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Abstract

:

This study investigated whether four single nucleotide polymorphisms (SNPs) moderated caffeine effects on vigilance and performance in a double-blind and crossover total sleep deprivation (TSD) protocol in 37 subjects. In caffeine (2 × 2.5 mg/kg/24 h) or placebo-controlled condition, subjects performed a psychomotor vigilance test (PVT) and reported sleepiness every six hours (Karolinska sleepiness scale (KSS)) during TSD. EEG was also analyzed during the 09:15 PVT. Carriers of the TNF-α SNP A allele appear to be more sensitive than homozygote G/G genotype to an attenuating effect of caffeine on PVT lapses during sleep deprivation only because they seem more degraded, but they do not perform better as a result. The A allele carriers of COMT were also more degraded and sensitive to caffeine than G/G genotype after 20 h of sleep deprivation, but not after 26 and 32 h. Regarding PVT reaction time, ADORA2A influences the TSD effect but not caffeine, and PER3 modulates only the caffeine effect. Higher EEG theta activity related to sleep deprivation was observed in mutated TNF-α, PER3, and COMT carriers, in the placebo condition particularly. In conclusion, there are genetic influences on neurobehavioral impairments related to TSD that appear to be attenuated by caffeine administration. (NCT03859882).
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1. Introduction


Several professions are exposed to prolonged wakefulness resulting in an increased risk of accident [1]. Many studies have shown that total sleep deprivation (TSD) increased daytime sleepiness and decreased sustained attention [2,3]. It is well established that during sleep loss, the most consistent parameter affected is sustained attention, which is in most research, assessed through the Psychomotor vigilance task (PVT) [4,5].



Caffeine is the major worldwide most available stimulant, used by professionals to counteract sleep loss-related neurobehavioral impairment and was shown to significantly increase alertness and decrease subjective sleepiness [6]. From a physiological point of view, caffeine globally promotes wakefulness by unselectively antagonizing adenosine receptors, particularly A2A, in the brain regions, and helps to restore cognitive function after TSD, often by preventing a decrease in sustained attention [7]. Accumulating evidence suggests that among the receptors responsible for sleep induction, the role of excitatory adenosine A2 receptor (A2A) is predominant in sleep regulation, whereas inhibitory A1 contributes to sleep induction in a region-dependent manner, but may not be absolutely necessary for sleep homeostasis. The arousal effect of caffeine has been found mediated by A2A receptors [7].



In laboratory studies on sleep deprivation, caffeine administration limited the cognitive impairment on sustained attention, with doses ranging from 200 to 600 mg [8]. However, doses of 600 mg of caffeine can cause various side effects such as abdominal pain, nausea, jitteriness, tachycardia, and tremor [8]. In fact, caffeine doses ranging from 25–300 mg (0.3–4 mg/kg) have been found sufficient enough to have a beneficial effect on PVT performance by decreasing the lapses number and improving response speed during TSD [9,10]. However, in these studies, the authors generally included non-caffeine consumers or required caffeine withdrawal prior to sleep deprivation, whereas it would probably have been preferable to require one to two months of caffeine withdrawal among regular consumers to create a “non-consumer profile” [11]. Few studies have thus been carried out with no change in habitual caffeine consumption.



Moreover, inter-individual differences exist in cognitive responses to sleep deprivation and caffeine consumption/administration based on specific genetic polymorphisms and depending on sleep and circadian influences [12]. Many studies showed the impact of genetic polymorphisms on cognitive responses to sleep loss establishing vulnerable or resilient profiles to sleep deprivation [12,13]. The circadian clock gene PERIOD3 (PER3) polymorphism determined sustained attention, subjective sleepiness [14], and working memory [15]. Other genetic polymorphisms are implicated in the inter-individual vulnerability to neurobehavioral impairment related to sleep loss such as the rs1800629 single nucleotide polymorphism (SNP) of the pro-inflammatory cytokine TNF-α [16,17]. During TSD, G/G (ancestral) allele carriers performed more lapses compared to A (mutated) allele carriers [16] with faster responses for the A allele carriers [17]. Catechol-O-methyl transferase gene (COMT), the main enzyme degrading catecholamines, is associated with neurobehavioral vulnerability to sleep deprivation [13,17] and with differentiation in sleep duration [18].



Regarding genetic interindividual vulnerability to sleep loss and/or caffeine efficiency, acute caffeine administration or habitual consumption have been studied. The most studied rs5751876 ADORA2A (gene of A2A receptor, formally designated as 1976C/T or 1083C/T) was found associated with habitual caffeine consumption [19]. This polymorphism contributed also to individual sensitivity to the effects of habitual caffeine consumption on sleep [19,20] and is associated with the anxiogenic response to caffeine [21,22]. The Bodenman et al. study [23] is the only one demonstrating that the haplotype HT4 carriers of ADORA2A performed faster on the PVT than carriers of non-HT4 haplotype alleles during TSD, and caffeine failed to counteract the PVT impairment and the rebound of slow-wave activity (SWA) in recovery sleep.



Despite the many laboratory studies on inter-individual genetic vulnerability in cognitive responses to TSD, there are little data available on the influence of combined polymorphisms and the effects of caffeine administration. Satterfield et al. [16] evidenced that it is particularly the SNP rs1800629 of TNF-α that determines a level of resilience to psychomotor vigilance performance impairment due to TSD, whereas no significant association was found with ADORA2A, PER3, TLR4, and a gene polymorphism located in the MHC nearby that of TNFα, DQB1*0602. The same group recently showed no interaction of TNFα genotype with the beneficial effect of caffeine (200 or 300 mg) on performance during TSD [24].



Our study aimed to evaluate the influence of four SNPs and caffeine effects on PVT psychomotor vigilance and subjective sleepiness during 38 h of prolonged wakefulness in healthy subjects. We also performed EEG spectral analysis during the 09:15 PVT tests at 2-h and 26-h of prolonged wakefulness [25]. According to the literature, the four SNPs selected for their involvement in cognitive vulnerability to sleep loss and/or sensitivity to the effects of caffeine are TNF-α (rs1800629), ADORA2A (rs5751876), PER3 (rs228697), and COMT (rs4680). This choice illustrated that individual cognitive vulnerability to TSD may be dependent on the homeostatic and circadian systems with a significant impact on the inflammatory and catecholaminergic profiles. In this study, we included regular caffeine consumers (247 ± 23 mg per day) to have a population as close as possible to the French population [9]. We hypothesized that selected genetic polymorphisms should modulate the effects of caffeine on neurobehavioral and neurophysiological markers of sleep deprivation.




