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Activation of dopamine D2 receptors attenuates neuroinflammation and ameliorates the memory impairment induced by rapid eye movement sleep deprivation in a murine model
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The proinflammatory state, which may be induced by sleep deprivation, seems to be a determining factor in the development of neurodegenerative processes. Investigations of mechanisms that help to mitigate the inflammatory effects of sleep disorders are important. A new proposal involves the neurotransmitter dopamine, which may modulate the progression of the immune response by activating receptors expressed on immune cells. This study aimed to determine whether dopamine D2 receptor (D2DR) activation attenuates the proinflammatory response derived from rapid eye movement (REM) sleep deprivation in mice. REM sleep deprivation (RSD) was induced in 2-month-old male CD1 mice using the multiple platform model for three consecutive days; during this period, the D2DR receptor agonist quinpirole (QUIN) was administered (2 mg/kg/day i.p.). Proinflammatory cytokine levels were assessed in serum and homogenates of the brain cortex, hippocampus, and striatum using ELISAs. Long-term memory deficits were identified using the Morris water maze (MWM) and novel object recognition (NOR) tests. Animals were trained until learning criteria were achieved; then, they were subjected to RSD and treated with QUIN for 3 days. Memory evocation was determined afterward. Moreover, we found RSD induced anhedonia, as measured by the sucrose consumption test, which is commonly related to the dopaminergic system. Our data revealed increased levels of proinflammatory cytokines (TNFα and IL-1β) in both the hippocampus and serum from RSD mice. However, QUIN attenuated the increased levels of these cytokines. Furthermore, RSD caused a long-term memory evocation deficit in both the MWM and NOR tests. In contrast, QUIN coadministration during the RSD period significantly improved the performance of the animals. On the other hand, QUIN prevented the anhedonic condition induced by RSD. Based on our results, D2DR receptor activation protects against memory impairment induced by disturbed REM sleep by inhibiting neuroinflammation.
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Introduction

Sleep seems to provide an evolutionary advantage to organisms; it plays a key role in energy balance, immune enhancement, and reorganization of neuronal circuits and facilitates the elimination of waste from the brain (Krueger et al., 2016; Cao et al., 2020). Nevertheless, sleep function remains controversial. A widely used approach to analyze sleep functions has been to extend a subject’s wakefulness, that is, to deprive him/her of sleep. This deprivation can be total or selective, such as rapid eye movement (REM) sleep deprivation (RSD) (Porkka-Heiskanen et al., 2013; Kushida, 2016).

In this sense, memory impairments are some of the better-known events derived from low-quality sleep or sleep deprivation (SD) in both humans and rodents (Walker, 2008; Killgore, 2010; McCoy and Strecker, 2011). For example, chronic SD induces impairments in spatial memory performance, a function dependent on hippocampus integrity (McCoy et al., 2013; Ward et al., 2017). Moreover, this may be related to low concentrations of the brain-derived neurotrophic factor (BDNF) in the hippocampus, an important neurotrophin involved in cognitive functions and synaptic plasticity (Zielinski et al., 2014). Also, intracellular signaling related to these processes is affected, such as the cAMP pathway (Abel et al., 2013).

The behavioral manifestations are diverse and depend on the context of the SD; indeed, these are not restricted to cognition; anxiety and depression-related behaviors have also been described in mice after SD (Daniele et al., 2017; Moon et al., 2018). Similar effects were observed in healthy human adults who exhibited an anxiety condition accompanied with some degree of depression after acute SD (Babson et al., 2010). In this context, neuroinflammation could be a significant factor contributing to the detrimental effects of SD on cognition and mood alterations. RSD-induced learning and memory impairments are often accompanied by an inflammatory response (Piber, 2021), mainly by increases in brain proinflammatory cytokines and microglial activation, where deficits in spatial memory are manifested (Wadhwa et al., 2017). Further, both acute and chronic SD cause alterations in the immune response characterized by the presence of increased levels of proinflammatory mediators, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, IL-17A, and the C-reactive protein (CRP) (Hurtado-Alvarado et al., 2016), and other inflammatory molecules such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), endothelin-1 (ET-1), vascular endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1) (Zager et al., 2007; Ibrahim et al., 2011; Ruiz et al., 2012; Porkka-Heiskanen et al., 2013; He et al., 2014; Hurtado-Alvarado et al., 2016).

Recent evidence has shown that 96 h of RSD enhances the inflammatory response in the hippocampus by increasing IL-1β and IL-6 levels from the first-day post of SD, accompanied by activated astrocytes in CA1 (Hou et al., 2019). Even 24 h of RSD raises IL-1 expression in the liver and brain (hippocampus, hypothalamus, and prefrontal cortex); similarly, TNF-α expression was upregulated in the liver, spleen, and prefrontal cortex among mice exposed to RSD vs. controls (Ashley et al., 2016).

