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Selective activation of the hypothalamic orexinergic but not melanin-concentrating hormone neurons following pilocarpine-induced seizures in rats
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Introduction: Sleep disorders are common comorbidities in patients with temporal lobe epilepsy (TLE), but the underlying mechanisms remain poorly understood. Since the lateral hypothalamic (LH) and the perifornical orexinergic (ORX) and melanin-concentrating hormone (MCH) neurons are known to play opposing roles in the regulation of sleep and arousal, dysregulation of ORX and MCH neurons might contribute to the disturbance of sleep-wakefulness following epileptic seizures.

Methods: To test this hypothesis, rats were treated with lithium chloride and pilocarpine to induce status epilepticus (SE). Electroencephalogram (EEG) and electromyograph (EMG) were recorded for analysis of sleep-wake states before and 24 h after SE. Double-labeling immunohistochemistry of c-Fos and ORX or MCH was performed on brain sections from the epileptic and control rats. In addition, anterograde and retrograde tracers in combination with c-Fos immunohistochemistry were used to analyze the possible activation of the amygdala to ORX neural pathways following seizures.

Results: It was found that epileptic rats displayed prolonged wake phase and decreased non-rapid eye movement (NREM) and rapid eye movement (REM) phase compared to the control rats. Prominent neuronal activation was observed in the amygdala and the hypothalamus following seizures. Interestingly, in the LH and the perifornical nucleus, ORX but not MCH neurons were significantly activated (c-Fos+). Neural tracing showed that seizure-activated (c-Fos+) ORX neurons were closely contacted by axon terminals originating from neurons in the medial amygdala.

Discussion: These findings suggest that the spread of epileptic activity from amygdala to the hypothalamus causes selective activation of the wake-promoting ORX neurons but not sleep-promoting MCH neurons, which might contribute to the disturbance of sleep-wakefulness in TLE.
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Introduction

Epilepsy is one of the most common neurological disorders, which affects millions of people globally. Sleep disorders, such as altered sleep architecture, daytime sleepiness, and sleep-disordered breathing, are common comorbidities in patients with epilepsy (Wang et al., 2018; Sudbrack-Oliveira et al., 2019). Indeed, sleep and epilepsy are interrelated bidirectionally, in that not only epileptic seizures disrupt sleep architecture, but also disordered sleep can lead to increased seizures and may exacerbate the progression of neuronal damage (Im et al., 2016; Bazil, 2017; Peter-Derex et al., 2020). A better understanding of the neurological basis underlying the bidirectional interaction between epilepsy and sleep is important for effective management of patients with epilepsy.

Lesions in the temporal lobe, such as those in the hippocampus, cortex, or amygdala, are the most common causes of epileptic seizures (McDonald and Mott, 2017; Tilelli et al., 2021; Feinstein et al., 2022). Temporal lobe epilepsy (TLE) often causes disruptions in sleep. For example, Bazil et al. (2000) studied a cohort of 34 patients and found that temporal lobe complex partial seizures decrease rapid eye movement (REM) sleep, which may be partly responsible for the prolonged impairment of functioning that some patients report following seizures. Yildiz et al. (2015) reported that TLE patients have higher risk of obstructive sleep apnea (OSA) than patients with extratemporal lobe epilepsy. The specific neuronal pathways responsible for the disordered sleep in TLE are yet to be identified. We suspect aberrant activation of the neural pathways from amygdala to hypothalamus might be involved. Amygdala damage is often observed in TLE patients and epileptic animal models, including the pilocarpine hydrochloride-induced epileptic rat (Scholl et al., 2013; Matovu and Cavalheiro, 2022). The amygdala project extensively and may transmit seizure activity to many other brain regions, including the hypothalamus, which plays key roles in the switch between sleep and wakefulness (Weera et al., 2021; Kaplan et al., 2022).

Two distinct populations of peptidergic neurons, the orexin (ORX) and melanin-concentrating hormone (MCH) neurons in lateral hypothalamic (LH) and the perifornical nucleus are known to exert opposing influences on sleep and arousal (Konadhode et al., 2015; Hung et al., 2020). ORX and MCH neurons are intermingled in LH and the perifornical region and they share similar target areas in the brain (Concetti and Burdakov, 2021). ORX neurons are wake-active and their activation promotes transition from sleep to wakefulness (De Luca et al., 2022). In contrast, MCH neurons are sleep-active and their activation initiates and maintains sleep (Monti et al., 2013). ORX level increases in epileptic patients and animal models and intracranial administration of ORX increases seizure activity (Kortunay et al., 2012; Goudarzi et al., 2015; Riahi et al., 2015; Arslan et al., 2022), whilst administration of MCH inhibits seizures in epileptic animal models (Parks et al., 2010; Clynen et al., 2014). Previous reports suggested that ORX and MCH neurons might receive direct inputs from the amygdala (Niu et al., 2012; González et al., 2016). These data have led us to hypothesize that the amygdala may transmit epileptic activity to LH and perifornical region, resulting in dysregulation of ORX and MCH neurons and consequent sleep disruption in TLE. To test the hypothesis, c-Fos (hereafter referred to as Fos) and ORX or MCH immunofluorescent staining was conducted on the rat brain following pilocarpine hydrochloride-induced seizures. In addition, neural tracing combined with Fos staining was carried out in order to understand the connection between amygdala and the ORX neurons.



Materials and methods


Animals

Adult male Sprague–Dawley (SD) rats weighing between 250 and 300 g were used in this study. All rats were singly housed in an air-conditioned room (22 ± 1°C) with a 12/12 h light/dark cycle (lights on at 8:00 and lights off at 20:00). Animals were allowed access to food and water ad libitum. The study has been carried out in accordance with the governmental regulations on the use of experimental animals with prior approval by the Ethics Committee of Ningxia Medial University (Document #IACUC-NYLAC-2020-030).



General protocol

Experiment 1 to analyze sleep-wakefulness following pilocarpine-induced seizures: rats (n = 6) were first implanted with electroencephalogram (EEG) and electromyograph (EMG) electrodes and were allowed to recover in their home-cages for 1 week. Then rats were transferred to the recording chamber and were allowed to habituate to the chamber environment for 2 days followed by EEG and EMG recording for 24 h. The rats then received successive injections of lithium chloride and pilocarpine to induce seizures. Twenty-four hours after termination of seizure, EEG and EMG were again recorded for 24 h. EEG and EMG signals were used to analyze the sleep-wakefulness states before and after pilocarpine-induced seizures.

Experiment 2 to analyze neuronal activation in amygdala and the hypothalamus: rats (n = 6) received successive injections of lithium chloride and pilocarpine to induce seizures. Control rats (n = 6) were injected with equal volumes of saline. One hour after the first seizure occurred, the animal was sacrificed and the brain collected for analysis of neuronal activation in amygdala and the hypothalamus through immunostaining for Fos, ORX, and MCH.

