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Abstract

:

Nearly 25 years have passed since the ground-breaking discovery that hypocretin deficiency underlies human narcolepsy with cataplexy. Over time, it has become increasingly evident that hypocretin deficiency goes beyond the conventional core symptoms, or pentad, traditionally associated with narcolepsy. The emergence of hypocretin receptor 2 agonists presents an exciting opportunity, prompting us to explore the role of receptor 2 in the complete spectrum of NT1 symptoms. In this review, several clinical manifestations beyond the core symptoms will be discussed. We will outline what is currently known about the involvement of hypocretin receptors to reflect on what we expect with current knowledge from treatment with specific receptor agonists.
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1. Introduction


Since the finding in 1999 that narcolepsy with cataplexy (type 1, NT1) is caused by hypocretin deficiency in the brain, research and expanding evidence on narcolepsy have mainly focused on the precise function of the hypocretins, the cause of the deficiency and the place of hypocretin measurement in the diagnosis of NT1 [1,2,3,4,5].



Little attention has focused on increasing knowledge and understanding of the symptoms and, thus, the clinical picture of NT1. Over the past 20 years, however, it has become increasingly clear, partly due to what we learned from the hypocretin system, that NT1 is not just about the pentad of core symptoms: excessive daytime sleepiness (EDS), cataplexy, hypnagogic hallucinations, sleep paralysis and disturbed nocturnal sleep. The complaints and symptoms range is much broader than previously thought. It has also become clear that classic symptoms can have diverse clinical manifestations. This is particularly true of EDS, which involves involuntary naps (or sleep attacks), impaired sustained attention, automatic behaviour, ‘brain fog’ and memory complaints. Other complaints and symptoms beyond the pentad include impaired executive functioning, memory problems, depression and anhedonia, anxiety and possibly an altered stress response, fatigue, obesity and possibly an altered reward system. Some of these symptoms are more prevalent in people than a ‘core symptom’ such as sleep paralysis [6,7].



As the first hypocretin receptor 2 (HCRTR-2) agonists become available for human studies, we can ascertain which symptoms are related to hypocretin deficiency and, more specifically, to the HCRTR-2 receptor, and which are not [8]. Studies in NT2 and IH, where hypocretin deficiency is not the major or even not at all a causative factor, will also contribute to this knowledge. It will be necessary and exciting to understand which aspects beyond the core symptoms will improve and which will not. It might even be that some symptoms will worsen due to a newly emerging imbalance between the activation of type 1 and type 2 receptors. It might also be that long-lasting hypocretin deficiency induces other downstream functional or structural changes in the brain. This information will guide future treatment and future drug development. It will also expand our understanding of the physiological interrelation between sleep, metabolism, mood, fatigue, stress and motivation.



Neither in the clinic nor in scientific research is it currently standard practice to measure narcolepsy symptoms beyond the core symptoms in a standardised way. It will be essential to start this to allow patients to optimise treatment efficacy but also for an accurate understanding of the pharmacological properties of the different types of HCRT-R agonists. This knowledge will guide the development of agonists with profiles other than a selective affinity for the type 2 receptor.



Here, we focus on the increased knowledge of the clinical manifestations of NT1, which is caused by severely impaired hypocretin transmission. Notably, the discovery of the role of hypocretin as the cause of NT1 has allowed for better specification of the clinical picture and more reliable diagnoses. It has been shown that hypocretin deficiency is a more critical biomarker for NT1 than the outcome of the multiple sleep latency test (MSLT), providing the opportunity to evaluate homogeneous groups of patients.



For each clinical manifestation/domain to be discussed, we will outline what is currently known about the involvement of hypocretin receptors to reflect on what we expect with current knowledge from treatment with specific receptor agonists. It is important to remember that there are two hypocretin receptors and two hypocretin peptides. The two hypocretin peptides, hypocretin 1 and 2, result from the cleavage of the precursor preprohypocretin [9]. Hypocretin 1 has an equal affinity for receptors 1 and 2, and hypocretin 2 has a much greater affinity for receptor 2 than for receptor 1 [10].