2. Materials and Methods


2.1. Participants


38 subjects, aged between 22 and 52 years, were included. The study received the agreement of the Cochin—CPP Ile de France IV (Paris) Ethics Committee and of the French National Agency for Medicines and Health Products Safety (ANSM) (Ile de France IV) (ID-RCB: 2017-A02793-50 (CPP IDF IV), and was conducted according to the principles expressed in the Declaration of Helsinki of 1975, as revised in 2001. All of the participants gave their informed written consent.



To have at least a minimum of 12 participants per group, the last 12 subjects were selected specifically according to their genotypes, giving priority to the TNF-α and ADORA2A genotypes. Subjects were free from medical, psychiatric, and sleep disorders (insomnia, sleep apneas, hypersomnia, or parasomnia). Other exclusion criteria [3] included physical or mental health troubles based on (I) Hospital Anxiety and Depression scale [26] (HAD) ≥ 16, (II) significant medical history, (III) Epworth Sleepiness Scale [27] (ESS) > 10, (IV) Pittsburg sleep quality index [28] (PSQI) > 8, (V) morningness-eveningness questionnaire [29] <31 or >69, (VI) habitual time in bed per night < 6 h. Subjects were prohibited from using medications with sleep-related side effects and illicit drugs, or from abusing alcohol. Subjects did not travel between time zones within 7 days and did not work in shifts in the 2 weeks prior to this study. Subjects were required to complete a sleep/wake schedule for the week prior to the study.




2.2. Study Design and Testing Conditions


This study has been conducted in the sleep laboratory of the Armed forces biomedical research institute (IRBA), Brétigny Sur Orge, 91190, France. Ambient temperature was controlled and maintained at 22 ± 1 °C during all the experiments. The brightness of the lighting has been maintained between 150–200 lux during the awaking periods and lights were off during sleep periods. Meals and caloric intake were standardized for all subjects (2600 kcal/day).



Subjects remained inside the laboratory for 3 consecutive days. The experimental protocol included (I) a habituation/training day (D0), (II) a baseline day (D1) beginning at 07:15 until 00:00, (III) a total sleep deprivation (TSD) day beginning on D2 00:00 until 20:30 (i.e., 38 h of continuous wakefulness), and (IV) a recovery night until the end of the study (09:00 on D3) (Figure 1).



Subjects were not allowed to practice exercise, taking tobacco, alcohol, or other psychoactive substances during the study. They were under visual surveillance of research staff members. In addition, we used wrist actigraphy to check that the subjects stayed awake during the 38-h continuous wakefulness period. When they were not engaged in testing, meals, or sleep periods, participants were allowed to read, watch videos, or speak with other participants or staff members and playing games, following a pre-established program.




2.3. Caffeine Administration


In this double-blind, crossover, and placebo-controlled caffeine administration study, subjects participated in two conditions (i.e., caffeine or placebo, administered twice on D1 and D2). (Figure 1).



Each participant received, for the caffeine condition, 2.5 mg/kg body weight of caffeine powder mixed in the decaffeinated beverage. Placebo was a decaffeinated beverage with the same bitterness, smell, and taste. The caffeine powders were pre-measured by the project supervisor. This amount of caffeine powder was chosen for its enhancing properties on attention in sleep-deprived conditions (2.5–8 mg/kg of caffeine) [30]. The beverage was administered at 08:30 and 14:30 (1.5 and 7.5 h of prolonged wakefulness) on D1, and at 08:30 and 14:30 (25.5 and 31.5 h of prolonged wakefulness) on D2. For each administration, tests were performed after 45 min of ingestion.




2.4. Measurements


Throughout the experiment, subjects completed two tasks on a desktop computer every 6 h during D1 and D2. The psychomotor vigilance task (PVT) and Karolinska sleepiness scale (KSS) were performed at 09:15, 15:15, 21:15 on D1, and at 03:15, 09:15, and 15:15 on D2 (Figure 1). The lapse number and reaction time parameters in PVT were shown to increase the likelihood of finding differences between sleep-deprived and alert states with small sample sizes [4].



EEG was registered during the 10 min PVT to evaluate theta and alpha power at 2 h (D1, 09:15) and at 26 h (D2, 09:15) of prolonged wakefulness. All subjects had a systematic habituation period for tests at D0 (habituation/training day) to reduce a learning bias during the first set of tests. Before each PVT, the visual analog scale (VAS) and KSS were self-reported. Vital signs such as blood pressure and heart rate were assessed after each PVT.



2.4.1. Psychomotor Vigilance Task (PVT) for Sustained Attention


We used a computer-based version of the 10-min PVT [31]. Subjects were instructed to respond, by clicking the left mouse button, as soon as the visual stimulus appeared (incrementing millisecond counter) without making false starts. The inter-stimulus interval was randomized between 2 and 10 s. The reaction time (RT) is quantified in milliseconds for a 1 s period and the response was regarded valid if RT was ≥ 100 ms. Results are expressed as the number of lapses (RTs > 500 ms) and speed [4].




2.4.2. Karolinska Sleeping Scale (KSS)


The KSS is a subjective scale used to grade the subject sleepiness from 1 to 9, 1 is for “extremely alert” and 9 for “extremely sleepy” [32]. The informatic version used in this study enables the subject to choose out of the nine given options. The KSS was carried out before each PVT test.




2.4.3. Visual Analogic Scales (VAS)


Spontaneous adverse events (AEs) were reported on a 100 mm scale on a computer with to each end “not at all” and “a lot”. Six symptoms were evaluated because of their association with caffeine consumption [8]: headache, nausea, stomach pain, and fatigue. When subjects pointed above 20 mm, it was considered as an AE pattern. If an AE was observed during the placebo condition, it is considered to be related to sleep deprivation; if it was observed during caffeine condition, it may be related to sleep deprivation and/or caffeine consumption. As well as the KSS, VAS was administered before each PVT. Only adverse events >20 mm on the 100 mm scale are reported.




2.4.4. EEG Recording during PVT


EEG Procedure


EEG was recorded at 19 scalp sites according to the international 10–20 system (Fp1, Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, O2) with a Siesta® 802 (Compumedics Limited, Victoria, Australia). The EEG was recorded continuously at a sampling rate of 512 Hz and referenced with a common average. Electrodes were interfaced with the scalp using EC2 gel (Grass Technologies, Astro-Med, Inc., West Warwick, RI, USA), and impedances were kept below 10 kOhm during the whole session. The EEG was installed approximately 20–30 min before the PVT.