Experiment 3 to analyze the connection between amygdala and ORX neurons: A total of 26 rats were used in the experiment to investigate the connection between medial amygdala and ORX neurons. Twenty rats were first injected with the retrograde tracer cholera toxin B subunit (CTb) in LH (n = 10) or the perifornical nucleus (n = 10). One week later, half of the rats received successive injections of lithium chloride and pilocarpine to induce seizures and were euthanized 1 h after the first seizure. The other half without induction of seizure were also euthanized to serve as control. The brains were harvested for Fos and CTb immunohistochemistry. Another six rats were injected with a mixture of CTb and biotinylated dextran amine (BDA, for anterograde tracing) in the medical amygdala. They received successive injections of lithium chloride and pilocarpine to induce seizures and were euthanized 1 h after the first seizure. The brains were harvested for immunofluorescent staining of CTb/BDA, ORX, and Fos to investigate the possible reciprocal connections between medial amygdala and ORX neurons.



Induction of seizures

Epileptic seizures were induced in the rat as previously described (Smolensky et al., 2019; Zuo et al., 2020), with slight modifications. Briefly, rats were first administered 130 mg/kg lithium chloride intraperitoneally (i.p.). A total of 18–20 h later, seizure was induced by i.p. injection of 30 mg/kg pilocarpine. Thirty minutes prior to pilocarpine administration, 2 mg/kg scopolamine (i.p.) was applied to each rat to reduce the peripheral effects of pilocarpine. Seizure activity was scored by Racine’s scale (Racine, 1972). Animals that developed class 3 (forelimb clonus), class 4 (rearing), and class 5 (rearing and falling) seizure activity within 60 min, were considered to be in status epilepticus (SE). SE was terminated by diazepam (10 mg/kg i.p.) 30 min after the first seizure activity occurred.



Implantation of electroencephalogram and electromyograph electrodes

Rats were anesthetized with i.p. injection of ketamine (100 mg/kg, Phoenix, USA) and xylazine (10 mg/kg, Sigma) and placed onto a stereotaxic frame. Two pairs of EEG screw electrodes were implanted into the skull (two in the frontal bones at AP = 1 mm and ML = ±3.0 mm and two in the parietal bones at AP = −4.0 mm, and ML =±3.0 mm on each side). Two flexible EMG wire electrodes (A-M systems, USA) were inserted into bilateral trapezoid muscle in the neck. The free ends of the EEG/EMG electrodes leads were inserted into a head socket and then fixed on the skull with dental cement. Upon completion of the procedure, rats were allowed to recover on a warm blanket until awakened from anesthesia and were then placed back to their home cages.



Electroencephalogram/electromyograph recording and analysis of sleep-wake states

In Experiment 1, 24 h EEG and EMG signals were collected before and 24 h after termination of pilocarpine-induced seizures. EEG and EMG signals were amplified (A-M systems, USA) and filtered (EEG band pass filtered at 0.75–20 Hz and EMG low pass filtered at 20 Hz). The signal was then digitized at a sampling rate of 256 Hz and recorded with time-lock video on a PC using SleepSign 3.0 software (Kissei Comtec, Japan). Wake-sleep states were manually scored in 10 s epochs based on the digitized EEG/EMG of each rat. Wakefulness was identified by the presence of desynchronized-EEG and high-EMG activity. Non-rapid eye movement (NREM) sleep was identified by the presence of high-amplitude, slow-wave EEG and low-EMG activity relative to that of waking. Rapid-eye-movement (REM) sleep was identified by the presence of regular theta activity on EEG, coupled with low-EMG activity relative to that of NREM sleep.



Microinjection of neural tracers

For microinjection of neural tracers (Experiment 3), rats were anesthetized with i.p. injection of ketamine (100 mg/kg, Phoenix, USA) and xylazine (10 mg/kg, Sigma) and then mounted onto a stereotaxic frame with the skull plane in the horizontal position. The skull was shaved and a longitudinal cut was made on the skin to expose the cranium. The bregma was used as the reference point for placement of the Hamilton micro-syringe. A 1–2 mm hole was drilled on the cranial bone and the micro-syringe filled with neural tracers was advanced to LH (3.0 mm caudal, 1.8 mm lateral, and 8.7 mm ventral to the bregma), the perifornical nucleus (2.4 mm caudal, 1.2 mm lateral, and 8.6 mm ventral to the bregma) or the medial amygdala (2.2 mm caudal, 3.6 mm lateral, and 9.4 mm ventral to the bregma). Twenty rats (10 control and 10 later treated with pilocarpine) were injected with 50 nl of 0.2% CTb (LIST, USA) in the LH or the perifornical nucleus for retrograde labeling of amygdala neurons projecting to LH or perifornical nucleus. Another six rats (later treated with pilocarpine) were injected with 100 nl of a mixture of CTB (0.2%) and BDA (10%, Thermo Fisher Scientific, USA) in the medial amygdala to label the possible reciprocal connections between amygdala and ORX neurons.



Brain tissue preparation and immunohistochemistry/immunofluorescence

Rats were deeply anesthetized and perfused transcardially with 500 ml of saline, followed by 500 ml of 4% Paraformaldehyde in 0.1 M PBS. The brains were removed and post-fixed in paraformaldehyde (4% in PBS) at room temperature for 4–6 h, and then immersed in cold sucrose solution (30% in PBS) until the brain sank to the bottom. Subsequently, the brains were cut into 40 μm serial sections using a cryostat. The sections were collected in parallel into six groups and stored in preservation solution. Sections were then processed for immunohistochemistry or immunofluorescence as needed.

In Experiment 2, neuronal activation following pilocarpine-induced seizures was studied by immunohistochemical staining of Fos. Brain sections containing the hypothalamus and the amygdala were incubated with mouse anti-Fos (1:400, Santa Cruz Biotechnology, USA) at 4°C overnight. After washing three times with PBS, sections were incubated with biotinylated donkey anti-mouse IgG (1:200, Jackson ImmunoResearch, USA) for 3 h at room temperature. After washing three times with PBS, sections were incubated with the avidin-biotin-peroxidase complex (ABC, 1:200, Vector, USA) for 1 h. Finally, sections were incubated with diaminobenzidine (DAB, 1:20, Zhongshanjinqiao, Beijing, China) containing 0.06% ammonium nickel sulfate and 5% cobaltous chloride for 10 min at room temperature. The sections were mounted on slides and observed under a microscope for inspection of Fos-immunoreactivity (black).