Dopamine (DA), a catecholamine neurotransmitter, is derived from L-tyrosine, which is converted to L-Dopa by the enzyme tyrosine hydroxylase (TH), primarily in dopaminergic neurons. Once DA is synthesized, it is stored in synaptic vesicles for future release (Matt and Gaskill, 2020). On the other hand, several research groups have shown that astrocytes and microglia can also synthesize and metabolize DA. Likewise, other immune cells such as macrophages, T-lymphocytes, B-lymphocytes, and dendritic cells have the necessary elements to synthesize DA (Pinoli et al., 2017; Thomas Broome et al., 2020; Li et al., 2022). DA modulates immune responses by activating dopamine receptors (DRs), members of the G protein-coupled receptor (GPCR) superfamily. Dopamine receptors are divided into two subgroups, D1-like (D1 and D5) and D2-like (D2, D3, and D4) (Matt and Gaskill, 2020). Both groups have been widely expressed in neurons and several immune cell populations, for example, in mouse NK, T cells, macrophages, and dendritic cells (Sarkar et al., 2010; Mikulak et al., 2014). In activated macrophages, DA increases interferon-gamma (IFNγ) concentrations and thus indirectly induces their phagocytic activity (Ali et al., 1994; Roy and Rai, 2004). Moreover, Haskó showed that dopamine D2 receptor (D2DR) activation with specific agonists, like bromocriptine and quinpirole (QUIN), decreases TNF-α and nitric oxide release from macrophages after exposure to lipopolysaccharide (LPS) (Haskó et al., 1996). Microglial cells, the resident macrophages in the central nervous system (CNS), and the main cells responsible for immune surveillance in the brain express both D1DR and D2DR. Several molecular events occur in the microglial response during inflammatory stimuli. Recent evidence identifies the dopaminergic system as a critical factor since microglial cells exhibit LPS-induced overexpression of D1DR and D4DR in vitro (Thomas Broome et al., 2020). Furthermore, the binding of DA to microglial D1DR positively regulates the synthesis of nitric oxide (Chang and Liu, 2000; Färber et al., 2005). DA regulates proinflammatory responses in microglia stimulated with LPS by modulating ERK1/2 and NF-κB signaling, which play a role in DA-mediated suppression of nitric oxide generation by altering iNOS transcription (Wang et al., 2019).

Noticeably, the entire landscape of DA activities is far from being elucidated, and the comprehension of the D2DR is even more limited than other dopaminergic receptors, additionally, albeit deleterious effects of SD on behavioral and neuroinflammatory events have been explored, little is known about the participation of D2DRs in the context of neuroinflammation derived from SD and its effects on cognition and other behavioral manifestations. This work characterized the proinflammatory state induced by RSD in CD1 mice. In parallel, deficits in long-term memory retrieval and anhedonia behavior were evidenced in the animals. Subsequently, we tested whether the activation of D2DR, using QUIN, ameliorates the cognitive impairment and the anhedonia behavior by potentially an anti-inflammatory effect. Thus, the D2DR seems to be an attractive target to elucidate the neurochemical mechanisms regulating inflammation behavior in sleep homeostasis.



Materials and methods


Experimental animals

All experiments were performed with 8-week-old male CD1 (ICR) mice maintained under standard conditions on a 12:12 h light-dark cycle (lights on and off at 7:00 a.m. and 7:00 p.m., respectively), with water and food provided ad libitum. Animal handling and experimentation strictly followed the Guidelines for Care and Use of Laboratory Animals published by the National Institutes of Health and the Guidelines of the Mexican Law of Animal Protection for the Use and Care of Laboratory Animals (Norma Oficial Mexicana NOM-062-ZOO-1999). All experimental procedures were approved by the research and ethics committees of the Facultad de Medicina, Universidad Nacional Autónoma de México (CICUAL 016-CIC-2019).



Experimental groups

Mice were randomly divided into four groups: (1) a control group, (2) a REM sleep deprivation (RSD) group, (3) a QUIN group, and (4) an RSD + QUIN group. After the behavioral tests, mice were euthanized, and the serum and brain tissues were collected for ELISAs. The QUIN dose was 2 mg/kg/day (one i.p. injection/day) and was administered for 3 days 1 h prior to the RSD session. The control and RSD groups received saline solution injections. The body weight of the mice was measured before and after RSD and/or QUIN administration (Figure 1).
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FIGURE 1
Schematic representations of REM-sleep deprivation (RSD) QUIN administration doses, regimens, and temporal strategies of behavioral tasks. The mice were subjected to 72 h of RSD with or without QUIN administration. The two behavioral tasks are indicated. For the Morris water maze (MWM), RSD was administered after acquisition and before the evocation test.




Induction of rapid eye movement sleep deprivation

The multiple platform method was employed to prevent REM. This method is widely accepted to induce REM sleep disturbances (Ashley et al., 2016; Kincheski et al., 2017; Yin et al., 2017; Hou et al., 2019; Xue et al., 2019; Suresh et al., 2021). Briefly, six narrow platforms (8.5 cm in height and 2.5 cm in diameter) were placed (8–10 cm apart) inside an acrylic box filled with water (24°C) up to 3 cm from the top of the platforms. This arrangement allows animals to maintain social interaction and free movement from one platform to another, substantially reducing stress by immobilization or social isolation (Suchecki et al., 1998; Machado et al., 2004; Colavito et al., 2013). Access to water and food was available across the entire restriction period. Food pellets and water bottles were placed on a flat grid above the box during the experiment (approximately 6 cm above the platform’s surface). Six water bottles were strategically placed on the flat grid, ensuring each animal could reach the water. The tank was maintained on a 12:12 h light/dark cycle (lights on and off at 7:00 a.m. and 7:00 p.m., respectively). Four mice were handled for each experiment, so mice could easily move between the platforms but could not stretch across any two platforms to sleep. Thus, the animals awoke when they experienced REM sleep-induced atonia by touching the water. Sleep deprivation began at 12:00 p.m., and 24 h later, the mice were taken out of the deprivation box, injected with saline solution or QUIN, placed in their home cages, and given free access to food and water for 1 h. Sleep deprivation lasted 72 h. The tank was cleaned, and the water was replaced every day.

Mice treated with or without QUIN were subjected to RSD employing the modified inverted flowerpot method (multiple platform method), which is used to prevent REM sleep without affecting the non-REM (NREM) sleep (Lee et al., 2009). The animals from the control group stayed in their home cage.



Cytokine titration

The levels of TNF-α, IL-6, IL-10, and IL-1β were analyzed using sandwich ELISAs according to the manufacturer’s instructions. Serum and brain tissues (hippocampus, cerebral cortex, and striatum) retrieved from mice trained and evoked in novel object recognition (NOR) test were used for cytokine determinations. After behavioral tests, mice were euthanized with an injection of sodium pentobarbital (50 mg/kg). Blood sampling was performed by cardiac puncture, and after clotting, blood was centrifuged to isolate the serum (12,000 rpm 15 min at 4°C). The hippocampus, cerebral cortex, and striatum were removed and homogenized in 500 μL of ice-cold lysis buffer (20 mM Tris, 0.25 M sucrose, 2 mM EDTA, 10 mM EGTA, and 1% Triton X-100) containing a cocktail of protease inhibitors.