EEG Analysis


EEG spectral analysis data were analyzed in Matlab (Mathworks, Natick, MA, USA) with Fieldtrip toolbox and custom codes [33]. Data were band-stop filtered between 48 and 52 Hz to remove electrical noise, high-pass filtered above 0.1 Hz, and locally detrended. Blink artifacts were removed by computing an Independent Component Analysis (ICA, Fieldtrip), and movement artifacts were removed by visual inspection. Bad electrodes were systematically rejected, and if more than 3 (out of 19) electrodes were removed, the subject was excluded from EEG analysis. EEG theta power (4–8 Hz) was assessed by using continuous Morlet wavelets transform. Regions of interest (ROI) represent the mean of grand averaged (all subjects) theta power over frontal (Fp1, Fp2, F7, F3, Fz, F4, F8) and centrotemporal (T7, C3, Cz, C4, T8) regions.





2.4.5. Genotyping


Genotyping for the rs5751876 ADORA2A, rs1800629 TNF-α, rs4680 COMT, and rs228697 PER3 were performed on blood cells using the LAMP-MC method [34]. This method has been applied to complex biological matrices, such as whole blood and saliva, without prior DNA extraction.



Blood cells samples were collected on EDTA and were aliquoted in sterile microtubes and stored at −20 °C until LAMP-MC analysis. The LAMP-MC genotyping assays were realized by use of the customized Human Sleep Deprivation Combo kit (Cat#LCSDC-LP-24, LaCAR MDX, Liège, Belgium). Positive control and negative control were supplied for each SNP. LAMP-MC consists of a lysis of cells followed by the amplification of the target sequence at a constant temperature around 65 °C using simultaneously three sets of primers, a polymerase with high strand displacement activity in addition to a replication activity and a fluorophore-labeled probe. Detection of homozygous wild, heterozygous and homozygous mutant genotype is performed by melting curve analysis after amplification [34].





2.5. Statistical Analysis


Statistical analyses were computed using R-studio (V 0.99.902-2009–2016 RStudio, Inc., Vienna, Austria). Values were expressed as mean ± SEM. If a group of homozygous mutation counts less than 6 members, heterozygous and homozygous are grouped for statistical analysis and graphic. However, when the subject group carrying a homozygous ancestral genotype counted less than 6 members, we chose to leave it to constitute comparable groups. A T-test with R studio was used to compare individual characteristics of subjects according to their genotype for each SNPs, and to compare EEG theta-to-alpha ratio between genotypes in the frontal and centrotemporal brain regions. Results for PVT speed and lapses and KSS were analyzed using a three-way mixed-effect analysis of variance (ANOVA) including fixed effects for genetic polymorphism (non-repeated measures), treatment (caffeine or placebo, repeated measures), and awakening duration (repeated measures).



One-way ANOVA was used to test for differences between genotypes in age, caffeine habits, total sleep time, and race/ethnicity distributions. Secondary analyses (3-way ANOVAs: treatment, awakening, and the studied factor) also controlled the lack of interaction with age, gender, caffeine habits, and total sleep time for reaction time and lapses.



A Tukey post-hoc test was used to identify differences between genotypes for awakening and treatment conditions. For the awakening effect, all points were compared to the 9:15 baseline. P-value has been corrected for multiple comparisons using the Bonferroni method. A correlation analysis was used to study the relationships between EEG alpha and theta power during the PVT testing after sleep deprivation (D2 day) using the Pearson-correlation. Changes in EEG spectral activity were analyzed using the Z-scored FFT method. The application of the mathematical Gaussian curve, i.e., “bell curve”, via the estimation of probabilities using the auto- and cross-spectrum of the EEGs is defined as the Z-scored FFT method [35].





3. Results


3.1. Participants Characteristics


38 subjects participated in this study (Figure 1). We excluded 1 participant because of an important adverse effect after caffeine intake. Finally, a total of 37 healthy subjects (33.5 ± 1.3 years) followed the protocol including 21 females and 16 males. Subjects’ average daily caffeine consumption was 250 ± 32 mg (mean ± SEM). The mean BMI was 23.5 ± 0.6 for men and 23.0 ± 0.6 for women. The mean weekly exercise duration was 3.1 ± 0.4 h. The mean daily total sleep time was 7.2 ± 0.2 h and the sleepiness score was 6.8 ± 0.6. Chronotype was distributed this way: 20 subjects were of intermediate chronotype, 16 were of the morning with 4 being clearly of the morning, and 1 was of the evening.




3.2. Adverse Events (AEs)


With the exception of the excluded participant, no serious AEs (>20 mm on the 100 mm scale) were reported. The participant reported nausea and vomiting. For the headache AE, significant treatment (TRT) is observed (p < 0.01) with more headache reported during the placebo compared to caffeine condition. For the nausea symptom and abdominal pain, a significant awakening (TSD) effect is observed (p < 0.01, respectively) with increases as the waking time increases. For the fatigue AE, significant TSD and TRT (p < 0.01, respectively) effects were observed but without interaction. The fatigue increased with TSD in the 2 conditions but less in caffeine. No significant effect of the 4 SNPs was found.




3.3. Genotypes Repartition


Participant genotypes and their corresponding characteristics are summarized in Table 1. Genetic variations for the rs1800629 TNF-α, rs5751876 ADORA2A, rs4680 COMT, and rs228697 PER3 are G > A, C > T, G > A and C > G respectively. In addition, ADORA2A T allele carriers have daily caffeine consumption higher than C/C genotype carriers. The frequencies for TNF-α genotypes were different from the 1000 Genomes project database population because, after reaching three-quarters of the study, we chose to select participants based on their genetic profile to balance specific genotypes that are particularly rare in the population. We chose to prioritize TNF-α and ADORA2A polymorphisms in regard to the scientific literature. As the mutated homozygous or heterozygous alleles were extremely rare for some polymorphisms (TNF-α A/A, ADORA2A T/T, and PER3 C/G), mutated homozygous and heterozygous allele were combined. Their aggregation did not modify their significant effect on the parameters evaluated.



There were no significant differences between the genotypes (Table 1) for age, gender, and TST (ANOVA results not shown). Concerning habitual caffeine consumption, we observed a significant difference between group only for ADORA2A (F1, 81 = 1.42, p = 0.04). No differences were observed for the other polymorphisms.




3.4. Genetics and Inter-Individual Vulnerability to Caffeine Administration during Sleep Deprivation


The ANOVA statistical analysis of the data depicted significant awakening (TSD) and treatment (TRT) effects for the 4 SNPs on PVT number of lapses, speed, and KSS score (p < 0.01 for all) but no significant effect of SNP (Supplementary Table S1). An ANOVA interaction between TSD × TRT was observed for the PVT lapses only (p < 0.01) (Table 2).