Double immunofluorescent staining for Fos and ORX or MCH was conducted to study the possible activation of hypothalamic ORX and MCH neurons following pilocarpine-induced seizures. Sections containing hypothalamus were blocked within 1% BSA (Sigma) in PBS containing 0.2% triton X-100 for 1 h, and then incubated with mouse anti-Fos (1:400) and rabbit anti-ORX/MCH (1:800, Phoenix Pharmaceuticals Inc., USA) at 4°C overnight. Sections were washed three times with PBS and incubated within CyTM5-conjugated donkey anti-mouse IgG and CyTM3-conjugated donkey anti-rabbit IgG (both 1:200, Jackson ImmunoResearch, USA) at room temperature for 3 h. After washing three times with PBS, the sections were mounted on slides and observed under fluorescence microscope.

In Experiment 3, double immunohistochemical staining for Fos and the retrograde tracer CTb (pre-injected to LH or perifornical nucleus) were conducted to study the activation of amygdala neurons with projections to LH or perifornical nucleus following pilocarpine-induced seizures. After Fos was immunostained following the steps described earlier, the sections were incubated with rabbit anti-CTb (1: 500, List Biological Labs, USA) at 4°C overnight. After three washes with PBS, the sections were incubated with biotinylated donkey anti-rabbit IgG (1: 200, Jackson ImmunoResearch, USA) at room temperature for 3 h. After another three washes with PBS, sections were incubated with ABC (1: 200, Vector, USA) for 1 h. Finally, the sections were incubated with DAB (1: 20, Zhongshanjinqiao, Beijing, China) at room temperature for 10 min. The sections were observed under the microscope for Fos (black) and CTb (brown) immunoreactivity in the amygdala.

Triple immunofluorescent staining for Fos, ORX and CTb or BDA (pre-injected to the medial amygdala) was conducted to study the projections between amygdala and seizure-activated ORX neurons. Brain sections were incubated with mouse anti-Fos (1:400), rabbit anti-ORX (1:800) and goat anti-CTb (1:500, List Biological Labs, USA), or only mouse anti-Fos and rabbit anti-ORX (to detect BDA) at 4°C overnight. Sections were washed three times with PBS and then incubated within CyTM5-conjugated donkey anti-mouse IgG (1:200, Jackson ImmunoResearch, USA, to detect Fos), CyTM3-conjugated donkey anti-rabbit IgG (1:200, Jackson ImmunoResearch, USA, to detect ORX), and Alexa fluor 488-conjugated donkey anti-goat IgG (1:200, Jackson ImmunoResearch, to detect CTb) or CyTM2-conjugated Streptavidin (1:200, Jackson ImmunoResearch, USA, to detect BDA) at room temperature for 3 h. After three washes with PBS, sections were mounted on slides and observed under the microscope (Leica, DM6B, Germany).



Data quantification and statistical analysis

In Experiment 1, rats that failed to complete all the tests due to death or electrode shedding were not processed for Fos immunohistochemistry. In Experiments 2 and 3, rats with inaccurate injection sites for CTB and/or BDA were also excluded from quantitative analysis. The number of animals included in each analysis is specified in figure legends. For quantification of immunoreactive neurons, images were optimized in brightness and contrast using Adobe Photoshop and the number of Fos+ cells or CTb+ cells in regions of interest were counted manually using the Photoshop’s counting tool and their distribution was mapped using Adobe Illustrator 2020. Three representative sections of each rat were counted. Statistical analyses were performed using GraphPad Prism 9.0. Numerical data are reported as the mean ± SEM. Unpaired or paired Student’s t-test was used to compare between two groups. To compare multiple groups, two-way ANOVA was used. A P-value of less than 0.05 was considered as indicating statistically significant differences.




Results


Sleep disturbance occurred in rats following pilocarpine-induced seizures

Sleep-wakefulness analysis was performed based on the 24 h EEG and EMG signals collected before and after seizure. Wakefulness was characterized by the presence of low amplitude, desynchronized EEG (theta and alpha waves) coupled with high EMG activity. NREM sleep was identified by the presence of high-amplitude delta waves on EEG, coupled with low EMG activity relative to that of wakefulness. REM sleep was identified by the presence of regular theta waves on EEG, coupled with low EMG activity relative to that of NREM sleep. Inspections of the EEG and EMG data showed generally increased amplitude of EEG and EMG activity (Figure 1A). The sleep-wakefulness analysis revealed a significant increase in wakefulness (control vs. seizure group: 48.81 ± 2.7 vs. 59.64 ± 2.71%, P = 0.0009, n = 3 rats in each group), a significant decrease in NREM sleep (control vs. seizure group: 40.89 ± 2.72 vs. 35.29 ± 2.24%, P = 0.0252, n = 3 rats in each group), and a significant decrease in REM sleep (10.29 ± 0.98 to 5.08 ± 2.41%, P = 0.0345, n = 3 rats in each group) 24 h after induction of seizures (Figures 1B,C).
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FIGURE 1
Sleep-wake cycle was altered following pilocarpine-induced seizures. (A) Sleep-wake cycle was analyzed based on 24 h EEG and EMG signals collected before and after pilocarpine-induced status epilepticus (SE). Shown here are two 5 min EEG and EMG signals at 10 a.m. from a rat before and after SE, respectively. Blue lines indicate 10 s epochs. The sleep-wake state for each 10 s epoch was designated as in (B). (C) Bar graph showing that rats displayed increased wake state and decreased REM and NREM state 1 day after SE. *P < 0.05, ***P < 0.001, n = 3, two-way ANOVA.




Prominent neuronal activation in hypothalamus and amygdala following seizures

To test the hypothesis that amygdala may transmit epileptic activity to LH and perifornical nucleus, we first examined neuronal activation in the amygdala and hypothalamus following seizures through Fos immunohistochemistry. In the hypothalamus, a small number of Fos+ cells were observed in control rats, and the number of Fos+ cells was dramatically increased in seizure rats (Figure 2A). Cell counting in two representative coronal sections from each rat indicated that the number of Fos+ cells (2,245 ± 53.54) in seizures rats (n = 3) was significantly higher than in control rats (880.7 ± 125.8, n = 3) (Figure 2C).
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FIGURE 2
Pilocarpine-induced status epilepticus led to neuronal activation in hypothalamus and amygdala. (A) Representative images of Fos immunohistochemical staining in the hypothalamus of a control and an epileptic rat; (B) representative images of Fos staining in the amygdala of a control and an epileptic rat. Bar: 500 μm in (A), which is also applicable in (B). (C,D) Bar graphs show the number of Fos+ cells in hypothalamus and amygdala in control (non-epileptic) and epileptic rats. ***P < 0.001, ****P < 0.0001, Student’s t-test (C) or two-way ANOVA (D), n = 3 rats for each group. BLA, basolateral amygdaloid nucleus, anterior part; BMA, basomedial amygdaloid nucleus, anterior part; CeA, central amygdaloid nucleus, anterior part; f, fornix; MeA, medial amygdaloid nucleus, anterior part.