The levels of all cytokines in serum and brain tissues were detected using specific ELISA kits from PeproTech (IL-6, 900-K50; IL-10, 900-K53; TNF-α, 900-K54; and IL-1β 900-K47) according to the manufacturer’s recommendations. All serum samples and brain tissue homogenates were incubated for 18 h at 4°C. Bound detection antibodies were detected using ABTS as substrate. Single optical density readings were recorded at 405 nm. All assays were performed in duplicate, and the sensitivities were 32–4,000 pg/mL for IL-1β, 16–2,000 pg/mL for IL-6, 30 pg/mL for IL-10, 32–2,000 pg/mL, and 8 pg/mL for TNF-α. At least four animals from each group were used for the statistical analysis.



Morris water maze test

The spatial learning and memory of mice were assessed to evaluate cognitive performance. The mice from each group were placed in a pool filled with water (90 cm diameter; 19–21°C) and allowed to navigate the pool and reach a submerged escape platform (8 cm diameter, 0.3 cm under black-stained water). Three visual cues were placed 15 cm outside the pool, consisting of a triangle, a circle, and a cross (30 cm each) visible to the animals. During training sessions, mice navigated the pool until they found the platform. If they failed to locate the platform within 60 s, animals were gently guided to it and allowed to stay on it for 20 s. The task was considered learned when the average navigation time was less than or equal to 20 s in 4 different training sessions on 1 day. During the acquisition period, training started at 9:00 a.m. Once the last training was completed, animals were injected with QUIN and left in their home cages for one h, then placed in the RSD setup starting at 12:00 p.m. At 12:00 p.m. of the next day, the RSD session ended; mice were injected and left to recover for one h before starting the next RSD session, the same schedule as the last day. After completing 72 h of RSD, the mice were allowed to recover for one h in their home cage. The spatial long-term memory evocation test consisted in placing the animals in the pool lacking the platform and allowing them to navigate for 60 s; this was carried out at 1:00 p.m. Platform placement was randomly assigned through the four quadrants for each mouse to discard mouse preference/aversion for any quadrant. The latencies to reach the escape platform were analyzed for the acquisition period to evidence that every animal learned the task. Every animal test was video recorded using a web camera (Logitech), and every video obtained from the evocation test was analyzed using the open-source software ImageJ and the Animal Tracker application (Gulyás et al., 2016). The software allows the analysis of the video files post-test. The total time spent in the target and opposite quadrant, the number of crossings in the platform site, latencies to the platform zone, and the average distance to the platform site during navigation were estimated and analyzed for the evocation test. Moreover, the average swimming speed of animals was also evaluated.



Novel object recognition test

Object acquisition and memory evocation were assessed in an arena with the walls and floor painted black (30 cm × 30 cm × 40 cm) (Reger et al., 2009) designed for this purpose. During the 3 days of the test, the mice underwent RSD and/or QUIN administration (Figure 1). The arena was kept in a separate room to eliminate the effects of visual and auditory distractions on the test. Washable plastic toys (mega blocks) and Falcon tubes that were different in color and shape but similar in size (approximately 10 cm × 8 cm) were selected as objects (Figure 5D). Novel and familiar object pairs were randomly assigned, and their positions were counterbalanced to further reduce the possible effects of the object or place preference/aversion. Objects were secured at opposite corners of the arena (6 cm from the wall) to ensure that a mouse could not displace them. Test sessions were recorded using an overhead camera. The arena and objects were cleaned with 70% ethanol to eliminate olfactory cues between sessions and animals.

The object recognition task was performed by dividing testing into 3 phases: habituation, acquisition, and recognition; each of the three phases started at 1:00 p.m. when ended each RSD session (see Figure 1), QUIN was administered, and mice were allowed to stay in their home cage one h before to be tested in the NOR arena. On day 1, QUIN was administered at 11:00 a.m. The next day, at 12:00 p.m., the mice received the second dose of QUIN, left in their home cage for one h, trained or tested according to the stage of the NOR protocol, and returned to the RSD setup. For habituation, each mouse was removed from its home cage, placed in the middle of the open arena, and allowed to explore for 5 min (Lueptow, 2017). The acquisition phase was performed after 24 h by placing a mouse into the arena with two identical sample objects for up to 10 min to allow for a criterion level of exploration and familiarization with the objects. Mice were tested with a 24 h intertrial interval. For the recognition task, one of the familiar objects was substituted with an unfamiliar object (Falcon tube, 50 ml). The time spent investigating objects was assessed manually from video recordings. Object investigation was defined as a mouse directing the nose toward, touching, or sniffing within 1 cm of the object but not standing, sitting, or chewing on the object. Time spent attending to objects per investigation during the acquisition trial was used to measure of object-based attention. The recognition index (RI) was calculated by dividing the time spent exploring the novel object (TNO) by the total time spent exploring both objects (TE):

Recognition index = TNO/TE



Sucrose consumption preference test

Rodents naturally prefer to drink sweetened water when given a two-bottle free-choice regimen with access to sucrose solution and regular water (Willner et al., 1987; Sobrian et al., 2003; Goshen et al., 2008; Zhou et al., 2011; Liu et al., 2018). However, when mice are “depressed,” they fail to select the sweetened water, a phenomenon known as anhedonia, the lack of feeling pleasure. Many studies suggest that 1–2% (wt/vol) sucrose solution is the optimal concentration for offering rodents alongside water to distinguish whether mice or rats are “depressed” or not (Liu et al., 2018). We evaluated sucrose consumption preference to measure anhedonia as indicator of depression-like behavior.