3.4.1. Awakening (Total Sleep Deprivation—TSD) and Caffeine (Treatment—TRT) Effects


Compared to 9:15 (at day 1), there are significant increases of lapses and KSS score from 14-h to 32-h of awakening (Figure 2A–C). In caffeine (CAF) compared to placebo (PBO) condition, the number of lapses was significantly lower from 14-h to 32-h of awakening. Regarding speed, it was significantly higher in CAF compared to PBO condition at 8-h, 26-h, and 32-h of awakening. For the KSS score, no significant difference was observed between CAF and PBO conditions (Figure 2C). There was a significant interaction between awakening (TSD) and treatment (TRT) for the EEG theta-to-alpha ratio in the centrotemporal brain region without significant post-hoc differences (Supplementary Table S2 and Figure 2D). Interindividual differences in performance impairment during TSD were not predicted by age (F1, 420 = 0.17, p = 0.86) or gender (F1, 420 = 1.11, p = 0.29) and no interaction was observed with treatment or awakening.




3.4.2. SNPs Effects


For the TNF-α SNP effect on PVT lapses, there is a significant 2-way interaction with TRT and significant 3-way interaction with TRT and TSD (Table 2). The post-hoc analysis showed no statistical differences between genotypes at any time in TSD (Figure 3A). However, there is a CAF effect with a significantly lower number of lapses (compared with PBO condition) in A allele carriers at 8-h, 20-h, 26-h, and 32-h, while this is present at 14-h and 32-h in G/G genotype carriers (Figure 3A). Regarding speed, a significant interaction of TNF-α SNP with TSD is observed but without significant post-hoc, and no significant interaction with TRT (Table 2, Supplementary Figure S1A). Concerning the KSS score, no significant interaction of TNF-α SNP was observed neither with TSD nor with TRT (Table 2). Finally, the EEG spectral analysis on brain scalps showed higher theta activity at D2 day relative to D1 in A allele carriers in PBO and CAF conditions (Figure 4A) (9 subjects were G/A, 3 were A/A, and 19 were G/G). The ANOVA analysis on theta-to-alpha ratio in response to sleep deprivation (D2 and D1 days) in the centrotemporal region showed interaction of TNF-α SNP with TSD and interaction between TSD and TRT (Supplementary Table S2). The post-hoc analysis showed a higher theta-to-alpha ratio in A allele carriers compared to G/G genotype carriers in the PBO condition (p < 0.05) but no significant difference at D1 or D2 between PBO and CAF conditions.



For the ADORA2A SNP effect on PVT lapses, there is a significant interaction with TSD (p < 0.02), but not with TRT (Table 2). Post-hoc analysis showed higher lapses in T allele carriers compared with C/C genotype carriers at 32-h of awakening (Figure 3B). With respect to the effect of ADORA2A SNP on speed or KSS, there is no significant ANOVA interaction (Table 2). For speed, there was no significant difference between genotype carriers during TSD (Supplementary Figure S1B). Finally, the EEG spectral analysis on brain scalps showed no genotype-related difference on the theta activity either in PBO or CAF condition (Figure 4B) (16 subjects were C/T, 2 were T/T, and 13 were C/C). The ANOVA analysis on theta-to-alpha ratio in response to sleep deprivation (D2 and D1 days) in the frontal region showed a significant interaction of ADORA2A SNP with TSD (Supplementary Table S2). without significant post-hoc. In the centrotemporal region, there is no significant interaction of ADORA2A SNP with TSD, but the interaction between TSD and TRT (Supplementary Table S2), without significant post-hoc.



For the PER3 SNP (rs228697) effect on PVT, there is significant 2-way interaction with TRT for lapse number and speed, but no interaction with TSD (p < 0.08 and p = 0.82, respectively) (Table 2). In the CAF condition, there is a significantly lower number of lapses (compared with PBO condition) in G allele carriers at 20-h, and 32-h of awakening and this is present at 14-h, 20-h, and 32-h in C/C genotype carriers (Figure 3C). Concerning the speed, it was higher in the CAF condition (compared with PBO condition) in C/C genotype carriers at 26-h of awakening, while no significance was present for G allele carriers (Supplementary Figure S1C). Concerning the KSS score, the PER3 SNP has no significant effect nor interaction with TSD or TRT (Supplementary Tables S1 and S2). Finally, the EEG spectral analysis on brain scalps showed higher alpha and theta activity in G allele carriers in PBO and CAF conditions (Figure 4C) (6 were C/G and 25 subjects were C/C). The ANOVA analysis on theta-to-alpha ratio in response to sleep deprivation (D2 and D1 days) in the frontal and centrotemporal regions showed no significant interaction of PER3 SNP with TSD, nor interaction between TSD and TRT (Supplementary Table S2).



No significant COMT SNP (rs4680) main effect was observed on PVT (lapses and speed) and KSS (Supplementary Table S1), but a significant 3-way interaction is present with TRT and TSD on PVT lapse number (Table 2). After 20-h of awakening, A allele carriers performed worse than ancestral G/G with a beneficial effect of caffeine (Figure 3D). Finally, the EEG spectral analysis on brain scalps showed higher theta activity in A allele carriers in the PBO condition only (Figure 4D) (14 subjects were G/A, 7 were A/A, and 10 were G/G). The ANOVA analysis on theta-to-alpha ratio in response to sleep deprivation (D2 and D1 days) in the frontal and centrotemporal regions showed no significant interaction of COMT SNP with TSD nor TRT, nor the interaction between TSD and TRT (Supplementary Table S2).



Thirty-one subjects were analyzed because of electrodes removed or poor signal quality and numerous blinks on 6 subjects. Significance was considered at >+1.96 or >−1.96.





3.5. Correlation Analysis between the Lapses Number and EEG Alpha and Theta Power during the PVT Testing after Sleep Deprivation (D2 Day) in the Centro-Temporal Brain Region


For the 4 SNPs, significant positive correlations were found between theta power and the number of lapses in the caffeine and placebo conditions (Figure 5). In comparison for the alpha power and number of lapses, no significant correlation was observed (p = 0.50 and p = 0.20 in placebo and caffeine conditions).





4. Discussion


Our study demonstrated for the first time, in a relevant number of subjects, that genes can influence the levels of psychomotor vigilance impairments associated with total sleep deprivation (i.e., corresponding to 38-h of prolonged awakening) and their modulation by caffeine administration. Caffeine seems to attenuate the genetic influence on vigilance impairments. We selected four SNPs that have been previously identified as potential genetic mechanisms of vulnerability to sleep loss and/or caffeine intake: the proinflammatory cytokine TNF-α involved in the regulation of immune cells, ADORA2A the adenosine A2A receptor-related gene, PER3 the circadian gene, and COMT the gene for catechol-O-methyltransferase (COMT), an enzyme critical for the breakdown of catecholamines [12,13,14,16,19,23].