Similarly, Fos+ cells were significantly increased in the amygdala in seizure rats (4,250.0 ± 1.45, n = 3) than in control rats (556.7 ± 8.82, n = 3) (Figure 2B). We then counted the Fos+ cells in four amygdaloid subnuclei, the anterior part of basolateral amygdaloid nucleus (BLA), medial amygdaloid nucleus (MeA), central amygdaloid nucleus (CeA), and anterior part of basomedial amygdaloid nucleus (BMA) separately. The results indicated significantly more neuronal activation in these subnuclei in seizure rats (BLA: 650.7 ± 69.87; MeA: 633.0 ± 67.57; CeA: 653.7 ± 53.70; BMA: 367.0 ± 32.70, n = 3) compared with the control rats (BLA: 71.33 ± 12.99; MeA: 83.33 ± 14.44; CeA: 34.33 ± 3.18; BMA: 36.0 ± 12.01, n = 3) (Figures 2B,D).



Orexin neurons but not melanin-concentrating hormone neurons were activated in lateral hypothalamic and perifornical nucleus of seizure rats

We then conducted double immunofluorescent staining to investigate the possible activation of ORX and MCH neurons in LH and the perifornical nucleus following seizures. As exemplified in Figure 3A, only a minority of ORX+ neurons in LH and perifornical nucleus were Fos+ in control rats, whereas a large proportion of ORX+ neurons were Fos+ in seizure rats. The distribution of ORX and Fos immunofluorescence in four rostro-caudal sections of the hypothalamus was illustrated by line drawings (Figure 3B). Counting of double-stained cells indicated prominent activation of ORX neurons (66.12 ± 6.31%) in seizure rats (n = 4) than in control rats (13.18 ± 1.77%, n = 4) (Figure 3C). In contrast, double immunofluorescent staining for MCH and Fos indicated that Fos expression was rare in MCH+ neurons in control rats and the proportion of Fos+ MCH neurons were not significantly different in seizure rats compared with the control rats (3.51 ± 0.75 vs. 2.39 ± 0.88%, P = 0.369, n = 4 each) (Figures 4A,B). Therefore, seizures seemed to cause selective activation of wake-promoting ORX neurons but not sleep-promoting MCH neurons, which was in line with our hypothesis that dysregulation of ORX and MCH neurons might underlie sleep disturbance following seizures.
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FIGURE 3
Hypothalamic ORX neurons were activated in seizure rats. (A) Representative images of double immunofluorescent staining for ORX (red) and Fos (green) in the hypothalamus of a control and a seizure rat; bar: 500 μm in the upper panel and 30 μm in the lower panel. (B) The distribution of Fos+ (filled circle) or Fos– ORX neurons (clear circle) in 4 rostral-caudal sections of hypothalamus of control and seizure rats, with each clear circle representing 3 Fos– ORX neurons and each filled circle representing 3 Fos+ ORX neurons. The number on the lower right of each section indicates the distance from the bregma; (C) bar graph showing the proportion of ORX neurons that were activated (Fos+). ***P < 0.001, n = 4 rats for each group, Student’s t-test. 3V, third ventricle; Arc, arcuate hypothalamic nucleus; DMH, dorsomedial hypothalamic nucleus; f, fornix; ic, internal capsule; mt, mammillothalamic tract; opt, optic tract; PH, posterior hypothalamic nucleus; STh, subthalamic nucleus; ZI, zona incerta.
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FIGURE 4
Pilocarpine-induced seizures did not cause significant activation of MCH neurons. (A) Representative images of MCH (red) and Fos (green) immunofluorescent staining in the hypothalamus of control or seizure rats; bar: 500 μm in the upper panel and 30 μm in the lower panel. (B) Bar graph showing the proportion of MCH neurons that were Fos+. n = 4 rats for each group, Student’s t-test.




Amygdala neurons might transmit epileptic activity to orexin neurons in lateral hypothalamic and perifornical nucleus

We injected the retrograde neuronal tracer CTb to the perifornical nucleus or LH to examine the possibility that the amygdala might transmit epileptic activity to ORX neurons. Figure 5 shows examples of CTb and Fos staining in the amygdala in a control and a pilocarpine-induced seizure rat injected with CTb in the perifornical region (Figure 5B). CTb-labeled neurons could be detected in the amygdala ipsilateral to the injection site (Figure 5A). There was no significant difference in the number of CTb-labeled amygdala neurons between control rats (113.5 ± 19.25/section, n = 2 rats) and seizure rats (118.3 ± 2/section, n = rats). However, significantly higher proportion of Fos+ neurons were co-labeled with CTb in seizure rats (55.98 ± 4.25%, n = 2) than in control rats (11.12 ± 1.25%, n = 2) (Figure 5C). Additionally, it was noticed that CTb and Fos co-labeled neurons were concentrated in medial subnuclei (e.g., BMA, MeA, and CeA) in seizure rats (Figure 5D). Similarly, in rats injected with CTb in LH (Figure 6B), CTb-labeled neurons were detected in the ipsilateral amygdala (Figure 6A) and a higher proportion of Fos+ neurons were co-labeled with CTb in the medial amygdala in seizure rats (33.21 ± 1.49%, n = 2) than in control rats (12.12 ± 1.61%, n = 2 rats) (Figures 6C,D). These results suggested that neurons in the medial amygdala which project to LH/perifornical nucleus were activated following seizures.
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FIGURE 5
Pilocarpine-induced statis epilepticus (SE) caused significant activation of amygdaloid neurons projecting to the perifornical region of the hypothalamus. (A) Representative images of Fos (dark purple to black) and CTb (brown) immunostaining in the amygdala in a control and a pilocarpine-treated (seizure) rat pre-injected with CTb in the perifornical region (B). Bar: 500 μm in upper panels of (A) and in (B), and 60 μm in lower panels of (A). (C) Bar graph showing the proportions of CTb-labeled amygdala neurons that were activated (Fos+) in control and seizure rats. **P < 0.01, n = 2 rats for each group, Student’s t-test. (D) The distribution of Fos+ or Fos– CTb-labeled neurons in 4 rostral-caudal sections of the amygdala in control and seizure rats, with each clear circle representing 1 Fos– CTb-labeled neuron and each filled circle representing 1 Fos+ CTb-labeled neuron. The numbers on the right lower corner of each sections indicate the distance from the bregma. ACo, anterior cortical amygdaloid nucleus; BLA, basolateral amygdaloid nucleus; BLP, basolateral amygdaloid nucleus, posterior part; BMA, basomedial amygdaloid nucleus, anterior part,; CeA, central amygdaloid nucleus; DEn, dorsal endopiriform nucleus; f, fornix; MeA, medial amygdaloid nucleus, anterior part; opt, optic tract.