The animals included in the anhedonia test were the same trained and evoked in the Morris water maze (MWM). The last RSD session ended at 12 p.m., mice were allowed to stay in their home cages for one h, were evoked and consumption tests began at 2:00 p.m. Each mouse was individually placed in a measurement cage for 24 h at the end of the last deprivation session. Two graduated drinking tubes (falcon 50 ml) were presented, one containing tap water and the other with 2% sucrose solution. The animals had free access to food. The volume consumption was determined in milliliters, and sucrose preference was calculated as the percent of sucrose consumption out of the total drinking volume. Sucrose preference was calculated by the following formula: Preference = (Sucrose intake/Total intake) × 100. A percent consumption of less than 65% was considered anhedonia (Bessa et al., 2009). At the end of the test, animals were returned to group housing with free access to food and water.



Statistical analysis

GraphPad Prism 9 software was used for statistical analyses of all data. Data are reported as the mean ± standard error of the mean (SEM). Analysis of evocation parameters in MWM and cytokine levels was carried out using one-way ANOVA and Tukey as a post-hoc test. The recognition index and exploration time data in NOR were analyzed by unpaired Student’s t-test; p < 0.05 was considered statistically significant.




Results


Effect of quinpirole on rapid eye movement sleep deprivation-induced neuroinflammation

We evaluated three different brain regions (cerebral cortex, hippocampus, and striatum) and serum to determine whether RSD triggers an inflammatory state alongside the effect of QUIN administration. The ELISAs tests of the cytokines IL-6, IL-1β, IL-10, and TNF-α revealed differential immune responses within the tissues. In the cerebral cortex, levels of the TNF-α, IL-1β, IL-6, and IL-10 proteins did not increase significantly after RSD (Figures 2E–H) however, the cortex obtained from RSD mice and treated with QUIN showed decreased levels of IL-1β as compared to RSD mice (p < 0.0307) (Figure 2F).
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FIGURE 2
Effect of Quinpirole (QUIN) administration on REM sleep deprivation (RSD) mice on cytokine levels in the cerebral cortex and striatum. Mice were administered with QUIN (2 mg/kg/day for 3 days) and subjected to RSD. The levels of cytokines were analyzed using ELISAs in the striatum (A–D) and the cerebral cortex (E–H). Data are presented as the mean ± SEM and were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test. For striatum TNF-α n = 5–6, IL-1β n = 5–6, IL-6 n = 5–6, and IL-10 n = 5–7. For cerebral cortex TNF-α n = 5, IL-1β n = 5, IL-6 n = 5–6, and IL-10 n = 5–8. Significant differences among the experimental groups are indicated.


Furthermore, in the striatum, RSD did not induce changes in the levels of any cytokine (Figures 2A–D), but the simple administration of QUIN to control mice induced a decrease in TNF-α (p < 0.0175; Figure 2A) and IL-1β (p < 0.0007) (Figure 2B). However, the RSD + QUIN group showed increased levels of IL-6 compared to the control group (p < 0.0035) (Figure 2C).

In the hippocampus, RSD increased the levels of TNF-α (p = 0.0016) (Figure 3A), IL1β (p < 0.0001) (Figure 3B), and IL-6 (p < 0.0001) (Figure 3C). Mice subjected to RSD and administered with QUIN showed decreased levels of TNF-α (p = 0.0004) (Figure 3A), IL-1β (p < 0.0001) (Figure 3B), and IL-6 (p = 0.0001) (Figure 3C) as compared to RSD mice, and no significant changes were observed in the levels of the anti-inflammatory cytokine IL-10 (Figure 3D). A similar tendency in serum was observed, where RSD induced an increase in the levels of TNF-α (p < 0.0001) (Figure 3E) and IL-1β (p = 0.0003) (Figure 3F) compared to the control group (Figure 3G). In contrast, QUIN administration significantly reduced this increase in TNF-α (p < 0.0001) levels (Figure 3E) and IL-1β (p = 0.0002) (Figure 3F). Surprisingly, the two groups that received QUIN showed a decrease in the IL-10 levels, QUIN (p = 0.0374) and RSD + QUIN (p = 0.0037) (Figure 3H), compared to the RSD group. These observations confirm that 72 h of RSD is sufficient to induce inflammation. Under our settings, both IL-1β and TNF-α increased systemically and in the brain, albeit not every brain area responded equally. On the other hand, and as expected, the D2DR activation using QUIN attenuated the neuroinflammation evoked by RSD, confirming the immunomodulatory effect of this receptor.
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FIGURE 3
Quinpirole (QUIN) attenuated the increases in the levels of proinflammatory cytokines evoked by REM sleep deprivation (RSD). Effect of QUIN on hippocampal and serum cytokine levels in RSD mice. Mice were administered QUIN (2 mg/kg/day for 3 days) and subjected to RSD. The levels of TNF-α (A), IL1β (B), IL6 (C), and IL10 (D) in the hippocampus and TNF-α (E), IL1β (F), IL-6 (G), and IL-10 (H) in serum were analyzed by ELISA. Data are presented as means ± SEM and were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test. For hippocampus TNF-α n = 6, IL-1β n = 7–9, IL-6 n = 5–6, and IL-10 n = 5–7, for serum TNF-α n = 5–6, IL-1β n = 6–8, IL-6 n = 5, and IL-10 n = 5–7. Significant differences among the experimental groups are indicated.




Quinpirole ameliorates the rapid eye movement sleep deprivation-induced episodic memory impairment

The experimental strategy followed here allowed us to evaluate the effects of RSD-derived neuroinflammation on behavior, we focused on determining the integrity of cognitive functions by evaluating long-term memories in two different tasks, MWM and NOR. In our experiments, no effect was observed on the learning stage in the MWM task (data not shown) when mice were sleep-deprived within training days. Thus, we aimed to evaluate whether memory retrieval was impacted.

