotrophic factor signalling mediates the antidepressant-like effect of piperine in chronically stressed mice. Behav Brain Res. (2014) 261:140–5. doi: 10.1016/j.bbr.2013.12.020

 54. Nestler EJ, Carlezon WA. The mesolimbic dopamine reward circuit in depression. Biol Psychiatry. (2006) 59:1151–9. doi: 10.1016/j.biopsych.2005.09.018

 55. Berger PA, Faull KF, Kilkowski J, Anderson PJ, Kraemer H, Davis KL, et al. CSF monoamine metabolites in depression and schizophrenia. Am J Psychiatry. (1980) 137:174–80. doi: 10.1176/ajp.137.2.174

 56. Lambert G, Johansson M, Agren H, Friberg P. Reduced brain norepinephrine and dopamine release in treatment-refractory depressive illness: evidence in support of the catecholamine hypothesis of mood disorders. Arch Gen Psychiatry. (2000) 57:787–93. doi: 10.1001/archpsyc.57.8.787

 57. Cannon DM, Klaver JM, Peck SA, Rallis-Voak D, Erickson K, Drevets WC. Dopamine type-1 receptor binding in major depressive disorder assessed using positron emission tomography and [11C]NNC-112. Neuropsychopharmacology. (2009) 34:1277–87. doi: 10.1038/npp.2008.194

 58. Camardese G, De Risio L, Di Nicola M, Pucci L, Cocciolillo F, Bria P, et al. Changes of dopamine transporter availability in depressed patients with and without anhedonia: a 123I-N-ω-fluoropropyl-carbomethoxy-3β-(4-Iodophenyl)tropane SPECT study. Neuropsychobiology. (2014) 70:235–43. doi: 10.1159/000368117

 59. Felger JC, Li Z, Haroon E, Woolwine BJ, Jung MY, Hu X, et al. Inflammation is associated with decreased functional connectivity within corticostriatal reward circuitry in depression. Mol Psychiatry. (2016) 21:1358–65. doi: 10.1038/mp.2015.168

 60. Eisenberger NI, Berkman ET, Inagaki TK, Rameson LT, Mashal NM, Irwin MR. Inflammation-induced anhedonia: endotoxin reduces ventral striatum responses to reward. Biol Psychiatry. (2010) 68:748–54. doi: 10.1016/j.biopsych.2010.06.010

 61. Felger JC, Hernandez CR, Miller AH. Levodopa reverses cytokine-induced reductions in striatal dopamine release. Int J Neuropsychopharmacol. (2015) 18:pyu084. doi: 10.1093/ijnp/pyu084

 62. Felger JC, Miller AH. Cytokine effects on the basal ganglia and dopamine function: the subcortical source of inflammatory malaise. Front Neuroendocrinol. (2012) 33:315–27. doi: 10.1016/j.yfrne.2012.09.003

 63. Kouneiher F, Charron S, Koechlin E. Motivation and cognitive control in the human prefrontal cortex. Nat Neurosci. (2009) 12:939–45. doi: 10.1038/nn.2321

 64. Warden MR, Selimbeyoglu A, Mirzabekov JJ, Lo M, Thompson KR, Kim S-Y, et al. A prefrontal cortex-brainstem neuronal projection that controls response to behavioural challenge. Nature. (2012) 492:428–32. doi: 10.1038/nature11617

 65. Aarts E, van Holstein M, Cools R. Striatal dopamine and the interface between motivation and cognition. Front Psychol. (2011) 2:163. doi: 10.3389/fpsyg.2011.00163

 66. Shalev U, Yap J, Shaham Y. Leptin attenuates acute food deprivation-induced relapse to heroin seeking. J Neurosci. (2001) 21:RC129. doi: 10.1523/jneurosci.21-04-j0001.2001

 67. Hao J, Cabeza de Vaca S, Carr KD. Effects of chronic ICV leptin infusion on motor-activating effects of D-amphetamine in food-restricted and ad libitum fed rats. Physiol Behav. (2004) 83:377–81. doi: 10.1016/j.physbeh.2004.08.007