[image: image]

FIGURE 6
Pilocarpine-induced statis epilepticus (SE) caused significant activation of amygdaloid neurons projecting to the lateral hypothalamus (LH). (A) Representative images of Fos (dark purple to black) and CTb (brown) immunostaining in the amygdala in a control and a pilocarpine-treated (seizure) rat pre-injected with CTb in LH as shown in (B). Bar: 500 μm in upper panels of (A) and in (B), and 60 μm in lower panels of (A). (C) Bar graph showing the proportions of CTb-labeled amygdala neurons that were activated (Fos+) in control and seizure rats. *P < 0.05, n = 2 rats for each group, Student’s t-test. (D) The distribution of Fos+ or Fos– CTb-labeled neurons in 4 rostral-caudal sections of the amygdala in control and seizure rats, with each clear circle representing 1 Fos– CTb-labeled neuron and each filled circle representing 1 Fos+ CTb-labeled neuron. The numbers on the right lower corner of each section indicate the distance from the bregma. ACo, anterior cortical amygdaloid nucleus; BLA, basolateral amygdaloid nucleus; BMA, basomedial amygdaloid nucleus, anterior part; CeA, central amygdaloid nucleus; DEn, dorsal endopiriform nucleus; f, fornix; MeA, medial amygdaloid nucleus, anterior part; opt, optic tract.


We then sought for evidence that neurons in the medial amygdala project directly to seizure-activated ORX neurons. To this end, BDA (anterograde tracer) and CTb (retrograde tracer) were co-injected into the medial amygdala in rats later treated with lithium chloride/pilocarpine (Figures 7A,C) and the hypothalamus were immunostained for Fos, ORX and BDA or CTb. It was found that seizure-activated (Fos+) ORX neurons were closely contacted by BDA-labeled fibers or terminal boutons (Figure 7B). Interestingly, we noticed that many seizure-activated (Fos+) ORX neurons were also labeled by the retrograde tracer CTb (Figure 7D). These results suggested that reciprocal monosynaptic projections exist between neurons in medial amygdala and ORX neurons in LH and perifornical nucleus and activation of these reciprocal neuronal pathways might contribute to sleep disturbance in epileptic seizures.
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FIGURE 7
Pilocarpine-induced SE caused activation of reciprocal connections between medial amygdala and ORX neurons. Panels (A,C) show staining for BDA and CTb (which was co-injected into medial amygdala) in two serial coronal sections from a seizure rat. (B) A representative image of triple immunofluorescent staining for Fos (blue), BDA (green), and ORX (red) in the hypothalamus of a rat subjected to pilocarpine-induced SE, with squared areas (a,b) enlarged in the right panels. Note that BDA-labeled fibers and terminal boutons encircle a Fos+/ORX+ soma (a) or in close contact with ORX+ axon (b). (D) A representative image of triple immunostaining for Fos (blue), CTb (green), and ORX (red) in the hypothalamus of the same rat, with squared areas enlarged in the right panels. Note that some seizure-activated (Fos+) ORX neurons were labeled with CTb. Bar: 1,000 μm in (A,C), 400 μm in (B,D), and 20 μm in a–d. f, fornix; opt, optic tract.





Discussion

Patients with epilepsy often endure severe sleep disruption and sleep disorders may exacerbate epilepsy, but the neurobiological basis for the bidirectional interaction between sleep and epilepsy is still not very clear (Wang et al., 2018; Gibbon et al., 2019). ORX neurons in the LH and perifornical region are well-known to promote arousal and wakefulness, whilst MCH neurons in the same regions promote the transition to sleep (Ono and Yamanaka, 2017). The current study has provided evidence that epileptic seizures may cause selective activation of ORX neurons but not MCH neurons. Our data also revealed reciprocal connections between medial amygdala and ORX neurons, suggesting that activation of the reciprocal neural pathways might underlie the sleep disruption following epileptic seizures.

The pilocarpine model is the most widely used rodent model of TLE (Curia et al., 2008; Lévesque et al., 2021). Sleep fragmentation was previously reported in rats with pilocarpine-induced chronic epilepsy (single i.p. dose of 360 mg/kg pilocarpine; Matos et al., 2010). In the present study, rats were treated with 130 mg/kg lithium chloride (i.p.) and 30 mg/kg pilocarpine (i.p.) to induce SE, which was terminated by diazepam 30 min after the first seizure activity occurred. EEG and EMG analysis showed that 24 h after termination of pilocarpine-induced SE, rats exhibited prolonged wakefulness and decreased REM and NREM sleep. The results corroborate with the findings of Matos et al. (2010) and confirm 30 min of pilocarpine-induced SE may cause disruptions in sleep-wake cycle.

We conducted Fos staining to label neurons activated by seizures. Not surprisingly, we found widespread neuronal activation in amygdala and the hypothalamus following pilocarpine-induced SE. The hypothalamus is known to play critical roles in regulation of sleep-wakefulness. Specifically, two groups of peptidergic neurons in the lateral hypothalamus and perifornical region, i.e., the ORX and MCH neurons, are known to play opposing roles in regulation of wakefulness and sleep (Hassani et al., 2009; Jones, 2020). ORX neurons are wake-active and administration of ORX led to increased arousal state and decreased sleep state in rats (Cun et al., 2014; Mavanji et al., 2015). Moreover, loss of ORX neurons or mutations of ORX or ORX receptor genes are associated with narcolepsy in humans, mice and dogs (Tonokura et al., 2007; Nepovimova et al., 2019) and there has been evidence suggesting that decreased ORX neurotransmission might be associated with sleep problems in the elderly (Hunt et al., 2015). In contrast to the wake-promoting role of ORX neurons, MCH neurons are sleep-active and intracranial administration of MCH increases REM and NREM sleep, whilst administration of MCH receptor antagonist causes disruption in REM and NREM sleep and increases in arousal (Ahnaou et al., 2008; Tsunematsu et al., 2014; Naganuma et al., 2018; Sharma et al., 2018). In the current study, it was found that ORX but not MCH neurons were preferentially activated (Fos+) following 30 min of pilocarpine-induced SE. The results were in line with our hypothesis that dysregulation of ORX and MCH neurons probably underlies the disrupted sleep-wake cycle following seizures.

The amygdala plays an indispensable role in epilepsy (Tilelli et al., 2021). The amygdala has extensive local and distant projections, hence may transmit epileptic activity to its inner nuclei and other brain regions, including the hypothalamus (Weera et al., 2021). Direct projections from amygdala to the lateral hypothalamus and ORX neurons have been demonstrated previously (Niu et al., 2012; González et al., 2016; Reppucci and Petrovich, 2016), but it is unknown whether these projections are activated in epileptic seizures. In the current study, CTB-labeled Fos+ neurons were detected in the ipsilateral amygdala, particularly in the medial subnuclei (CeA, MeA, and BMA), in epileptic rats injected with the retrograde tracer CTb in perifornical region or LH. In epileptic rats co-injected with BDA and CTb in the medial amygdala, seizure-activated (Fos+) ORX neurons were found to be closely contacted by BDA-labeled fibers or terminal boutons, suggesting that the medial amygdala might transmit epileptic activity to ORX neurons through the monosynaptic connections, leading to activation of ORX neurons following seizures. MCH neurons were not activated in the epileptic rats. Whether this was because the monosynaptic inputs from medial amygdala preferentially target ORX neurons but not MCH neurons is unknown.