Not surprisingly, prolonged wakefulness impaired sustained attention and sleepiness, and caffeine administration improved the neurobehavioral consequences of total sleep deprivation (TSD) with minimal adverse effects [2,5,10,36]. Our results also evidenced significant awakening (total sleep deprivation—TSD) and caffeine (treatment—TRT) effects on PVT parameters and sleepiness score, with interaction on the PVT lapses number only. We also described awakening and TRT main effects and interaction on the EEG theta-to-alpha power ratio during the 09:15 PVT testing in the centrotemporal brain region as previously described [37,38,39]. In this brain region, the EEG theta power and the number of lapses are significantly correlated at the D2 day (i.e., corresponding to 26 h of prolonged wakefulness) for all polymorphisms in placebo and caffeine conditions, underlying the well-established arousing effect of caffeine. At last, there are also no serious side effects of awakening or caffeine in this study.



The common TNF-α variant G-308A (rs1800629) (GRCh38 38.1/141 reference genome, on chromosome 6) is located on 31,575,254 position. It involves guanine to adenine substitution at position 308 in the promoter region of the gene. It was shown to alter TNF-α gene transcriptional activity [40] and increase TNF-α production in whole blood cell culture in healthy subjects [41]. TNF-α has been proposed as a cause of cognitive instability, observed by an increase in PVT attention deficits, for example, by inducing a local sleep-type state [42], and we have previously shown an increase in TNF-α levels and PVT lapse deficits after 36 h of continuous wakefulness in healthy men [3,43].



In our study, TNF-α polymorphism is significant in a three-way interaction with awakening (TSD) and caffeine (TRT) on PVT lapses only. Post-hoc analysis showed no statistical difference between genotypes on any of the PVTs criteria during TSD, regardless of treatment condition. However, there was significance between genotypes for the effects of caffeine during TSD. The A allele carriers experienced an alleviating caffeine effect on lapses at four PVT timing of TSD while this effect was present at two-timing in the G/G genotype carriers. This suggests that carriers of allele A benefit more from the stimulating effect of caffeine than G/G only because they seem more degraded, but their performance is not higher. Regarding PVT speed, the TNF-α polymorphism significantly interacts with awakening but without significant post-hoc, and not with caffeine.



Our results on PVT lapses partly contradict those of Satterfield et al. [16] who show that carriers of TNF-α G/G genotype are more vulnerable than A allele carriers to sleep deprivation. In addition, they did not find interaction with caffeine administration (provided in the chewing gum) but with a small group of subjects (four carrying the A allele and eight being homozygote G/G) carriers the [24]. In their first study [16], subjects had to abstain from caffeine only for the week prior to each laboratory experiment, whereas our subjects maintained their usual caffeine consumption until the experiment to be as close as possible to real-life conditions. Moreover, we observed no significant difference in habitual caffeine consumption between TNF-α genotypes in our subjects. Thus, in Satterfield et al. [16], we can suggest that regular caffeine consumers may have experienced withdrawal symptoms [11] that may have altered their neurobehavioral response to sleep deprivation [44]. The amount of variance in PVT lapses being only 6.4% for TNF-α polymorphism [16], the effect of habitual caffeine consumption and withdrawal may have been more pronounced on responses to sleep deprivation than variability induced by TNF-α polymorphism. Another explanation for the difference of our results with Satterfield et al. [16] regarding genotype vulnerability to sleep deprivation may be the genotyping method. In our study, this genotyping was done in duplicate with two methods, the LAMP-MC, and the reference Taqman, and the concordance was high [34]. The genotype frequencies in our study are additionally compared and consistent with those of the 1000 Genomes Project [45].



With respect to subjective sleepiness, we did not find significant interaction of TNF-α polymorphism neither with awakening nor with caffeine treatment and caffeine administration alleviating its increase induced by the duration of wakefulness whichever polymorphism.



The EEG spectral analysis on brain scalps showed higher theta activity in A allele carriers compared to G/G carriers in the placebo and caffeine conditions. In addition, the theta-to-alpha ratio in response to sleep deprivation (i.e., D2 day) is higher in the centrotemporal region in the placebo condition only. This result underlined the interest in examining theta and alpha EEG frequencies, during repetitive PVT testing. It also illustrates the sensitivity of TNF-α A allele carriers to sleep deprivation-related increase of sleepiness during the PVT testing. Our findings confirmed that an increase in theta activity may be the principal EEG basis of the post-sleep deprivation lapses impairments as previously described [38]. This is strengthened by the positive correlation between the EEG theta frequency in the centrotemporal region and the lapse number after 24 h of sleep deprivation for the four polymorphisms and either the placebo or caffeine conditions. The two linear regression curves illustrate how carriers of the TNF-α A allele benefit from the effects of caffeine on lapse number and theta activity.



To conclude on the interaction of TNF-α polymorphism with the beneficial effect of caffeine during TSD, we showed that A allele carriers appear to be more sensitive than carriers of the ancestral G/G genotype. This is only because they seem more degraded, but they do not perform better as a result. As caffeine concentrations relevant for human consumption have been shown to systematically suppress the production of TNF-α in human blood [46], it would be prudent to consider the genetic of TNF-α when faced with sleep deprivation. Our results also highlight the need to evaluate the TNF-α protein expression in blood-related to subgroups of TNF-α rs1800629 genotypes carriers and the corresponding changes in response to caffeine and sleep deprivation.



The genetic influence of the gene ADORA2A, coding for A2A receptor, on neurobehavioral performance and sleep EEG during sleep deprivation combined with caffeine administration has only been described through haplotype analysis [23]. The rs5751876 SNP is a synonymous variant (i.e., it does not cause an amino acid change in the encoded protein) located on the exon 4 position on Chr. 22q11.23, presumed in the past to exert no functional effect. However, evidence has emerged that synonymous substitutions can have functional consequences affecting various steps of protein biosynthesis resulting in changes in protein abundance and structure, mechanisms including disruption or creation of splicing regulatory sites, alterations of mRNA stability, gain or loss of miRNA binding sites, and changes in translation efficiency [47]. We previously indicated increased mRNA expression of A2A receptors after total sleep deprivation in leukocytes of healthy subjects and PVT lapses impairments [3,48]. In our study and for PVT lapses only, the ADORA2A rs5751876 SNP significantly interacts with awakening but not with caffeine. We hypothesis that T allele carriers (C/T-T/T) made higher PVT lapses compared to homozygote ancestral C carriers and caffeine treatment alleviates the deficit in both allele carriers. The T allele carriers may thus have structural differences in their A2A receptors compared to the ones of ancestral C/C genotype carriers, consequently rendering them sensitive to prolonged wakefulness [47]. In any case, our results seem difficult to compare with those of Bodenmann et al. [23] who show that the haplotype called “HT4” carriers (which included rs5751876 T allele) performed faster than non-HT4 on PVT speed during total sleep deprivation, and seem resistant to caffeine counteracting effect on the waking-induced impairment of PVT performance.