The MWM test was conducted after every animal learned and consolidated the task. Our data showed that RSD for three consecutive days led to a spatial memory evocation deficit in mice, even when the animals had already learned the task (Figure 4I). As shown in Figure 4A, compared with the control group, the escape latencies of mice in evocation tests were significantly higher for the RSD group (p < 0.0001). Additionally, these animals navigated significantly farther from the platform during the test (Figure 4B) (p < 0.0001). Furthermore, RSD mice failed to locate the platform site (Figure 4C) (p = 0.0032); and the time spent navigating the target quadrant by RSD mice was significantly lower than that of the control group (p < 0.0001) (Figure 4F).
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FIGURE 4
Effect of Quinpirole (QUIN) and REM sleep deprivation (RSD) on spatial memory. The RSD was administered for 72 h starting after the last training session in the MWM. The evocation test analysis (A–H) consisted of 60 s of navigation assessed at the end of the RSD. The following evocation parameters are shown escape latency to the site of the platform (A), average navigation distance to the platform (B), the number of platform site crosses (C), total distance navigated (D), total time spent in target and opposite quadrants (E), time spent in the target quadrant (F), navigation speed (G) and typical navigation traces (H). Repeated training sessions over 3 days resulted in shorter latencies and higher performance in platform localization (I). Mice were administered with QUIN (2 mg/kg for 3 days) and subjected to RSD after acquisition. Data are presented as the mean ± SEM and were analyzed using one-way ANOVA followed by Tukey’s post-hoc test (A–D,F,G) and Student’s t-test (E). Control n = 9, QUIN n = 9, RSD n = 9, RSD + QUIN n = 10. Statistically significant differences among the experimental groups are indicated.


Quinpirole administration throughout the 3 days of RSD and after the training period noticeably reversed the cognitive impairment caused by RSD. QUIN administration to RSD mice decreased the escape latencies (Figure 4A) (p < 0.0001), shortened the average distance traveled to the platform (Figure 4B) (p = 0.0152), increased the number of crosses of the platform site (Figure 4C) (p = 0.0026) and increased the time spent in the target quadrant vs. the opposite quadrant (Figure 4E) (p = 0.0023) as the total time spent in the target quadrant (Figure 4F) (p = 0.0229).

Surprisingly, mice treated with QUIN alone spent less time in the target quadrant than the control group (p = 0.0344; Figure 4F). However, no differences were observed in the total distance traveled (Figure 4D) or navigation speed (Figure 4G) for any experimental group. Representative memory traces are shown for every group (Figure 4H); RSD mice traveled a more complex path than control mice, and QUIN resulted in a trace comparable to that of a control animal. These data strongly suggest that RSD mice failed to evoke spatial memory from a previously learned task; however, QUIN reduced this impairment, and this effect seemed to be independent of the locomotor ability.

Subsequently, we were interested in testing if RSD induced deterioration in another memory task, such as the NOR test, and if QUIN could reverse this deterioration.

Object recognition evocation was tested after 72 h of RSD and/or QUIN administration. In the evocation test, rodents spent more time exploring a novel object (NO) over a familiar object (FO). In our settings, only the animals subjected to RSD failed to recognize the NO (Figure 5A). We observed that RSD negatively affected NO preference (control RI = 0.63 vs. RSD RI = 0.40; p = 0.0009) (Figure 5B). These data suggest that long-term recognition memory was impaired in RSD mice, as shown by a reduced preference to investigate novel objects during the object recognition phase of the task (Figure 5B). However, QUIN administration reversed the impairment produced by RSD (RSD RI = 0.40 vs. RSD + QUIN RI = 0.64; p = 0.0002) (Figure 5B).
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FIGURE 5
Rapid eye movement (REM) sleep deprivation (RSD) for 72 h impaired recognition memory performance, and Quinpirole (QUIN) attenuated this effect. Data are shown as the (A) novel and familiar object exploration time, (B) Recognition index of the Novel object recognition test (NOR-RI), (C) total exploration times of both objects in acquisition and evocation, and (D) objects used in the acquisition and evocation test. Mice were administered QUIN (2 mg/kg for 3 days) and subjected to RSD. Data are presented as the mean ± SEM and were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test (B,C) and Student’s t-test (A). Control n = 9, QUIN n = 11, RSD n = 8, RSD + QUIN n = 11. Significant differences among the experimental groups are indicated.


The total exploration times were compared between experimental groups in the acquisition or the evocation phase to confirm that RSD did not affect the exploratory behavior of mice (hence, attention to the task). No statistical differences were observed in acquisition or evocation comparing the four groups, indicating that animals explore equally the objects (Figure 5C). In the NOR test, it is proposed that animals should reach a minimum of 20 s of exploration in both phases to consider they are executing the task correctly. All animals from all experimental groups performed the task accomplishing this criterion, even the RSD group; thus, we can assume that exploration behavior was not altered (Lueptow, 2017).

The data obtained from both memory tasks prove that the neuroinflammation derived from RSD negatively impacts memory retrieval in two different tasks, indicating a strong relationship between proinflammatory cytokines and cognitive functions in the RSD. In concordance, spatial memory impairment is likely due to the hippocampus’s neuroinflammation. Interestingly, our settings allowed us to distinguish that such damage reflects on memory recall. These data also show that activation of D2DR prevented the cognitive deficit, similar to that observed in ELISAs results where it had anti-inflammatory effects.



Quinpirole ameliorates anhedonia-like behavior and prevents loss of body weight induced by rapid eye movement sleep deprivation

We also measured the body weights before and after sleep deprivation and QUIN administration. Mice in the RSD group showed decreased body weight compared to the control group (p < 0.0001). On the other hand, QUIN administration attenuated the body weight loss induced by RSD (Figure 6A). Surprisingly, the administration of QUIN significantly reduced the weight of the mice compared to the control group.