An interesting finding from this set of experiments was that seizure-activated (Fos+) ORX neurons were also retrogradely labeled with CTb which was co-injected with BDA in the medial amygdala. The hypothalamic ORX neurons are known to project to many brain regions, including the amygdala (Peyron et al., 1998; Bisetti et al., 2006). Our data tend to suggest that there exist reciprocal, probably monosynaptic connections between medial amygdala and hypothalamic ORX neurons. Two subtypes of ORX receptors, OX1R and OX2R, have been identified and the amygdaloid complex is enriched with the excitatory OX1R but not OX2R (Lu et al., 2000; Grafe and Bhatnagar, 2018). These data provide clues for the bidirectional interaction between TLE and sleep, in that transmission of epileptic activity from medial amygdala to hypothalamus may cause activation of wake-promoting ORX neurons, which may in turn cause recurrent activation of the medial amygdala. Further studies using electrophysiological and opto-/chemogenetic approaches are required to test this hypothesis.



Conclusion

In summary, the present study has demonstrated selective activation of the wake-promoting ORX neurons but not the sleep-promoting MCH neurons in the lithium/pilocarpine-induced epileptic rats. Additionally, the study has provided preliminary evidence that activation of reciprocal connections between the medial amygdala and ORX neurons might underlie the disrupted sleep-wake cycle seen in this rat model of TLE.



Data availability statement

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



Ethics statement

The animal study was reviewed and approved by the Ethics Committee of Ningxia Medial University.



Author contributions

JN and WR conceived and designed the experiments, interpreted the data, and critically revised the manuscript. ZH, XW, KM, LZ, and YZ performed the experiments and acquired the data. CL, TS, and PW analyzed the data. ZH drafted the manuscript. All authors read and approved the final version of the manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (No. 82060255), National Natural Science Foundation of Ningxia (Nos. 2020AAC03148, 2021AAC03374, and 2022AAC03196), and Key Research and Development Plan of Ningxia (No. 2016BZ07).



Conflict of interest

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



Publisher’s note

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



References

Ahnaou, A., Drinkenburg, W. H., Bouwknecht, J. A., Alcazar, J., Steckler, T., and Dautzenberg, F. M. (2008). Blocking melanin-concentrating hormone MCH1 receptor affects rat sleep-wake architecture. Eur. J. Pharmacol. 579, 177–188. doi: 10.1016/j.ejphar.2007.10.017

Arslan, G. A., Saygi, S., Bodur, E., Cicek, C., and Tezer, F. I. (2022). Relation between orexin A and epileptic seizures. Epilepsy Res. 184:106972. doi: 10.1016/j.eplepsyres.2022.106972

Bazil, C. W. (2017). Sleep and Epilepsy. Semin. Neurol. 37, 407–412. doi: 10.1055/s-0037-1604352

Bazil, C. W., Castro, L. H., and Walczak, T. S. (2000). Reduction of rapid eye movement sleep by diurnal and nocturnal seizures in temporal lobe epilepsy. Arch. Neurol. 57, 363–368. doi: 10.1001/archneur.57.3.363

Bisetti, A., Cvetkovic, V., Serafin, M., Bayer, L., Machard, D., Jones, B. E., et al. (2006). Excitatory action of hypocretin/orexin on neurons of the central medial amygdala. Neuroscience 142, 999–1004. doi: 10.1016/j.neuroscience.2006.07.018

Clynen, E., Swijsen, A., Raijmakers, M., Hoogland, G., and Rigo, J. M. (2014). Neuropeptides as targets for the development of anticonvulsant drugs. Mol. Neurobiol. 50, 626–646. doi: 10.1007/s12035-014-8669-x

Concetti, C., and Burdakov, D. (2021). Orexin/Hypocretin and MCH Neurons: Cognitive and Motor Roles Beyond Arousal. Front. Neurosci. 15:639313. doi: 10.3389/fnins.2021.639313

Cun, Y., Tang, L., Yan, J., He, C., Li, Y., Hu, Z., et al. (2014). Orexin A attenuates the sleep-promoting effect of adenosine in the lateral hypothalamus of rats. Neurosci. Bull. 30, 877–886. doi: 10.1007/s12264-013-1442-8

Curia, G., Longo, D., Biagini, G., Jones, R. S., and Avoli, M. (2008). The pilocarpine model of temporal lobe epilepsy. J. Neurosci. Methods 172, 143–157. doi: 10.1016/j.jneumeth.2008.04.019

De Luca, R., Nardone, S., Grace, K. P., Venner, A., Cristofolini, M., Bandaru, S. S., et al. (2022). Orexin neurons inhibit sleep to promote arousal. Nat. Commun. 13:4163. doi: 10.1038/s41467-022-31591-y

Feinstein, J. S., Gould, D., and Khalsa, S. S. (2022). Amygdala-driven apnea and the chemoreceptive origin of anxiety. Biol. Psychol. 170:108305. doi: 10.1016/j.biopsycho.2022.108305

Gibbon, F. M., Maccormac, E., and Gringras, P. (2019). Sleep and epilepsy: Unfortunate bedfellows. Arch. Dis. Child 104, 189–192. doi: 10.1136/archdischild-2017-313421

González, J. A., Iordanidou, P., Strom, M., Adamantidis, A., and Burdakov, D. (2016). Awake dynamics and brain-wide direct inputs of hypothalamic MCH and orexin networks. Nat. Commun. 7:11395. doi: 10.1038/ncomms11395

Goudarzi, E., Elahdadi Salmani, M., Lashkarbolouki, T., and Goudarzi, I. (2015). Hippocampal orexin receptors inactivation reduces PTZ induced seizures of male rats. Pharmacol. Biochem. Behav. 130, 77–83. doi: 10.1016/j.pbb.2015.01.006

Grafe, L. A., and Bhatnagar, S. (2018). Orexins and stress. Front. Neuroendocrinol. 51:132–145. doi: 10.1016/j.yfrne.2018.06.003

Hassani, O. K., Lee, M. G., and Jones, B. E. (2009). Melanin-concentrating hormone neurons discharge in a reciprocal manner to orexin neurons across the sleep-wake cycle. Proc. Natl. Acad. Sci. U S A. 106, 2418–2422. doi: 10.1073/pnas.0811400106