Our recent previous study described that the influence of ADORA2A polymorphism on daily total sleep time is present only in subjects habitually consuming low caffeine (0–50 mg/day), with the ancestral C/C genotype carriers sleeping more than T allele carriers [19]. In this study, we suggested that C/C genotype carriers appear to be very sensitive to caffeine consumption because their daily sleep time is similar to that of T allele carriers as soon as the daily caffeine consumption exceeds 50 mg/day (one expresso per day). In the herein presented study, although homozygous C/C carriers had significantly lower habitual daily caffeine consumption than T allele carriers (168 vs. 300 mg/day, only the equivalent of one espresso), the 168 mg/day is far inferior to the caffeine administration during the experimental protocol (350 mg with two administrations). Thus, C/C carriers may, therefore, have experienced an acute effect of caffeine in reducing sleep pressure compared to T allele carriers during total sleep deprivation, making them less degraded.



Our findings evidenced no change of EEG theta activity during the PVT task after 24 h of sleep deprivation in placebo and caffeine conditions. However, the ADORA2A polymorphism interacts with an awakening for the sleep deprivation-related theta-to-alpha ratio in the frontal brain region. Considering the absence of ADORA2A polymorphism interaction with caffeine, our results seem in line with a recent study demonstrating that caffeine effect on cognitive PVT performance is influenced by the CYP1A2 genotype, the gene of the P450 enzyme which converts caffeine to its major metabolite paraxanthine, but not by the ADORA2A genotype in healthy adults performing exercise [49]. It would be interesting to have future studies on the influence of CYP1A2 polymorphism on neurobehavioral responses to sleep deprivation.



It is well known that PER3 is a circadian gene that is in a robust association with diurnal preference, mood, and anxiety levels [50,51]. It modulates sleep characteristics and mediates consequently waking performance [52]. It was shown to interact with sleep homeostasis and circadian phase during functional brain responses to an executive task [53]. In this study, the polymorphism of PER3 rs228697 is found in a significant ANOVA interaction with caffeine treatment on PVT lapses and speed. In the caffeine condition compared with placebo, the C/C genotype carriers performed fewer lapses at 14-, 20-, and 32-h of wakefulness and were faster (at 26-h), while the significance for G allele carriers was at 20-h on lapses only. This may suggest a higher effect of caffeine in homozygous C/C carriers, while the lower effect in G allele carriers may be related to their higher level of anxiety than that of C/C carriers found in a large student population [51]. In addition, for KSS, PER3 SNP did not interact with awakening and treatment respectively, while a nearly significant three-way ANOVA interaction was present with awakening and treatment (p = 0.06). The additional information we can provide on sleepiness indices during awakening is the higher EEG theta and alpha activity during PVT on the brain scalp of G allele carriers than in homozygous C/C in the placebo and caffeine conditions. The main findings of the influence of PER3 polymorphism on the neurobehavioral performance of healthy individuals submitted to acute sleep deprivation concerned the PER34/4 and PER35/5 [14], and there are no data at our knowledge on the combined influence of caffeine during total sleep deprivation. Individuals with the 5/5 genotype had greater difficulty sustaining performance across a 10 min PVT than the 4/4 group under high homeostatic sleep pressure related to 40 h prolonged wakefulness [14]. In contrast, no association was found between vulnerability to sleep loss quantified by the average of PVT lapses for PER3 polymorphism, which can be explained by the low amount of variance which (2.1%) [16]. Lo et al. [15] observed higher impairment on executive functions by acute sleep deprivation than sustained attention, and that differences between genotype and tasks in response to sleep deprivation are dependent on the circadian phase at which performance is assessed.



We also focused on PER3 rs228697 because the LAMP-MC genotyping method is much faster than genotyping performed with polymerase chain reaction (PCR) using primers described by Ebisawa et al. [54]. For our selected PER3 rs228697, variant G has been described in almost complete linkage disequilibrium with the PER34 variant (rs57875989), a variable number tandem repeats polymorphism non-analyzable by loop amplification, in a large Caucasian population living in northern Italy [55]. In this study, the frequency of allelic variants at two PER3 polymorphic sites, rs57875989 (PER34, PER35) and rs228697 (PER3C, PER3G) were studied in buccal cells. No significant relationship was observed between PER3 rs57875989 polymorphism and diurnal preference, while a significant association was observed between the rs228697 G variant and morningness and also between the PER3G-PER34 haplotype and morningness. With respect to the relationship between PER3 and caffeine, data are scarce, but Gamble et al. [56] demonstrated that three polymorphisms of PER3 were associated with increased caffeine consumption in night-shift nurses only and decreased likelihood of drowsiness. Studies with large groups of healthy subjects are therefore needed to extend knowledge of the influence of the polymorphism PER3 rs228697 on the effects of caffeine on neurobehavioural performance during sleep deprivation.



The catechol-O-methyltransferase (COMT) gene, the major enzyme degrading catecholamines, particularly dopamine, has also been implicated in interindividual variation in brain alpha oscillations and also in vulnerability to sleep loss [13,57]. The Val158Met polymorphism (rs4680) markedly affected enzyme activity, protein abundance, and protein stability [58]. In our study, the COMT rs4680 is in significant interaction with awakening and caffeine administration for the PVT lapse number only. In the placebo condition, the A allele carriers are significantly more degraded after 20 h of sleep deprivation than homozygous G/G ancestral carriers and responded to alleviating effect of caffeine administration. These A allele carriers exhibited higher EEG theta activity in the placebo and not caffeine condition, underlying the arousing effect of caffeine. However, with respect to PVT performance on lapses, there is no polymorphism difference after 26 and 32 h of sleep deprivation, the caffeine beneficial effect was statistically present for the three genotypes when reaching 32 h of sleep deprivation.



There are two studies of the same researchers related to COMT’s influence on neurobehavioral performance during total sleep deprivation, one on the PVT task and the other on the executive Go/NoGo task [13,17]. We did not replicate the interaction between the time awake and COMT genotypes observed on PVT reaction time [17]. The lower number of participants in our study may explain the lack of significance on the interaction of polymorphism with awakening as observed in the retrospective study of Satterfield et al. [17]. The two previous studies of this team evidenced that the influence of COMT polymorphism on neurobehavioral performances during total sleep deprivation depends on the cognitive task and is different between attentional and executive performances. Regarding the influence of COMT polymorphism on the effects of caffeine administration during acute total sleep deprivation, there are little data on our knowledge, the only one concerned the DAT1 dopamine transporter [39]. The DAT1 polymorphism was found to modulate the effects of caffeine on low-frequency brain oscillations in wakefulness and sleep, and slow waves in NREM sleep, and the rebound in SWS and EEG SWA after sleep deprivation [39]. Our results added original information regarding the COMT influence on the neurobehavioral response to total sleep deprivation and its interaction with the beneficial effect of caffeine.