2. Core Symptoms


Animal studies have shown that HCRTR-2 knockout mice exhibit complete and similar core symptoms of narcolepsy with cataplexy, considering this can be measured in animals. Conversely, HCRTR-1 knockout mice show no significant abnormalities in sleep–wake behaviour. However, HCRTR 1 and 2 double-knockout mice display a more severe phenotype than HCRTR-2 mice, suggesting an additional role for HCRTR-1 in the narcolepsy phenotype [4]. Thus, although the core symptoms of narcolepsy with cataplexy can be explained by impaired HCRTR-2 function, it needs to be taken into account that the findings in knockout mice and narcolepsy in humans, is caused by a deficiency of hypocretin, which has an affinity for both receptors. Restoring HCRTR-2 receptor function may not fully reverse the symptoms. Theoretically, colocalising peptides in the hypocretin cells may also affect the phenotype when the hypocretin cells indeed disappear in human narcolepsy with cataplexy. Since there is little knowledge about this theoretical additional impact, we will not further discuss this aspect.



2.1. Expressions of Excessive Daytime Sleepiness


EDS has many manifestations [11]. It is not just what is defined in the ICSD3: “Daily episodes of irrepressible need to sleep or lapses into sleep occurring for at least three months”. Generally, there is indeed the inability to stay awake during the day, but there is much more. It is almost always accompanied by a subjective feeling of sleepiness throughout the day, only in monotonous situations, or when relaxing. The daytime naps usually occur during monotonous situations and begin gradually, but there may also be a more unexpected and sudden onset that resembles an actual sleep attack. Unscheduled daytime naps are usually short and refreshing. The frequency may vary from once to more than ten times a day. In most cases, falling asleep is the tip of the iceberg. There are much larger periods during the day with impaired vigilance, expressed as impaired sustained attention. The impaired vigilance causes performance impairment that is often more debilitating than falling asleep. People do not have many expectations of performance when someone is asleep, but they do have expectations of someone who appears awake and alert but is not. In those situations, when people fail to process information adequately or perform as requested, others become irritated and view patients as disinterested and forgetful. Animal studies suggest that impaired sustained attention is the primary problem in NT1 [12]. Reduced alertness can also lead to automatic behaviours such as putting pea pods in a pan to cook, throwing the green peas in the waste bin and missing an exit on the highway. Sleepiness and impaired vigilance can also be experienced as brain fog, although this experience may also be related to fatigue (see also below). Lastly, difficulty meeting demands because of the sleepiness or impaired vigilance of others often leads to irritability.



It seems to be mainly the hypocretin 2 receptor involved in sleepiness and attention [8,13]. However, an additional role of receptor 1 is suggested in mice studies [4].




2.2. Cataplexy


Cataplectic attacks are rarely observed during consultation and seldom when trying to elicit them or performing tests. Therefore, we must rely on history-taking and or questionnaires. After the discovery that narcolepsy with cataplexy is caused by hypocretin deficiency, the concept of typical cataplexy emerged when studying the characteristics of cataplectic attacks in people with a known hypocretin deficiency by use of questionnaires. Typical cataplexy is strongly associated with hypocretin deficiency; around 95% show hypocretin-1 deficiency in the CSF. The concept and diagnostic value of typical cataplexy are acknowledged and introduced in the recently updated diagnostic criteria for NT1 [14].



Typical cataplexy usually manifests as partial cataplexy. Classically, this involves bilateral loss of muscle tone in the face, neck or legs (e.g., buckling knees), with or without the involvement of the arms. Episodes are triggered by sudden and particularly positive emotions (e.g., laughing out loud, telling a funny joke/story), making a witty remark, meeting an acquaintance unexpectedly, or (less often) anger. Episodes usually last up to 1 min but generally less than 30 s. Sometimes episodes are fleeting. Successive attacks may occur if the trigger persists, leading to an apparent prolongation. The frequency of cataplexy can vary widely. Usually, it happens at least once a month (if untreated), but it can also occur daily up to even dozens of times per day, depending on the presence of triggers. During typical cataplexy, consciousness is preserved, and muscle tension is abruptly returned after the attack. Although these events are typically stereotyped within an individual, the progression and extension of the muscles involved, and the duration of the episodes, can vary [14].