[image: image]

FIGURE 6
Body weight and sucrose water consumption decreased after REM sleep deprivation (RSD), whereas Quinpirole (QUIN) administration attenuated these changes. Mice were administered with QUIN (2 mg/kg for 3 days) and exposed to RSD. Delta of body weight (A), sucrose water consumption (B), and total water consumption (C). Data are presented as the mean ± SEM and were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test. Body weight measurements: Control n = 27, QUIN n = 24, RSD n = 43, RSD + QUIN n = 23. Sucrose water consumption: Control n = 9, QUIN n = 9, RSD n = 10, RSD + QUIN n = 14. Significant differences among the experimental groups are indicated.


Anhedonia-like behaviors are reflected by decreased sucrose water consumption since rodents have an innate preference for sweetened water over regular water. As shown in Figure 6B, RSD induced an anhedonia-like state; these mice consumed significantly less sucrose water than animals from the control group (p < 0.0001). On the other hand, the RSD + QUIN group showed an increased sucrose preference when compared to the RSD group (p < 0.0001) (Figure 6B). Animals from the control group, QUIN group, and RSD + QUIN group exhibited similar sucrose water preferences, indicating that QUIN per se does not influence motivational behaviors. Regarding the total consumption of liquids, we observed a significant difference between the control group and the RSD (p = 0.0313) and RSD + QUIN (p = 0.0160) groups (Figure 6C). Taken together, data from body weights, sucrose consumption, and cytokines analysis indicate that the D2DR stimulation prevents depression-related behaviors through likely modulation of immune response in the brain.




Discussion

Sleep fragmentation has been extensively studied; consequences of sleep loss vary from metabolic parameters and mood alterations to cognitive impairments and increases in the risk of developing several diseases. For decades, the experimental manipulation of sleep stages (either REM or NREM) has clarified some of the mechanisms involved in such effects. In order to determine whether REM sleep deficiencies induce neuroinflammation in the present work, a modified flowerpot method was used to induce sleep deprivation, the multiple platforms method, which is well-accepted to induce REM sleep deprivation. Our data indicate that proinflammatory events are triggered when mice are deprived of REM sleep. Then, the deficit in memory retrieval and anhedonia behavior was also evidenced in these animals; most likely, the neuroinflammation underlies such effects. Nevertheless, under the experimental approaches presented here, we are unable to discard NREM unbalances since selective deprivation of one sleep stage invariably affects the other (Colavito et al., 2013).

On the other hand, our results evidenced the remarkable effect of QUIN administration in modulating the inflammatory response, attenuating cognitive deficits, and reducing the depression-like state in animals subjected to RSD. Thus, the activity of the D2DR seems to link the inflammation events with mnemonic functions and even motivation.


Quinpirole attenuates neuroinflammation after rapid eye movement sleep deprivation

Cytokines are mostly related to the immune system and are released through either systemic or central responses. Nevertheless, many studies have reported that fluctuations in these molecules drive crucial changes in learning and memory (Bourgognon and Cavanagh, 2020). Specifically, IL-1β exerts a concentration-dependent effect on memory; when it was injected directly into the hippocampus after training, memory consolidation resulted in impaired contextual memory tasks (Gonzalez et al., 2009). In contrast, IL-1β seems to exert a dual effect on memory tasks; the expression of its messenger RNA (mRNA) is induced in the hippocampus after the Y-maze test (Labrousse et al., 2009), and intracerebroventricular injections of a low dose of this cytokine influence memory in a dose-dependent manner (Goshen et al., 2007). Our results revealed a two-fold increase in IL-1β and TNF-α levels in RSD mice, suggesting synergism in the hippocampus, thus inducing memory impairments. Some reports show that TNF-α is a pivotal regulator of even more complex pathways. Its action depends on the brain region and the inflammatory stimulus that triggers its release (Shin et al., 2014; Bourgognon and Cavanagh, 2020). However, the inhibition of long-term potentiation (LTP) (thus provoking memory deficits) prevails as a key feature of this cytokine (Butler et al., 2004; Singh et al., 2019).

Anti-inflammatory actions for D2 receptors have been explored in the systemic immune system (Sarkar et al., 2010) and neuroinflammatory models (Peiser et al., 2005; Zhang et al., 2015; Liu et al., 2021); however, their role in sleep deprivation models is poorly understood. Here, we revealed the potential of QUIN in attenuating neuroinflammation after RSD, since its administration decreased canonical proinflammatory cytokines levels (IL-1β and TNF-α) in the brain and serum. Interestingly, the inflammatory response was region-dependent since RSD raised the levels of both cytokines in the hippocampus; however, this effect was not observed in the striatum and the cerebral cortex.

Additionally, QUIN prevented the RSD-induced increase in inflammatory cytokine levels in the hippocampus. Previous studies have shown that QUIN decreases IL-1β and MCP-1 levels by suppressing the CRYAB/NF-kB inflammatory pathway in an intracerebral hemorrhage model, and this change was associated with reduced microglial activation (Zhang et al., 2015). Furthermore, another study showed that QUIN administration reduces secondary glial cell activation and neuroinflammation after traumatic brain injury by regulating the Akt/GSK3-β signaling pathway (Alam et al., 2021). Both reports stated that the immunomodulatory effect of QUIN is mediated by microglia; notably, in our work, the anti-inflammatory effect of QUIN was reproduced; however, the microglial state remains to be elucidated.

The anti-inflammatory effect of D2DR has been reported previously. Activation of D2-like receptors promotes the formation of phosphoprotein phosphatase 2 (PP2A), Akt, and β-arrestin2 protein complexes. β-arrestin2 acts as a G-protein-independent signaling mediator by scaffolding other proteins such as kinases and, in this way, regulate the Akt/NF-κB signaling pathway and inhibits the production of proinflammatory cytokines (Beaulieu et al., 2007; Li et al., 2022). Another study reported that D2DR negatively regulates the Akt/NF-κB inflammatory signaling pathway and exerts protective effects against LPS liver injury by reducing the serum aminotransferases activity and TNF-α production (Yue et al., 2021). Data presented here indicate that D2DR activation reduces the IL-1β, IL-6, and TNF-α production. Moreover, based on previous antecedents, the D2DR anti-inflammatory effect is likely due to Akt inactivation and the promotion of PP2a, Akt, and β-arrestin 2 complex. The consequent inhibition of the IκB/NF-κB signaling pathway causes a decrease in the release of cytokines, such as TNF-α and IL-1β (Li et al., 2022), suggesting that D2DR activation might serve as a therapeutic target for regulating neuroinflammation evoked by RSD.