 68. Fulton S, Pissios P, Manchon RP, Stiles L, Frank L, Pothos EN, et al. Leptin regulation of the mesoaccumbens dopamine pathway. Neuron. (2006) 51:811–22. doi: 10.1016/j.neuron.2006.09.006

 69. Fernandes MFA, Matthys D, Hryhorczuk C, Sharma S, Mogra S, Alquier T, et al. Leptin suppresses the rewarding effects of running via STAT3 signaling in dopamine neurons. Cell Metab. (2015) 22:741–9. doi: 10.1016/j.cmet.2015.08.003

 70. Ainsworth K, Smith SE, Sharp T. Repeated administration of fluoxetine, desipramine and tranylcypromine increases dopamine D2-like but not D1-like receptor function in the rat. J Psychopharmacol. (1998) 12:252–7. doi: 10.1177/026988119801200304

 71. Huzarska M, Zielinski M, Herman ZS. Repeated treatment with antidepressants enhances dopamine D1 receptor gene expression in the rat brain. Eur J Pharmacol. (2006) 532:208–13. doi: 10.1016/j.ejphar.2005.09.069

 72. Gambarana C, Ghiglieri O, Tagliamonte A, D'Alessandro N, de Montis MG. Crucial role of D1 dopamine receptors in mediating the antidepressant effect of imipramine. Pharmacol Biochem Behav. (1995) 50:147–51. 

 73. Sampson D, Willner P, Muscat R. Reversal of antidepressant action by dopamine antagonists in an animal model of depression. Psychopharmacology. (1991) 104:491–5. 

 74. Breuer ME, Groenink L, Oosting RS, Buerger E, Korte M, Ferger B, et al. Antidepressant effects of pramipexole, a dopamine D3/D2 receptor agonist, and 7-OH-DPAT, a dopamine D3 receptor agonist, in olfactory bulbectomized rats. Eur J Pharmacol. (2009) 616:134–40. doi: 10.1016/j.ejphar.2009.06.029

 75. Borsini F, Lecci A, Mancinelli A, D'Aranno V, Meli A. Stimulation of dopamine D-2 but not D-1 receptors reduces immobility time of rats in the forced swimming test: implication for antidepressant activity. Eur J Pharmacol. (1988) 148:301–7. doi: 10.1016/0014-2999(88)90107-0

 76. Yamada J, Sugimoto Y, Yamada S. Involvement of dopamine receptors in the anti-immobility effects of dopamine re-uptake inhibitors in the forced swimming test. Eur J Pharmacol. (2004) 504:207–11. doi: 10.1016/j.ejphar.2004.09.057

 77. Muscat R, Willner P. Effects of dopamine receptor antagonists on sucrose consumption and preference. Psychopharmacology. (1989) 99:98–102. 

 78. Amador NJ, Rotella FM, Bernal SY, Malkusz D, Cruz JA Dela, Badalia A, et al. Effect of dopamine D1 and D2 receptor antagonism in the lateral hypothalamus on the expression and acquisition of fructose-conditioned flavor preference in rats. Brain Res. (2014) 1542:70–8. doi: 10.1016/j.brainres.2013.10.030

 79. Yu WZ, Silva RM, Sclafani A, Delamater AR, Bodnar RJ. Role of D(1) and D(2) dopamine receptors in the acquisition and expression of flavor-preference conditioning in sham-feeding rats. Pharmacol Biochem Behav. (2000) 67:537–44. doi: 10.1016/s0091-3057(00)00396-8

 80. Pfaffly J, Michaelides M, Wang G, Pessin JE, Volkow ND, Thanos PK. Leptin increases striatal dopamine D2 receptor binding in leptin-deficient obese (ob/ob) mice. Synapse. (2011) 64:503–10. doi: 10.1002/syn.20755

 81. Fernandez-Riejos P, Najib S, Santos-Alvarez J, Martin-Romero C, Perez-Perez A, Gonzalez-Yanes C, et al. Role of leptin in the activation of immune cells. Mediat Inflamm. (2010) 2010:568343. doi: 10.1155/2010/568343