Some of the patients also have complete attacks in addition to partial attacks. These attacks begin as partial attacks in which almost all skeletal muscles eventually become involved (except the respiratory and eye movement muscles) and may become totally flaccid. This leads to an inability to stand and falls if no support can be found. These episodes often last up to 2 min, but, again, consecutive attacks result in a much longer duration of symptoms. As with partial typical cataplexy, consciousness is preserved, and muscle tension is abruptly returned after the attack. Sometimes, however, patients may fall asleep during a prolonged attack.



Features of atypical cataplexy include the following: (1) purely unilateral attacks, (2) prolonged attacks (e.g., >3 min) in the absence of the precipitant, (3) no clear precipitants for episodes or only negative emotions serving as triggers, (4) hyperacute generalised muscle weakness without build-up over seconds, leading to falls and injuries, (5) prolonged recovery (several minutes) after a single attack, (6) uncertainty regarding the preservation of consciousness or (7) exclusively generalised attacks without a history of partial episodes. When less than three of these features are present in addition to typical cataplexy features, there is still an association with hypocretin deficiency, but it is much less intense than those with only typical features [14].



It has been clearly shown that receptor 2 is involved. If there is a relevant additional role for receptor 1 in humans, it is not clear. The well-studied dog model, caused by a receptor 2 mutation (ref. [2]), shows that a selective receptor 2 defect can cause typical and sometimes severe cataplexy.




2.3. Nocturnal Sleep


Experienced disturbed nocturnal sleep is mainly due to fragmentation and hypnagogic hallucinations with or without sleep paralysis. There may be an additional impact of severe comorbid sleep-related breathing problems. The role of frequent periodic leg movements and REM sleep behaviour disorder on (experienced) nocturnal sleep is unclear. The current concept is that hypocretin activity is significantly reduced or absent during nocturnal sleep [15]. This leads to the question of what happens to nocturnal sleep when the effect of a dose of a selective agonist wears off too early or too late? Regardless of the duration of action, it is clear that HCRTR-2 is involved in sleep–wake regulation, but there is also evidence that HCRTR-1 may be involved. In a rodent study, restoring this receptor in noradrenergic neurons of the locus coeruleus ameliorated sleep–wake fragmentation [16]. It might be that this effect will only be relevant in the context of reduced receptor 2 activation.




2.4. Hypnagogic Hallucinations and Sleep Paralysis


The sleep-related symptom hypnagogic hallucinations and sleep paralysis are also likely to be receptor 2-associated. Unfortunately, these symptoms are difficult to investigate in experimental animals and, to date, for the hypocretin receptor 2 agonists TAK 994 and 861 studied in humans, no information has been published about their effect on hypnagogic hallucinations [17].





3. Beyond the Core Symptoms


3.1. Executive Functioning


Executive functioning is defined as the group of complex mental processes and cognitive abilities (such as working memory, impulse inhibition and reasoning) that control the skills (such as organising tasks, remembering details, managing time and solving problems) required for goal-directed behaviour [18]. People with executive dysfunction cannot commonly start and finish tasks, recall and follow multi-step directions. Patients, but especially partners and family members, report these problems.



Unfortunately, problems with executive function and impaired sustained attention are often interpreted as ADHD or ADD by people without acquaintance with narcolepsy. Particularly in children, this leads to misdiagnoses of clear-cut NT1.



It is unknown if hypocretin deficiency directly induces impaired executive function. In that case, it will probably be mainly receptor 2-mediated. It may also be a consequence of disturbed nocturnal sleep and impaired sustained attention.




3.2. Memory


People with NT1 often report memory problems in daily life. Studies testing memory function generally do not show evident memory deficits in NT1. Scores are sometimes lower on specific memory functions compared to control subjects. This is mainly hypothesised due to lowered vigilance/alertness, which impairs memory storage and possibly retrieval. If one considers memory complaints part of the excessive daytime sleepiness spectrum, HCRTR-2 is probably the key player. Animal studies, however, have shown that there are HCRT receptors in the hippocampus and manipulation of receptor 1, in particular, has an impact on learning [19].