It should be noted that multiple co-factors can modulate the interindividual neurobehavioral variability response to caffeine effects during prolonged wakefulness, sometimes more influential than the genetic impact. Co-factors such as age or gender influence sleep quality and EEG spectral power density as well as cognitive performance during sleep loss [59,60,61,62]. It is meaningful to notify that our sample size was small but with the advantage of limited racial and ethnic diversity.




5. Conclusions


In conclusion, the genetic influences on neurobehavioral impairments related to TSD appear to be attenuated by caffeine administration in healthy young subjects. The consideration of potential genetic influences in the operational performance of sleep-deprived subjects would allow the military command to individualize advice in terms of caffeine consumption, for example. Future studies could try to recruit a larger population (>100 subjects), with a more diverse profile (age, gender, lifestyle habits, caffeine consumption), and periods of awakening longer than 36-h or repeated exposition [10].
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Figure 1. Experimental design. D0 is the habituation day, D1 is the baseline day, D2 is the day of prolonged wakefulness (i.e., sleep deprivation, between 00:00–20:30) and D3 is the recovery sleep and end of the study. Night sleep are the black bars, awaking periods black line, cognitive tests are the striped bars, and caffeine or placebo intake are the black arrows. Visual Analogic Scales (VAS), Karolinska Sleepiness Scale (KSS), and Psychomotor Vigilance Task (PVT) have been assessed at D1: 09:15, 15:15, 21:15 and D2: 03:15, 09:15, 15:15).  [image: Genes 12 00555 i001] VAS, KSS, PVT;  [image: Genes 12 00555 i002] Placebo or caffeine (2.5 mg/kg) treatment (at D1 and D2: 08:30, 14:30). 
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Figure 2. Mean PVT performance over 38-h of prolonged wakefulness for a number of lapses (A), speed (B), KSS score (C), and the EEG theta-to-alpha ratio (D) during PVT in the centrotemporal brain region at 09:15 on D1 (baseline) and D2 (sleep deprivation) days as a function of placebo (PBO) or caffeine (CAF) condition. Values are mean ± SEM. * difference between baseline and continuous wakefulness, # between PBO and CAF conditions. 
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Figure 3. PVT number of lapses across consecutive 6-h intervals of awakening according to polymorphisms of TNF-α (A), ADORA2A (B), PER3 (C), and COMT (D) in placebo (PBO) and caffeine (CAF) conditions. Caffeine was consumed 45-min before PVT after 2-h, 8-h, 26-h, and 32-h of prolonged wakefulness. * is a SNP difference (p < 0.05), # is a treatment difference (p < 0.05) for one genotype. 
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Figure 4. EEG theta and alpha normalized power on D2 day (sleep deprivation) relative to D1 day (baseline) (z-score) on brain scalps during PVT at 09:15 according to polymorphisms of TNF-α (A), ADORA2A (B) and PER3 (C), and COMT (D) in placebo (PBO) and caffeine (CAF) conditions. Caffeine was consumed 45-min before PVT at D1 and D2. 
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Figure 5. Correlation analysis at 26-h of prolonged wakefulness (D2 day at 09:15) between EEG theta power in the centrotemporal brain region and the number of lapses during the PVT for all genetic polymorphisms in placebo (blue circle, grey line) and caffeine (red circle, black line) conditions. 






Figure 5. Correlation analysis at 26-h of prolonged wakefulness (D2 day at 09:15) between EEG theta power in the centrotemporal brain region and the number of lapses during the PVT for all genetic polymorphisms in placebo (blue circle, grey line) and caffeine (red circle, black line) conditions.



[image: Genes 12 00555 g005]







[image: Table] 





Table 1. Genetic polymorphisms distribution and individual characteristics in the studied population compared to 1000 Genomes international database, an expected based on 1000 Genomes Project data on the GRCh38 reference assembly (http://www.internationalgenome.org, latest access on 04/09/2020).
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	Genetic Polymorphism

(Chromosome, Location)
	Genotypes
	N

(%)
	1000 Genomes

(%)
	Age

(Years)
	Gender

(♀, %)
	Habitual Caffeine Consumption

(mg/day)
	TST

(Hours)





	rs1800629_TNF-α
	G/G

(ancestral)
	24 (64.9%)
	74.4%
	34.8 ± 1.8
	58.3%
	244 ± 42
	7.37 ± 0.2



	(6:31.575.254)
	G/A-A/A
	13 (35.1%)
	25.6%
	31.2 ± 1.8
	53.8%
	261 ± 49
	6.83 ± 0.3



	rs5751876_ADORA2A
	C/C

(ancestral)
	14 (37.8%)
	37.4%
	32.9 ± 1.8
	57.1%
	168 ± 53
	7.23 ± 0.3



	(22:24.441.33)
	C/T—T/T
	23 (62.2%)
	62.6%
	33.9 ± 1.8
	56.5%
	300 ± 36 *
	7.14 ± 0.2



	rs228697_PER3
	C/C

(ancestral)
	31 (83.8%)
	81.7%
	34.4 ± 1.5
	58.1%
	241 ± 35
	7.10 ± 0.2



	(1:7.827.519)
	C/G
	6 (16.2%)
	18.3%
	29.0 ± 2.5
	50.0%
	296 ± 84
	7.58 ± 0.3



	rs4680_COMT
	G/G

(ancestral)
	11 (29.7%)
	26.4%
	32.7 ± 1.7
	72.7%
	249 ± 69
	6.83 ± 0.3



	(22:19.963.748)
	G/A
	14 (37.8%)
	47.1%
	37.4 ± 2.1
	35.7%
	312 ± 47
	7.62 ± 0.2



	
	A/A
	12 (32.4%)
	26.5%
	30.0 ± 2.5
	66.6%
	178 ± 48
	6.97 ± 0.3







Values are mean ± SEM. * (and bold) difference between genotypes in the same polymorphism (p < 0.05).
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Table 2. ANOVA analysis of genetic polymorphism (SNPs) in interaction with awakening (TSD) and treatment (TRT) on PVT (psychomotor vigilance task) parameters (number of lapses and speed) and KSS score.
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Parameters

	
SNPs

	
Awakening × Treatment

	
Polymorphism × Awakening

	
Polymorphism × Treatment

	
3-Way Interaction




	
TSD × TRT

F5, 175 (p)

	
SNP × TSD

F5, 175 (p) *

	
SNP × TRT

F1, 35 (p) **

	
SNP × TSD × TRT

F5, 175 (p) *






	
PVT Lapses

	
rs1800629_TNF-α

	
19.17 (<0.01)

	
1.87 (0.17)

	
6.03 (0.02)

	
4.04 (0.05)




	
rs5751876_ADORA2A

	
19.64 (<0.01)

	
5.67 (0.02)

	
0.59 (0.45)

	
0.53 (0.47)




	
rs228697_PER3

	
18.71 (<0.01)

	
3.02 (0.08)

	
10.2 (<0.01)

	
2.82 (0.09)




	
rs4680_COMT

	
14.70 (<0.01)

	
0.15 (0.81)

	
1.86 (0.15)

	
5.06 (0.04)




	
PVT Speed

	
rs1800629_TNF-α

	
0.74 (0.39)

	
6.59 (0.01)

	
1.29 (0.26)

	
0.27 (0.61)




	
rs5751876_ADORA2A

	
0.64 (0.42)

	
0.68 (0.41)

	
0.46 (0.50)

	
0.00 (0.97)




	
rs228697_PER3

	
0.64 (0.42)

	
0.05 (0.82)

	
5.80 (0.02)

	
0.18 (0.67)




	
rs4680_COMT

	
0.74 (0.39)

	
0.68 (0.41)

	
1.60 (0.21)

	
0.30 (0.61)




	
KSS

	
rs1800629_TNF-α

	
0.94 (0.33)

	
1.89 (0.35)

	
0.75 (0.39)

	
0.48 (0.49)




	
rs5751876_ADORA2A

	
0.87 (0.35)

	
2.83 (0.09)

	
0.76 (0.39)

	
0.24 (0.62)




	
rs228697_PER3

	
0.94 (0.33)

	
0.02 (0.90)

	
1.70 (0.20)

	
3.67 (0.06)




	
rs4680_COMT

	
0.89 (0.32)

	
2.81 (0.52)

	
0.73 (0.34)

	
1.55 (0.23)








In bold the significant effect (p < 0.05). * F5, 170 for COMT SNP and ** F2, 34 for COMT SNP.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
DO : habituation day

D1 : baseline day (07:15-00:00)

D2 : sleep deprivation (00:00-20:30)

D3 : Recovery sleep
(end of study at 09:15)

DO

D1

D2

11l

I Y I v [ (I
[ Y v I I
I
—00:00  03:00 07:00 0830  12:00 1430  19:00  21:00  23:00

CLOCK TIME





nav.xhtml


  genes-12-00555


  
    		
      genes-12-00555
    


  




  





media/file2.png





media/file5.jpg
i L






media/file1.jpg
DO abiation doy 0 il -

Dbt doy 07150000 D1 | IV ] vm o m

D2 s depivaton (0020:30) D2 m v v —
D3 Reconery shep oy | —

{d oy s O215) o ww ow wn 2w we Be 2w B0

cLock TIvE





media/file7.jpg
I3 STSISTE ADORAZA

Nk ol

« o e cont






media/file10.png
G/A-A/A

(A) 131800629 TNF-a . .I
X X
C/T-T/T

(B) rs5751876_ADORA2A |
-0
@

PBO
c/c C/G

PBO
G/G G/A A/A .

G/A-A/A

C/T-T/T

(C) rs228697_PER3

(D) rs4680 _ CcOMT






media/file12.png
EEG theta power (mV2 10-3)

1200 -

_ Placebo
e £ PER3C/G
y =30.64x+571.33
R2=0.56, p<0.01
1000 + COMT G/A I ADORA2A C/T-T/T
Caffeine ///
y =25.23x+560.07 _/// é TNF-a G/A-A/A
900 - R?=0.61,p=0.03 I TNF-a G/G e
[ P@;,e/c/
//
comrg/a ADORAZAC/C —

: PER3 C/C

208 ADORA2A C/C C 4 o o oomTG/G
&— comT A/A
TNF-a G/A-A/A 9 COMT A/A
700 - * TNF-a G/G
. ® - ADORA2A C/T-T/T

600 - COMT 6/6 PER3 C/G
500 I 1 1 I 1 I

2 4 6 8 10 12 14

Number of lapses (n)





media/file3.png





media/file9.jpg
w08l 08
-0® O®l

e Y Y
20 oo
-0® 0@
~00| Y

() r228697_PERS





media/file0.png





media/file8.png
rs5751876_ADORA2A PBO OC/C

(A) rs1800629 TNF-a PBO OG/G (B)
20 1 OG/A-A/A 20 1 ocC/T-T/T
CAF mG/G CAF mC/C
@ 15 - BG/A-A/A 7 I5 1 ac/T-T/T
Z g x
210 510 1
Z 5 Z 5 1
0 0 -
2 8 14 20 26 32 2 8 14 20 26 32
(09:15) (15:15) (21:15) (03:15) (09:15) (15:15) (09:15) (15:15) (21:15) (03:15) (09:15) (15:15)
Awakening duration (h) Awakening duration (h)
rs228697 PER3 PBO O
(©) - BO BCC (D) rs4680_COMT
20 - ocC/G 20 -
CAF mC/C pgo OG/G OG/A DOA/A
o 17 I BC/G % 15 - CAF BG/G BG/A BA/A
2 W
) &
B 10 A hs 10 =
53 8
g =
=i
Z 5 T # Z 5 A
4oy #
8 20 26 32 2 8 14 20 26 32
(09:15) (15:15) (21:15) (03:15) (09:15) (15:15) (09:15) (15:15) (21:15) (03:15) (09:15) (15:15)

Awakening duration (h) Awakening duration (h)





media/file11.jpg
EEG theta power (mV2 103)

1200

100

1000

500

s

couran soovarcran

. macann
e roacts
i1
o .
couren 200w
. v
oo cre "4 Y o
[—
eachan e atin
e
e ® - ADORRACIT
* couras PRI /G
T : 7 ) % M

Number oftapses (n)

i





media/file6.png
(A) OPBO
16 - B CAF
*
@ 12 -
2 1
T g - l
2
=, #
Z # H
O . i
2 8 14 20 26 32
(09:15) (15:15) (21:15)  (03:15) (09:15) (15:15)
Awakening duration (h)
(C) aPBO
8 - BCAF
*
6 - T
5 . x
2 N T I
A 4 T
R
) |_L|I
0
2 8 14 20 26 32
(09:15) (15:15) (21:15) (03:15) (09:15) (15:15)

Awakening duration (h)

Speed (1/RT)

[U8)

N
W

(D)

Theta/alpha ratio

(\S]

-
(o))

-
[\®)

e
0

&
o~

OPBO

H B CAF
—— T . H
* # *
T * I
—
2 8 14 20 26 32
(09:15) (15:15) (21:15)  (03:15) (09:15)  (15:15)

Awakening duration (h)

aPBO
BCAF

D1 D2

Baseline day Sleep deprivation day