Surprisingly, our results indicate that QUIN administration reduced the striatum levels of TNF-α and IL-1β compared to the control group (Figures 2A,B). Studies in brain D2DR expression patterns highlight that striatum is particularly enriched with this receptor (Charuchinda et al., 1987; Levey et al., 1993). The high density of D2DR in this region may be responsible for this effect, suggesting that D2DR activity regulates the inflammatory signaling even without a proinflammatory stimulus such as RSD. However, these mechanisms remain to be elucidated under the experimental approach used in this work.

Similar to the hippocampus, RSD induced a TNF-α and IL-1β increase in the serum of these mice (Figures 3E,F). These cytokines are produced by activating M1 macrophages, which play a key role in inflammatory response (Kadomoto et al., 2022). Another work addressed that DRD2 activation also exerts a protective effect against acute pancreatitis and reduces systemic inflammation by inhibiting M1 macrophages through the bone marrow-specific D2DR signaling control (Han et al., 2020). DRD2 activates PP2A, which inhibits the production of inflammatory factors by inhibiting the phosphorylation of IκBα and NF-κBp65. In this context, QUIN administration potentiates systemic levels of TNF-α and IL-1β (Figures 3E,F) via the activation of D2DR on peripheral macrophages, inhibiting NK-kB activation. A deeper analysis of this pathway would provide valuable data to lighten the conditions underlying the D2DR modulation of the immune response.

Additionally, future experiments will assess the contribution of glial cells in our model. A recent study reports that total sleep deprivation induces neuroinflammation and spatial memory decline, possibly derived from hyperactivated glial cells; interestingly, the pharmacological inhibition of microglia activation reverts the deleterious effects (Wadhwa et al., 2017). Our findings evidence that fragmentation of REM sleep is sufficient to induce neuroinflammation leading to memory deficits; however, little is known regarding the long-term effects of sub-chronic RSD on cytokine levels. Chronic sleep restriction (but not REM) for 30 days by the gentle touch method causes increased levels of IL-1β and IL-6. This restriction potentiates the effect of subtoxic infusion of amyloid-β oligomers in memory and neuroinflammation (Kincheski et al., 2017). The temporality of inflammatory response in our RSD setting remains to be elucidated.



Memory deficits by rapid eye movement sleep deprivation are ameliorated by quinpirole

Dopamine receptors modulate memory formation through complex mechanisms; specifically, the D2DR activation seems to be crucial for hippocampus-dependent memories (Liggins, 2009). It strongly influences LTP and long-term depression (LTD), both processes involved in synaptic plasticity that subsequently regulates learning and memory (Rocchetti et al., 2015). In humans, functional MRI and PET analyses revealed that D2DR contributes to episodic memories in a hippocampus-dependent manner, highlighting the relevance of connectivity between this region and the caudate (Nyberg et al., 2016).

Sleep deprivation (either REM or NREM) affects learning and memory function. Its effect on cognitive deficits has been explored in humans (Walker, 2008; Killgore, 2010) and rodents, as reviewed by McCoy and Strecker (2011), stating the crucial role of quality sleep in mnemonic functions. In our settings, we aimed to disturb the REM stage, and this was induced for 72 h; similar approaches have been reported in rats subjected to RSD for 48 h or 96 h. Animals showed impaired memory retention of previous consolidated spatial learning (Li et al., 2009; Hou et al., 2019). The MWM paradigm has been proven to be the benchmark in spatial memory assessment. Its versatility and relatively easy setup allow the analysis of different stages in learning and memory (Vorhees and Williams, 2006). In this work, the RSD did not affect on learning period of the MWM (data not shown). However, animals exhibited poor memory retrieval when sleep-deprived after the acquisition period and before the evocation test (Figure 4). Recent evidence supports these observations since regulation and persistence of spatial memory involve the D2DR activity in the ventral pallidum within the basal ganglia when activated with QUIN (Péczely et al., 2016). As discussed above, the data obtained from ELISAs assays showed a robust increase in proinflammatory levels in the hippocampus; thus, the spatial memory deficit was expected, and it seems that local inflammation derived from RSD is responsible for such behavior.

Since QUIN induced significant recovery from spatial memory impairment caused by RSD, we were interested in testing an additional type of memory. The NOR memory task analyses the spontaneous exploring behavior of rodents in response to novelty in a familiar context (Bevins and Besheer, 2006; Broadbent et al., 2010; Antunes and Biala, 2012; Cohen and Stackman, 2015). The animals are not motivated or punished to resolve the NOR task; thus, the stimulation of animals relies on habituation and training with subsequent retrieval tests (Antunes and Biala, 2012). Some studies have also used the NOR task to evaluate attention; however, we aimed to test memory retrieval (Carey et al., 2008; Taglialatela et al., 2009). Recently, a study reported that D1DR activity regulates the synaptic plasticity in the dentate gyrus and significantly contributes to completing the NOR task in mice (Yang et al., 2017). Thus, we aimed to explore the effect of RSD on memory performance in the NOR test and whether QUIN administration relieved this effect. Results in the NOR test were similar to that observed on the MWM in our settings. Animals under RSD had poor novelty recognition (Figure 5B), and QUIN ameliorated the retrieval deficit in the task. The enhanced memory performance observed in both tasks may be explained by previous findings where D2DR activity increases the expression of BDNF and kidney and brain-expressed protein (KIBRA), enhancing the performance in episodic memories tasks (Péczely et al., 2016). The fact that QUIN ameliorates the deficient performance in both tasks after RSD denotes the relevance of D2DR in modulating these functions. However, based on our data, only activating this receptor has no effects on mnemonic capabilities, suggesting that the D2DR offers protection under an additional stimulus, here the inflammation induced by RSD.