3.3. Depression and Anhedonia


There are hardly any studies on anhedonia in NT1. Probably, if present, it is often considered a symptom of depression. Depression is regarded as a common comorbidity in NT1. Still, there is the problem that questionnaires used to assess depression or depressive symptoms, such as the Beck Depression Inventory (BDI), often include questions about sleep and other manifestations of NT1. This leads to increased scores that do not necessarily reflect the expression of depression. In a large case-control study in which the Schedules for Clinical Assessment in Neuropsychiatry (SCAN) was used as a validated formal diagnostic tool, no increased prevalence of major depression diagnoses was found in people who suffered from narcolepsy [20]. Therefore, it remains unclear whether depression is a frequent comorbid problem in NT1. In chronic disorders, there is always the question of whether a depression is “reactive”, or if a depression is a (direct) expression of the disease or, in the case of narcolepsy, of hypocretin deficiency.



There are indications that both receptors 1 and 2 are involved, and the balance between the activation of both may be necessary [21,22].




3.4. Anxiety


Generally, people with NT1 score high on anxiety questionnaires, such as the anxiety subscale of the Hospital Anxiety and Depression Scale (HADS). A large inventory in the United States of more than 9000 narcolepsy subjects found an anxiety disorder in 25% of cases versus 12% in controls [23]. In a smaller study from 2022, one-third of NT1 subjects were diagnosed as having an anxiety disorder [24]. An anxiety disorder was also diagnosed in 10% of post-H1N1-vaccination children and adolescents with narcolepsy [25]. In a study of 88 children with narcolepsy, anxiety symptoms were equally common in children with and without depressive symptoms [26].



Rodent studies have shown that hypocretin administration can lead to anxious behaviour. However, whether hypocretin deficiency directly contributes to anxiety symptoms remains an open question. Alternatively, anxiety in NT1 might be attributed to coping with a chronic disease accompanied by severe EDS. Furthermore, the relationship between anxiety and depressive symptoms in NT1 is yet to be fully understood. In a post-mortem study, there was a surprisingly substantial reduction in the number of CRH-positive neurons in the paraventricular nucleus in NT1 [27]. The CRH signal was preserved in other brain areas. The exact reason for this reduced paraventricular CRH expression is unknown. There is evidence that hypocretin modulates CRH neurons. One explanation may be that a lack of hypocretin thus results in a lack of CRH. If true, an HCRTR-2 agonist may restore the altered CRH signal.



Conversely, the reduction in CRH neurons may directly affect the prime NT1 disease process and is probably autoimmune-related. If true, HCRTR-2 agonists will not restore the missing CRH signal. The paraventricular CRH neurons play a vital role in the hypothalamus–pituitary–adrenal (HPA) stress axis. As such, the reduced paraventricular CRH expression in NT1 may play a causal and perhaps essential role in mood and anxiety symptoms. These symptoms should thus be carefully monitored and studied in people with NT1 after the start of HCRTR-2 agonists.




3.5. Stress Response


In light of the abovementioned reduction in the number of CRH-positive neurons in the paraventricular hypothalamus, one might expect an altered stress response in NT1. A 60% reduction in the basal secretion of ACTH was found in NT1 [28], as well as lower plasma levels of cortisol after dexamethasone suppression [29]. However, cortisol levels were generally not significantly different compared to people without NT1. Furthermore, the high occurrence of anxiety symptoms in NT1 would suggest an increased stress response. Of note, there is a difference between acute stress response and chronic stress levels. In a follow-up study, almost all of the 12% ’surviving’ paraventricular CRH neurons expressed vasopressin [27]. This peptide also plays an essential role in the HPA axis and strongly potentiates the action of CRH on cortisol release. This might explain the relatively normal blood cortisol levels in NT1. Yet, the more acute stress response in NT1 may still be affected.