 82. Cakir B, Bozkurt A, Ercan F, Yegen BC. The anti-inflammatory effect of leptin on experimental colitis: involvement of endogenous glucocorticoids. Peptides. (2004) 25:95–104. doi: 10.1016/j.peptides.2003.11.005

 83. Hosoi T, Okuma Y, Nomura Y. Leptin regulates interleukin-1β expression in the brain via the STAT3-independent mechanisms. Brain Res. (2002) 949:139–46. doi: 10.1016/S0006-8993(02)02974-8

 84. Pinteaux E, Inoue W, Schmidt L, Molina-Holgado F, Rothwell NJ, Luheshi GN. Leptin induces interleukin-1β release from rat microglial cells through a caspase 1 independent mechanism. J Neurochem. (2007) 102:826–33. doi: 10.1111/j.1471-4159.2007.04559.x

 85. Hosoi T, Okuma Y, Nomura Y. Leptin induces IL-1 receptor antagonist expression in the brain. Biochem Biophys Res Commun. (2002) 294:215–9. doi: 10.1016/S0006-291X(02)00486-2

 86. Weber A, Wasiliew P, Kracht M. Interleukin-1 (IL-1) pathway. Sci Signal. (2010) 3:cm1. doi: 10.1126/scisignal.3105cm1

 87. Patraca I, Martínez N, Busquets O, Martí A, Pedrós I, Beas-Zarate C, et al. Anti-inflammatory role of Leptin in glial cells through p38 MAPK pathway inhibition. Pharmacol Rep. (2017) 69:409–18. doi: 10.1016/j.pharep.2016.12.005

 88. Levite M. Dopamine and T cells: dopamine receptors and potent effects on T cells, dopamine production in T cells, and abnormalities in the dopaminergic system in T cells in autoimmune, neurological and psychiatric diseases. Acta Physiol. (2016) 216:42–89. doi: 10.1111/apha.12476

 89. Yan Y, Jiang W, Liu L, Wang X, Ding C, Tian Z, et al. Dopamine Controls Systemic Inflammation through Inhibition of NLRP3 Inflammasome. Cell. (2015) 160:62–73. doi: 10.1016/j.cell.2014.11.047

 90. Wang T, Nowrangi D, Yu L, Lu T, Tang J, Han B, et al. Activation of dopamine D1 receptor decreased NLRP3-mediated inflammation in intracerebral hemorrhage mice. (2018) 15:2. doi: 10.1186/s12974-017-1039-7

 91. Baydyuk M, Xu B. BDNF signaling and survival of striatal neurons. Front Cell Neurosci. (2014) 8:254. doi: 10.3389/fncel.2014.00254

 92. Boulle F, Massart R, Stragier E, Païzanis E, Zaidan L, Marday S, Gabriel C, Mocaer E, Mongeau R, Lanfumey L. Hippocampal and behavioral dysfunctions in a mouse model of environmental stress: normalization by agomelatine. Transl Psychiatry. (2014) 4:e485. doi: 10.1038/tp.2014.125

 93. Sen S, Duman R, Sanacora G. Serum brain-derived neurotrophic factor, depression, and antidepressant medications: meta-analyses and implications. Biol Psychiatry. (2008) 64:527–32. doi: 10.1016/j.biopsych.2008.05.005

 94. Yamada N, Katsuura G, Ochi Y, Ebihara K, Kusakabe T, Hosoda K, et al. Impaired CNS leptin action is implicated in depression associated with obesity. Endocrinology. (2011) 152:2634–43. doi: 10.1210/en.2011-0004

Conflict of Interest Statement: 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 © 2019 Cordeiro, Chaves Filho, Gomes, Tomaz, Medeiros, Queiroz, Maes, Macedo and Carvalho. 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/fpsyt-10-00125-g005.gif





OPS/images/fpsyt-10-00125-g003.gif





OPS/images/fpsyt-10-00125-g004.gif





OPS/images/fpsyt-10-00125-g001.gif
o

o






OPS/images/fpsyt-10-00125-g002.gif





OPS/images/cover.jpg
’ frontiers
in Psychiatry

Leptin Prevents
Lipopolysaccharide-Induced
Depressive-Like Behaviors in Mice:
Involvement of Dopamine Receptors









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