A limitation of our work is that systemic administration of QUIN impedes the definition of the role of specific cell populations (e.g., microglia and systemic immune cells). Experiments generating KO mice targeting the D2DR in specific immune cells would solve this paradigm, on the other hand, to prove the relevance of D2DR activity and local inhibition of D2DR and compare its effect vs. the rescue observed with QUIN.



Quinpirole prevented anhedonia-like behavior in rapid eye movement sleep deprivation

The weight loss in animals subjected to RSD was expected. However, mice from the QUIN group also exhibited body weight loss compared to the control group (Figure 6A). Previously it has been reported that QUIN administration (0.2 mg/kg, i.p.) reduces the food intake 24 h after administration (Kuo, 2002). This effect is associated with declines in leptin, indirectly inducing the excitability of dopaminergic neurons in the ventral tegmental area (VTA) and may contribute to a change in feeding behavior through the mesolimbic dopaminergic system (Murakami et al., 2018).

Anhedonia is a complex phenomenon of processing and responding to rewards indicating depression-like behaviors (Scheggi et al., 2018). We employed the sucrose consumption task in this study to evaluate whether animals show alterations in this system. Previous reports have provided evidence that 72 h of RSD induces depression-like behaviors; animals exhibit increased immobility latency in the forced swimming and tail suspension tests. Both alterations are mainly attributed to serotonin (5-HT) reduction in the dorsal raphe nucleus (Daniele et al., 2017; Moon et al., 2018). Additionally, when RSD was maintained for 5 days in mice, the monoamine oxidase A (MAOA) activity was potentiated in the amygdala and hippocampus, promoting the degradation of monoamine neurotransmitters, which may underlie depressive-like behaviors induced by RSD (Zhen et al., 2017). Interestingly in this work, and supporting our observations, RSD mice decreased sucrose preference rate.

Depression-like behaviors are related to increased peripheral blood levels of IL-1β, IL-6, TNF, and CRP, the most reliable biomarkers of inflammation (Miller and Raison, 2016). Thus, the anhedonia behavior observed in our RSD model (Figure 6B) could be a consequence of the inflammatory state triggered by RSD (by rising IL-1β and TNF-α levels in serum) (Figures 3E,F). A valid perspective could be to evaluate neurotransmitter levels in our model. IL-1 produces deficits in norepinephrine and 5-HT synthesis in several brain regions (Brebner et al., 2000; Dunn, 2006). On the other hand, TNF-α influences the central monoamine synthesis pathway, norepinephrine and 5-HT utilization rises in the paraventricular nucleus (PVN), the central amygdala, and the prefrontal cortex (Hayley et al., 1999; Brebner et al., 2000).

Moreover, IL-1β and TNF-α induction of p38 mitogen-activated protein kinase (MAPK) has been shown to increase the 5-HT reuptake, leading to lower synaptic availability and animals exhibit depressive-like behavior (Felger et al., 2013). In our study, QUIN administration ameliorated the anhedonia effect of RSD. Considering previous reports, this may be caused by downregulating IL-1β and TNF-α evoked by QUIN treatment. As mentioned above, it would be interesting to evaluate the levels of monoamine neurotransmitters to determine whether there is a neurochemical link between neuroinflammation and improving these depressive-like behaviors.

Alternatively, QUIN cognitive rescue could be through an increase in neuronal activity; however, the modulatory effects of D2DR are debatable. The influence of DA on glutamatergic transmission has been broadly explored, nevertheless is complex depending on the activated receptor. D2DR reduces the DA release since it is also pre-synaptic, and its activation decreases neuronal excitability (Kebabian and Greengard, 1971), which implies that the activation of synaptic plasticity machinery is limited. Little is known about QUIN’s effects on memory tasks; its administration has been associated with hyper-locomotion in rats and is employed as an experimental model of obsessive-compulsive disorder for causing hyper-locomotor behavior (Servaes et al., 2016). Interestingly, D2DR KO mice also exhibit increased DA synthesis and release with hyper-locomotor behavior derived from reduced expression in midbrain pre-synapses (Bello et al., 2011). Chronically QUIN administration has been shown to reverse spatial learning in rats, a task dependent on hippocampus integrity (Hatalova et al., 2014). These antecedents make it challenging to establish the frontier between locomotor and cognitive impairments in these models. Based on our results, it seems plausible that D2DR-dependent memory rescue depends on an additional stimulus, in this context, the inflammation derived from RSD.

Summarizing, our results show a potential beneficial role of D2DR in regulating the inflammatory response in RSD. We propose that the QUIN effect in ameliorating the behavioral impairments reported here is due to the anti-inflammatory effect regulated by the D2DR. Hence, this receptor may function as an interplay between inflammation and behavior when the system is challenged by an adverse stimulus triggered by REM sleep deprivation. However, the complexity of DA regulation in the immune system depends as well on other subtypes of DR, not only D2DR. Thus, in future studies, using a D2DR antagonist and D1-type receptor agonist, or vice versa, may be helpful to elucidate the immunomodulatory mechanisms’ activity of D2DR and how they influence behavioral impairments. Due to the complex regulatory network of neuroinflammation during RSD, the interaction of other functional systems like the dopaminergic system in their regulation should also be considered to develop new therapeutic strategies.




Conclusion

Finally, our findings showed crosstalk between neuroinflammation (as evidenced by increased IL-1β and TNF-α levels) and D2DR in an RSD model. Behavioral tests revealed that systemic QUIN administration exerted a central effect, as evidenced by enhanced memory and sucrose preference compared to RSD. Notably, some cellular events, such as the microglial state, remain to be elucidated, which is crucial for responding to neuroinflammatory stimuli.
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