The HPA-axis and stress responses are understudied in NT1, while the contribution to patient burden may be significant. It is not clear which receptor type is (mainly) involved in anxiety and stress responses. There are indications that receptor 1 may be more critical than receptor 2. The effects of HCRTR-2 agonists on these disease aspects remain to be evaluated.




3.6. Fatigue


In clinical practice, distinguishing between fatigue and excessive daytime sleepiness is vital when assessing a patient. Sleepiness can be measured and evaluated. Fatigue is more challenging to grasp. It is a subjective experience of mental or physical exhaustion, not fully restored by sleep and not always related to sleep. There are many definitions and questionnaires aiming to tackle and measure fatigue. Fatigue can have many causes, and its multifactorial nature makes it difficult to quantify. For people with a sleep disorder, it can be difficult to distinguish between sleepiness and fatigue. This is often a question of semantics, depending on the language spoken. Despite these difficulties, it is clear that fatigue is common and a challenging symptom to treat in most chronic conditions. Likewise, a large majority of people with NT1 suffer from both fatigue and EDS. While sleep pressure may be reduced after stimulants and/or planned naps, this is often not the case for both physical and mental fatigue. Patients often report ‘brain fog’ with fatigue.



A validated questionnaire assessed fatigue in a large group of people with NT1 [30]. The majority of people reported severe fatigue. Interestingly, fatigued and non-fatigued subjects had similar Epworth Sleepiness Scores, confirming the separation between fatigue and sleepiness in NT1. Fatigue and depression scores were associated. An essential question is whether experienced fatigue is partly due to mood problems, or vice versa. In clinical experience, antidepressants do not seem to relieve fatigue symptoms in NT1. Similarly, stimulants often do not have significant effects on fatigue symptoms. It is hoped that HCRTR-2 agonists will significantly reduce fatigue symptoms in NT1 and its borderland.



It is unknown to what extent both HCRTR subtypes are involved. It is very well possible that fatigue, at least partially, is caused by indirect effects of hypocretin deficiency and/or the mentioned impact on mood.




3.7. Obesity


Obesity is a well-known feature of the NT1 phenotype, which generally develops around disease onset and remains stable [31]. This is also a prominent and burdensome feature of paediatric NT1. Previous studies have shown that obesity is not convincingly due to a lack of physical activity or too much food intake. Although some conflicting studies exist, it is generally assumed that the basal metabolic rate is normal in NT1 [32]. Food intake and body weight regulation are functions of hypothalamic networks. Rodent studies have shown the effects of the hypocretin system on appetite [9]. It is hypothesised that the lack of hypocretin might affect the hypothalamic ‘set point’ for appetite and body weight. Another hypothesis entails the effects of hypocretin on fat tissue, possibly direct, possibly indirect, through the autonomic nervous system [33]. In human NT1, the exact effect of hypocretins on sympathovagal balance is unclear. In rodents, hypocretin seems essential in the development and functioning of brown adipose tissue [34].



Interestingly, treatment with sodium oxybate can counteract the weight increase in NT1 [35]. In the months after initiating therapy with oxybate, there may be a striking weight reduction, sometimes even back to the initial or even lower weight pre-NT1. Stimulants do not have this effect.



The obesity common in NT1 may thus develop because of hypothalamic network alterations or by direct or indirect effects of the disappearing hypocretinergic effects on fat tissue. It remains unclear to what extent hypocretin receptors play a role. Animal studies have shown HCRTR-1 to be mainly involved in feeding behaviour and satiety, while HCRTR-2 is more involved in energy expenditure [36]. How an HCRTR-2 agonist affects obesity in NT1 thus remains to be seen.




3.8. Addiction and Reward


There are numerous connections between the hypocretin and dopamine systems [37]. Hypocretin is implied to play a significant part in reward mechanisms and motivational behaviour. In clinical experience, there is hardly ever a problem with drug abuse in NT1, even though clinicians prescribe potentially addictive compounds to treat the disorder. In rodents with disturbed hypocretin signalling, addictive behaviour to heroin or cocaine does not develop. When hypocretin signalling is reinstated, this behaviour does occur [38]. In a human post-mortem study, the number of hypocretin neurons was increased in opiate users [39].



It is thus hypothesised that hypocretin deficiency in NT1 protects against addiction [40]. Conversely, hypocretin antagonists may be beneficial in the treatment of addiction. Rodent studies show that receptors 1 and 2 are present in the VTA. However, manipulation of receptor 1 seems more significant, if not crucial, in addiction-like behaviours [13,41]. This would imply that the HCRT-2 agonist may not relevantly affect this behaviour. Nevertheless, it will be interesting to monitor NT1 patients using these agonists for addictive behaviour in the future. It may also be interesting to investigate whether there is an association between hedonism and addiction-like behaviours.




3.9. Pain


Hypocretin neurons project to the thalamus, periaqueductal grey and lamina I of the spinal cord [42]. Also, in the dorsal root ganglion, hypocretin receptors are found [43]. In animal studies, hypocretin-1 has antinociceptive effects, while hypocretin-2, in contrast, may lower pain thresholds [44,45]. Of interest, people with NT1 more often report migraine and pain in general [46]. A dual hypocretin receptor antagonist was tested as a migraine preventative but was not efficacious [47]. Since hypocretin-1 has antinociceptive properties in rodents, and preferably binds to receptor 1, a target specifically aimed at receptor 2 may not affect pain processing [44].





4. Summary and Conclusions


When the hypocretins are no longer produced, as in NT1, the entire range of sleep-related and non-sleep-related symptoms described above is seen. Both receptors must contribute to the phenotype (see Figure 1).



For the sleep-related symptoms (excessive daytime sleepiness, cataplexy, hypnagogic hallucinations and disturbed nocturnal sleep), receptor 2 is obviously the most important receptor. However, a contribution of receptor 1 failure to symptom severity is plausible, but only if receptor 2 is also down.



For the non-sleep-related symptoms, little is certain about the involvement of both receptors. In addiction, receptor 1 seems to be most important. In anxiety and depression, probably both receptors, and possibly the balance between the disturbance of both functions, plays a role. In obesity, receptor 1 seems to be important, but, interestingly, research with a dual 2 receptor shows that weight gain in the ataxin-3 mouse model for NT1 can be prevented by adding a receptor 2 agonist (Ishikawa T et al. Pharmacology Biochemistry and Behavior 2022). However, both appetite and metabolism play a role in the development of obesity, and it is likely that both receptors are involved in this complex interaction. For fatigue, it is even more unclear. Both receptors may be involved, but it may also occur as an indirect effect of the overall disruption of basal processes and/or be related to mood disturbance. For pain, receptor 1 may be the key player.



In a phase 2 randomised, placebo-controlled study with the hypocretin 2 agonist TAK-994—aborted for safety reasons—only the effect on the sleep-related symptoms of excessive daytime sleepiness and cataplexy is reported. The improvement of these symptoms, at least for the 8-week duration of the study, is spectacular [17].



Conclusions


Nearly 25 years have passed since the ground-breaking discovery that hypocretin deficiency underlies human narcolepsy with cataplexy (NT1). Over time, it has become increasingly evident that hypocretin deficiency goes beyond the conventional core symptoms, or pentad, traditionally associated with narcolepsy. The emergence of HCRTR-2 agonists presents an exciting opportunity, prompting us to explore the role of receptor 2 in the complete spectrum of NT1 symptoms.



It remains to be seen whether selective HCRTR-2 agonists will become the long-awaited holy grail for the effective treatment of NT1 in humans or serve only as a crucial stepping stone to even more advanced and causative therapies.
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Figure 1. The two hypocretin peptides, hypocretin 1 and 2, result from the cleavage of the precursor preprohypocretin. Hypocretin 1 has an equal affinity for receptors 1 and 2, and hypocretin 2 has a much greater affinity for receptor 2 than for receptor 1. The role of both receptors in relation to the non-core symptoms of narcolepsy type 1 remains to be elucidated. 
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