Hung, C. J., Ono, D., Kilduff, T. S., and Yamanaka, A. (2020). Dual orexin and MCH neuron-ablated mice display severe sleep attacks and cataplexy. Elife 9:e54275. doi: 10.7554/eLife.54275

Hunt, N. J., Rodriguez, M. L., Waters, K. A., and Machaalani, R. (2015). Changes in orexin (hypocretin) neuronal expression with normal aging in the human hypothalamus. Neurobiol. Aging 36, 292–300. doi: 10.1016/j.neurobiolaging.2014.08.010

Im, H. J., Park, S. H., Baek, S. H., Chu, M. K., Yang, K. I., Kim, W. J., et al. (2016). Associations of impaired sleep quality, insomnia, and sleepiness with epilepsy: A questionnaire-based case-control study. Epilepsy Behav. 57, 55–59. doi: 10.1016/j.yebeh.2016.01.022

Jones, B. E. (2020). Arousal and sleep circuits. Neuropsychopharmacology 45, 6–20. doi: 10.1038/s41386-019-0444-2

Kaplan, G. B., Lakis, G. A., and Zhoba, H. (2022). Sleep-wake and arousal dysfunctions in post-traumatic stress disorder: Role of orexin systems. Brain Res. Bull. 186, 106–122. doi: 10.1016/j.brainresbull.2022.05.006

Konadhode, R. R., Pelluru, D., and Shiromani, P. J. (2015). Neurons containing orexin or melanin concentrating hormone reciprocally regulate wake and sleep. Front. Syst. Neurosci. 8:244. doi: 10.3389/fnsys.2014.00244

Kortunay, S., Erken, H. A., Erken, G., Genç, O., Sahiner, M., Turgut, S., et al. (2012). Orexins increase penicillin-induced epileptic activity. Peptides 34, 419–422. doi: 10.1016/j.peptides.2012.02.013

Lévesque, M., Biagini, G., de Curtis, M., Gnatkovsky, V., Pitsch, J., Wang, S., et al. (2021). The pilocarpine model of mesial temporal lobe epilepsy: Over one decade later, with more rodent species and new investigative approaches. Neurosci. Biobehav. Rev. 130, 274–291. doi: 10.1016/j.neubiorev.2021.08.020

Lu, X. Y., Bagnol, D., Burke, S., Akil, H., and Watson, S. J. (2000). Differential distribution and regulation of OX1 and OX2 orexin/hypocretin receptor messenger RNA in the brain upon fasting. Horm. Behav. 37, 335–344. doi: 10.1006/hbeh.2000.1584

Matos, G., Tsai, R., Baldo, M. V., de Castro, I., Sameshima, K., and Valle, A. C. (2010). The sleep-wake cycle in adult rats following pilocarpine-induced temporal lobe epilepsy. Epilepsy Behav. 17, 324–331. doi: 10.1016/j.yebeh.2009.11.015

Matovu, D., and Cavalheiro, E. A. (2022). Differences in Evolution of Epileptic Seizures and Topographical Distribution of Tissue Damage in Selected Limbic Structures Between Male and Female Rats Submitted to the Pilocarpine Model. Front. Neurol. 13:802587. doi: 10.3389/fneur.2022.802587

Mavanji, V., Perez-Leighton, C. E., Kotz, C. M., Billington, C. J., Parthasarathy, S., Sinton, C. M., et al. (2015). Promotion of Wakefulness and Energy Expenditure by Orexin-A in the Ventrolateral Preoptic Area. Sleep 38, 1361–1370. doi: 10.5665/sleep.4970

McDonald, A. J., and Mott, D. D. (2017). Functional neuroanatomy of amygdalohippocampal interconnections and their role in learning and memory. J. Neurosci. Res. 95, 797–820. doi: 10.1002/jnr.23709

Monti, J. M., Torterolo, P., and Lagos, P. (2013). Melanin-concentrating hormone control of sleep-wake behavior. Sleep Med. Rev. 17, 293–298. doi: 10.1016/j.smrv.2012.10.002

Naganuma, F., Bandaru, S. S., Absi, G., Mahoney, C. E., Scammell, T. E., and Vetrivelan, R. (2018). Melanin-concentrating hormone neurons contribute to dysregulation of rapid eye movement sleep in narcolepsy. Neurobiol. Dis. 120, 12–20. doi: 10.1016/j.nbd.2018.08.012

Nepovimova, E., Janockova, J., Misik, J., Kubik, S., Stuchlik, A., Vales, K., et al. (2019). Orexin supplementation in narcolepsy treatment: A review. Med. Res. Rev. 39, 961–975. doi: 10.1002/med.21550

Niu, J. G., Yokota, S., Tsumori, T., Oka, T., and Yasui, Y. (2012). Projections from the anterior basomedial and anterior cortical amygdaloid nuclei to melanin-concentrating hormone-containing neurons in the lateral hypothalamus of the rat. Brain Res. 1479, 31–43. doi: 10.1016/j.brainres.2012.08.011

Ono, D., and Yamanaka, A. (2017). Hypothalamic regulation of the sleep/wake cycle. Neurosci. Res. 118, 74–81. doi: 10.1016/j.neures.2017.03.013

Parks, G. S., Okumura, S. M., Gohil, K., and Civelli, O. (2010). Mice lacking Melanin Concentrating Hormone 1 receptor are resistant to seizures. Neurosci. Lett. 484, 104–107. doi: 10.1016/j.neulet.2010.08.018

Peter-Derex, L., Klimes, P., Latreille, V., Bouhadoun, S., Dubeau, F., and Frauscher, B. (2020). Sleep Disruption in Epilepsy: Ictal and Interictal Epileptic Activity Matter. Ann. Neurol. 88, 907–920. doi: 10.1002/ana.25884

Peyron, C., Tighe, D. K., van den Pol, A. N., de Lecea, L., Heller, H. C., Sutcliffe, J. G., et al. (1998). Neurons containing hypocretin (orexin) project to multiple neuronal systems. J. Neurosci. 18, 9996–10015. doi: 10.1523/JNEUROSCI.18-23-09996.1998

Racine, R. J. (1972). Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroencephalogr. Clin. Neurophysiol. 32, 281–294. doi: 10.1016/0013-4694(72)90177-0

Reppucci, C. J., and Petrovich, G. D. (2016). Organization of connections between the amygdala, medial prefrontal cortex, and lateral hypothalamus: A single and double retrograde tracing study in rats. Brain Struct. Funct. 221, 2937–2962. doi: 10.1007/s00429-015-1081-0

Riahi, E., Arezoomandan, R., Fatahi, Z., and Haghparast, A. (2015). The electrical activity of hippocampal pyramidal neuron is subjected to descending control by the brain orexin/hypocretin system. Neurobiol. Learn. Mem. 119, 93–101. doi: 10.1016/j.nlm.2015.02.001

Scholl, E. A., Dudek, F. E., and Ekstrand, J. J. (2013). Neuronal degeneration is observed in multiple regions outside the hippocampus after lithium pilocarpine-induced status epilepticus in the immature rat. Neuroscience 252, 45–59. doi: 10.1016/j.neuroscience.2013.07.045

Sharma, R., Sahota, P., and Thakkar, M. M. (2018). Melatonin promotes sleep in mice by inhibiting orexin neurons in the perifornical lateral hypothalamus. J. Pineal Res. 65:e12498. doi: 10.1111/jpi.12498

Smolensky, I. V., Zubareva, O. E., Kalemenev, S. V., Lavrentyeva, V. V., Dyomina, A. V., Karepanov, A. A., et al. (2019). Impairments in cognitive functions and emotional and social behaviors in a rat lithium-pilocarpine model of temporal lobe epilepsy. Behav. Brain Res. 372:112044. doi: 10.1016/j.bbr.2019.112044

Sudbrack-Oliveira, P., Lima Najar, L., Foldvary-Schaefer, N., and da Mota Gomes, M. (2019). Sleep architecture in adults with epilepsy: A systematic review. Sleep Med. 53, 22–27. doi: 10.1016/j.sleep.2018.09.004

Tilelli, C. Q., Flôres, L. R., Cota, V. R., Castro, O. W., and Garcia-Cairasco, N. (2021). Amygdaloid complex anatomopathological findings in animal models of status epilepticus. Epilepsy Behav. 121:106831. doi: 10.1016/j.yebeh.2019.106831

Tonokura, M., Fujita, K., and Nishino, S. (2007). Review of pathophysiology and clinical management of narcolepsy in dogs. Vet. Rec. 161, 375–380. doi: 10.1136/vr.161.11.375

Tsunematsu, T., Ueno, T., Tabuchi, S., Inutsuka, A., Tanaka, K. F., Hasuwa, H., et al. (2014). Optogenetic manipulation of activity and temporally controlled cell-specific ablation reveal a role for MCH neurons in sleep/wake regulation. J. Neurosci. 34, 6896–6909. doi: 10.1523/JNEUROSCI.5344-13.2014

Wang, Y. Q., Zhang, M. Q., Li, R., Qu, W. M., and Huang, Z. L. (2018). The Mutual Interaction Between Sleep and Epilepsy on the Neurobiological Basis and Therapy. Curr. Neuropharmacol. 16, 5–16. doi: 10.2174/1570159X15666170509101237

Weera, M. M., Shackett, R. S., Kramer, H. M., Middleton, J. W., and Gilpin, N. W. (2021). Central Amygdala Projections to Lateral Hypothalamus Mediate Avoidance Behavior in Rats. J. Neurosci. 41, 61–72. doi: 10.1523/JNEUROSCI.0236-20.2020

Yildiz, F. G., Tezer, F. I., and Saygi, S. (2015). Temporal lobe epilepsy is a predisposing factor for sleep apnea: A questionnaire study in video-EEG monitoring unit. Epilepsy Behav. 48, 1–3. doi: 10.1016/j.yebeh.2015.05.019

Zuo, D., Wang, F., Rong, W., Wen, Y., Sun, K., Zhao, X., et al. (2020). The novel estrogen receptor GPER1 decreases epilepsy severity and susceptivity in the hippocampus after status epilepticus. Neurosci. Lett. 728:134978. doi: 10.1016/j.neulet.2020.134978



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Selective activation of the hypothalamic orexinergic but not melanin-concentrating hormone neurons following pilocarpine-induced seizures in rats



		Introduction



		Materials and methods



		Animals



		General protocol



		Induction of seizures



		Implantation of electroencephalogram and electromyograph electrodes



		Electroencephalogram/electromyograph recording and analysis of sleep-wake states



		Microinjection of neural tracers



		Brain tissue preparation and immunohistochemistry/immunofluorescence



		Data quantification and statistical analysis







		Results



		Sleep disturbance occurred in rats following pilocarpine-induced seizures



		Prominent neuronal activation in hypothalamus and amygdala following seizures



		Orexin neurons but not melanin-concentrating hormone neurons were activated in lateral hypothalamic and perifornical nucleus of seizure rats



		Amygdala neurons might transmit epileptic activity to orexin neurons in lateral hypothalamic and perifornical nucleus







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnins-16-1056706-g001.jpg
Control (Before seizure)

EEG 500uV
NREM REM
EMG  [immororsmmimososimneionsed i s 1 e e P 1l A s s A S e A b 4 o . |50uV
After seizure
EEG 500uV
NREM
EMG At i Y b et s s sttt | S(011L
10s
. Control (Before seizure) C
Wake 11/ mm— — — EEEEEN Y Wi W I 11 N EEEE MR N
*
| ~ El Wake
REM 11 1 v I E (TR N TR B B TR N 2 o s NREM
= | EE REM
= 100-
<5
NREVMim # m 1m i g =i i | = n =, . (1 7 ks
=
Time  0:00 6:00 12:00 55’
After seizure S 5
Wake SIiSmmm = o S S i 0 S DS B S S N NN B BN NN E—— :c;
5 3
: =
REM 1 11 1 i 4 I : (| I [ 1 I = 0
E éﬁ &QJ
: & &
NREVE = s s N HIE/EEEN (NN glll HIE IEE NI N NN NNl NN NI é@& g&‘
, 3

Time 0:00 6:00 12:00






OPS/images/fnins-16-1056706-g003.jpg
Seizure

Control

%k %k %k

| 1 1 I
S S S —
o = < (@

X0 JO , S04%

Seizure

Control






OPS/images/fnins-16-1056706-g002.jpg
>

Hypothalamus

Amygdala

Control Seizure

/
fia
Control Seizure
J
BMA
u

Fos Positive Cells

Fos Positive Cells

8001

600

400+

200

2500

2000

1500

1000

500+

S

%k %k %k %k

|
Control Seizure

* %k %k

%k %k %k k

%k %k %k %k

]

1 Control
Bl Scizure

[ Control
Il Scizure





OPS/images/fnins-16-1056706-g005.jpg
Seizure B

* %k

o
S

%Fos " of CTb"
)

— N W A
=

CD?

Control Seizure

Seizure






OPS/images/fnins-16-1056706-g004.jpg
o o
(e o) (o]

JHOIN JO , 04%,






OPS/images/fnins-16-1056706-g007.jpg





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Selective activation of the
hypothalamic orexinergic but
not melanin-concentrating
hormone neurons following
pilocarpine-induced seizures
In rats





OPS/images/fnins-16-1056706-g006.jpg
| - | Control Seizure B
=
t' 0‘ . g C
- 3
. 1 2
-
& F v
T ‘ s ~
. ‘ .
- " & A 3
" “ ‘ ¢ 0 1
a , Control Seizure
Control Seizure

-2.92













OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience







